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YAK 621.391

OBPABOTKA U30BPAKEHUM AJIMA3HBIX TOPOIIIKOB
B MATLAB IMAGE PROCESSING TOOLBOX

Ananvkos U. B., Cokonenko E. A., Xpawee B. B., Kyiikun J[. K.
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Ilocmanoeka 3a0auu

JI71st M3roToBJIEHUS aJIMa3HO-a0pPa3MBHOIO MHCTPYMEHTAa Kak U3 MPUPO/I-
HBIX, TaK U W3 CHUHTETHYECKUX aJIMAa30B HCIIOJBb3YIOT MOPOLIKU, MOTYyYEHHBIE
JIPOOJICHHEM HCXOJHOTO CBIPbs C MOCIEAYIOIIEH KiacCHU(pUKAIMEH MOPOIIKOB
no pasmepy u gopme [1]. [lopourku npeacTaBisitoT co00il COBOKYIHOCTh ajl-
Ma3HBIX 3€pEH PA3IMYHON BEJIHMYUHBI U (DOPMBI B BUE MOHOKPUCTAIIJIOB, UX OC-
KOJIKOB U TTOJIMKPUCTAIIOB (puc. 1)

TpaauIIMOHHO KOHTPOJIb KAU€CTBA aJIMa3HbIX MOPOIIKOB OCYIIECTBIIAECTCS
HENOCPEJCTBEHHO Ha MPEIMETHBIX CTEKJIaX I MUKPOCKOIA IyTEM BHU3yalb-
HOW OLIEHKH T€OMETPUHU 3epeH. 3epHOBOM cocTaB M (OpMy aiMa3HBIX 3€peH
cpaBuuBatoT ¢ 'OCT 9206-80. Pazmep 3epeH aaMa3HbIX MUKPOIOPOIIKOB OIpe-
JETSIFOT TOJYCYMMOM JUIMHBI M IIMPHHBI MIPSIMOYTOJIbHUKA, YCJIOBHO OMMCAHHOIO
BOKPYT NPOEKIMU 3€pPEH TAKUM 00pa3oM, 4ToObI OOJbIIasi CTOPOHA NPSIMOYTOJIb-
HUKa COOTBETCTBOBAJIA HAUOOJIBIIICH JJIMHE MPOCKITUH 3epHa [2].
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Puc.1. O6pa3upl n300pakeHuit aaMa3HbIX TOPOIIKOB
a) 250-200 MM, 0) 28-20 MKM, B) 7-5 MKM.

KoHTposib kauecTBa aJiMa3HbIX MOPOIIKOB JOCTATOYHO TsDKENas U TPYI0-
eMKas 3a1a4da. BuszyanbHelil aHanus, B cootBerctBHe ¢ 'OCT, ocymecTBusercs
JUIS MUKPOTIOPOLIKOB M CYOMHKpPONOpoIKoB. Mccnenyemblii o6pasen momerna-
€TCS Ha NPEAMETHOE CTEKJIO MHUKPOCKOIA, TaK YTO IEPECEUCHHS] KPHUCTAJLIOB
OTCYTCTBYIOT. DKCIEpPT, paccMaTpuBas oOpasell U OLIEHUBas pa3Mep KakJIoro
3epHa C MOMOIBIO MacCIITA0OHON CETKH, AENAeT 3aKII0UYEHNE O Ka4eCTBE OLICHU-
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Baemoro oopasna. [lo tpeboanusam 'OCT HeoOxonaumo oOpaboTaTh HE MEHEE
500 3epeH.

B coctaB pa3paboTaHHOTO aBTOMATHU3WPOBAHHOTO U3MEPHUTEIHLHOTO KOM-
IUIEKCa BXOJAT: MHUKPOCKOI, IU(poBas Kamepa, MporpaMMHOE oOecredeHue,
BKJIIOYAIOIIee B ceOsl alrOpUTMbl MPEIBAPUTENHHOM 00pabOTKH M300pakeHus,
BbIJICJICHUE MPHU3HAKOB 00BEKTa, HEUPOCETEBOUM AMyIsITOp, 0a3a JaHHBIX. Pac-
CMOTpUM OoJiee TOAPOOHO pean3aIfio AITOPUTMHUYECKOTO MOCTPOCHHS KOM-
wiekca B cpene MATLAB Image Processing Toolbox 4.1.

Ilpeosapumenvnasn puirvmpayus uzooparcenus

B nanHoM citydae 3TOT BUA 00pabOTKH NPUMEHSIETCS] OMIIMOHAIIBHO, ECIIH
TOro TpedyeT ucxoaHoe n3odpaxenue. s yaaneHus, UMEIOMUXCsS Ha U300pa-
KEHUU MEJIKMX IIYMOB IEJIeCO00pa3HO HUCIOJIb30BaTh MEIWAHHBIA (QUIBTP C
pasmMepom amneprypbl nopsjaka 7*7, nu0o aganTUBHBIM METUAHHBIA (UIBTP C
IIEPEMEHHBIM Pa3MEpOM arneprypsl [3]. DTOT mar MOKHO BBIIOJIHUTH, UCITIOJb-

3ys cranaapTHyro ¢pyHkiuo medfilt2, Bxoasmuryro B Image Processing Toolbox.
I = imread('source.BMP'); %urenune usodpakenus u3 ¢aiiia
I = medfilt2(L[7 7]); %pa3mep aneptypbl 7x7

[Tpu 3TOM 00BIYHO MONy4YaeTcs OoJsiee riIaaKoe, Mo CPAaBHEHUIO C UCXO/I-
HBIM, PE3yJIbTUPYIOIIEE U300paKEHHE.

Mopgonozuueckasn obpadomka

[Ipn pemieHnM JAaHHOW 3aJayu MCIOJIB3YETCS CIEAYIOIIAsl IOCIIeI0Ba-
TEIbHOCTh MOP(OJIOrHYECKUX orepauuil [4].

1. Beinenenne KOHTYpOB 0OBEKTOB — HM300pa’KEHUE MEPEBOIUTCS U3 TO-
JYTOHOBOrO B OMHapHO€ ¢ 0003HAYEHHBIMHU I'PAHMLIAMM, JJI1 AAJIbHEWIIEH 00-
pabOTKH MOCIETHEr0 CpeicTBaMU OMHAPHOU MOP(OIOTUH.

BWs = edge(l, 'sobel', (graythresh(l) * .1));

B nannoMm ciydae mpensaraercsi UCoib30BaTh MeToa Cobelis, TOCKOIb-
Ky OH JAaeT JOCTATOYHO XOPOIUHUH Pe3yJIbTaT U IPHU ITOM SIBJIAETCS JOCTATOYHO
IPOCTBIM M IIUPOKO M3BECTHBIM. [locnenHuii mapameTp Mpu BhI30BE BBILLIEHIPU-
BEJICHHON (PYHKIIMH — TIOPOT, KOTOPBI PacCUYUTHIBAECTCS C MOMOIIBI0 METOJa
Otcy [5]. ®ynkuus graythresh Taxxe siBIsieTcs BCTpOCHHOM B makeT 00paboT-
KU U300pakeHH.

2. YToJnuieHue KOHTYPOB — HEOOXOAUMO AJI CIMSIHUS BCEX T'PaHULL 3ep-
Ha (IpaHMIla KPUCTAJJIa COECUHSAETCS C KOHTypaMH €ro OJMKOB, 00pa3ys eau-
HBII 00BEKT)

A®B={(B). N 4#D|

rae A - UCXOJHOE M300paXeHUe, z- JIEMEHT MHOXKECTBA (IHKCENb), B - MHO-
KECTBO CTPYKTYPHOTrO 3JIEMEHTA YTOIIICHUS, (B,).- OTPAXKEHHOE U CMEIICHHOE
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B TOUYKY z MHOXECTBO B. JlaHHas omepanusi MOKET ObITh BBINOJHEHA CIIEIYIO-

UM 00pa3om.
se90 = strel('line', 2, 90);
se0 = strel('line', 2, 0);
BWsdil = imdilate(BWs, [se90 se0]);
371ech NEpBBIE ABE CTPOKU 3aJal0T CTPYKTYPHBIM 3JIEMEHT ONEpaluy, MOCIe-
HSISl — COOCTBEHHO BBI30B (DyHKITUH.
3. 3anonHeHNe — MPOBOAMTCA AJIS 3aMOJTHEHUS BCEX «IBIP» B O0BEKTaX,

KOTOPbIE BO3HUKAIOT U3-3a OJIMKOB.
BWfinal = imfill(BWsdil, 'holes");

Takum 00pa3oM, B pe3ysibTaTe MPUBEICHHBIX OINEpaIldid MmojyqaeTcs: Ou-
HapHOE M300pa)kKeHHWE, COOTBETCTBYIOIIEE MCXOJHOMY, TJ€ KaKIBIH KPHUCTAJLI
npeACcTaBisieT co0oit oTaenbHbIM 00BbeKT. [locmemoBarenbHOCTh 0OOPAOOTKH OJ1-
HOTO 3€pHa C MCIOJIb30BaHHUEM MOP()OJOTHUESCKUX OINepaliidi HaTrJISIHO HILIO-
CTpPUpYET puc.2

a) 6) B) r)

Puc. 2. a) Ucxonnoe nzobpaxkenue; 0) BoineneHasie KOHTYpbl 00beKTOB; B) M300pakeHne
MocIie oneparuu yroimenus; r) KonedHoe nzo0paxeHne ¢ 3aKpalieHHbIMU JIBIPAMHU.

Jlanee mocneaoBaTeNbHOE CXKATHE TMOYYEHHBIX OOBEKTOB JAET BO3MOXK-
HOCTH OIICHKH pa3MepoB (KOJIMYECTBO UTEPAIUi, 32 KOTOPOE KPUCTAILT COKMET-
Csl B TOUKY) M ONpeJieJIeHue KOOpJAUHAT 3epeH (KOOPAUHATH TOYKU, B KOTOPYIO
CXKajcst 0OBEKT).

[TocnemoBaTenpbHOE CXKaTHE TPOWU3BOAMUTCS B IMKJIE C IOMOIIBIO CJe-
TYIOIIEH KOHCTPYKITMH, KOTOpas MpeBpamiacT o0beKThl 0€3 «IbIp» B YEIUHECH-
HBIC TOYKHU TIPU COXPAHCHHUH 8-CBSI3HOCTH.

BWfinal = bwmorph(BWfinal,'shrink');

Homep uteparuu, Ha KOTOPOl OOBEKT CKAJICS B TaKyIO TOUKY, SBIISECTCS
XapaKTEPUCTUKON pa3Mepa UCXOTHOTO 0OBEKTa.

Hcxons w3 3TUX JAHHBIX, KOKJIOMY ajiMma3y CTaBUTCS B COOTBETCTBHE
KBajlpaTHas 00JacTh Ha OWHAPHOM H300paKEHWUU, KOTOpas U TOJBEPracTcs
nanbpHEeHIe, 6oiee TOHKOM, 00padoTKe.

B cootBercTBue ¢ tpedboBanusmu ['OCT, mepen m3MepeHueM pa3MepoB
HEO0OXOMMO COPUEHTUPOBATh OOBEKT Mo00aromMM oopazom. s storo, mnpe-
K7€ BCETO, BBIICISACTCS KOHTYp amMasa. Kaxkmoi Touke 3TOro KOHTypa CTaBHTCS
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B COOTBETCTBUE KOMIUIEKCHOE YMCIIO, B KOTOPOM peajbHas 4acTh — aocicca,
MHHUMas 4YaCTh — OpPJMHATA TOYKH.
z(n) = x(n) + j - y(n),
I7ie n- HOMEp OYEPEeTHOW TOYKH, ONMUCHIBAIOIIEH KOHTYp oObekTa. OTnenbHbIe
KOMIIOHEHTHI IIpeoOpazoBanust Oypbe A TaHHOTO KOMIUIEKCHOI'O CHrHaia o0-
pasytot BekTop F.
F=[F,, F, ..., F, ]
[Tapsl komMnioHeHToB ( F,, F,, ), (F,,F, ,) U T. I. UMEIOT CBOI YKBHBAJICHT
B 00paTHOM NpeoOpa3oBaHUU, KOTOPOE, B YACTHOCTH, TOJIBKO JUIsl OAHOMU (Tep-
BOI) MIapbl MOKHO MPEJCTaBUTh B BUJE [6].

1 27k :
Z = N2 B eXp(—]V) +Fy exp(—]

27:(1\}{4 - l)kj

1 27k 27k
:M Flexp(—]VJ+FM1 exp(]ﬁ) .

D10 ypaBHeHUE onuckiBaeT auuic. [lepsas napa (F, F,, , ) 3a1a€T TJIaBHbBIN 3J1-
JUTIC ¢ HauboJiee JNIMHHOM OChIo, BTOpas mapa ( F,,F,, ,) — CIEAYIOIIHA TI0 Be-
Ju4yuHe U T. 1. JIJis npuBeieHUsT KOHTypa K COCTOSIHUIO, KOrja JBe HauOosee
yAAJIEHHbIE €r0 TOYKH JIeKaT Ha OCH abcuucc TpeOdyeTcs MOBEPHYTh UCXOTHOE

U300paKEHUE HA yTOJ
W Ve +¥,

2
[ToBopoT n300paxeHust MPOU3BOAUTCS C MOMOILBIO (PYHKIIMK Imrotate.
J = imrotate(I,Psi,'bilinear"');
Tenepp onpenenurs JUIMHY W IIUPUHY KpPUCTaula B COOTBETCTBUU C
['OCT He npencraBisieT HUKAaKOW TPYAHOCTH.

Konmpons kauecmea odpazuya c nomouibio IKCHEPMHOI HEUPOCUCMEeMbl

J171st mpoBeIeHUs HKCTIEPTHOM OLIEHKH B JAHHOM aJITOPUTME Ipeijiaraercs
UCIIOJIb30BaTh HEUPOCETEBOM MOJXOJI, TaK KaK HEHPOHHBIE CETH 3apEKOMEH]I0-
Bamu ce0s Kak yYHHMBEpCAJIbHbIE KiIacCcUPUKATOpbl W uHTEeprperaTtopsl. [lepen
IIPOMBIIIVICHHBIM HUCIIOJIb30BAHUEM HEHWPOCETEBOT0 3MYJIATOpPA HEOO0XOIUMO
pou3BecTu o0yueHue Heipoceteil. OO0yueHne ceTu MPOBOAUTCS TPYIIION BbI-
COKOKBaJTM()UITMPOBAHHBIX TEXHOJOTOB HA KaK MOXKHO OOJIBIIIOM KOJIMYECTBE
IPUMEPOB, COJEPKAILIUX BCE BO3MOXKHBIE BUIBI e(eKToB. B pabouem pexume
HEHPOCETEBOM KOMILUIEKC HCHOJB3YET COBOKYIHOCTh 3HAHUMW, MOJYYEHHBIX OT
oOyyJarouieil rpymimsl.

B anropurme ucnonb3yeTcs HelpocucTeMa, cocTosiiias U3 JAByX Mojce-
teid. IlepBasg u3 HUX 00pabarbiBacT UH(POPMAIUIO, TOJIYUYEHHYIO OT KaXKJ0ro
3epHa, a UMEHHO, ero pazMepsl. Ee 3aaua — OTHECTH paccMaTpuBaeMbIi Kpu-
CTaJUT K OJHOM U3 TPYMIT: CBEPXKPYIIHbIE 3€pHA, 3epHa KPYNHOU (Ppakiuu, 3epHa
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OCHOBHOM (pakinu, 3epHa MeIKou (pakiuu, cyOMelKue 3epHa, yIJIUHEHHBIC
3epHa, pa3Mep KOTOphIX Ooiiee ueM B 1,5 pasza mpeBbiliaeT HAMOONBIINNA pa3Mep
JOIMYCTUMBIN B OCHOBHOM (pakuuu. Beixon cetn cymmupyercst ¢ 0ypepoM Ha-
KoIuieHUs: uHpopMauu 06 00pasiie, KOTOPBIM SBUTCS BXOJIOM JJIsl BTOPOW MO/I-
CETH, HEMOCPEJCTBEHHO BBIHOCAIIEH perieHue. Bropas mojceTh 3aHUMAaeTCs
IPUHATUEM DEIICHUS O TOM, YAOBIETBOpsieT Ju AaHHbI oOpazen [[OCT wnm
HET, OCHOBBIBAsICh Ha 3HAUYCHUSIX U3 Oydepa HAaKOTUICHHUS.

3axknwuenue

Hcnonrs3zoBanue nakera pacumpenuss MATLAB Image Processing Tool-
box MO3BOJIMIIO MPHU PELICHUH JAHHOH 33aJ]a4i MPOBECTH OTOOP U ONTHMH3AIUIO
aITOPUTMOB 00PaObOTKU N300paKEHHSI aTMa3HBIX MOPOIIIKOB.

B oaHO# mporpamMMHOii cpefie OblIM peaan30BaHbl alrOPUTMbI PEIBAPU-
TeIbHOU (UIbTpaluu, Mopdoaornyeckor o0pabOTKU, MOBOPOTAa U HelpoceTe-
BOM JKCIIEPTHOM CHCTEMBI. JTO MO3BOJWIO MPOU3BECTH KOPPEKTHYIO OLEHKY
3 (PEKTUBHOCTH MPEIOKEHHBIX aJTOPUTMOB IIPU PELICHUH MOCTABJIECHHOM 3a-
Ja4H.

Ha 3TOM 3Tare noaroToBKM CHCTEMBI K ITPOMBINUIEHHOMY IPUMEHEHHIO
COOTBETCTBYIOILIME AITOPUTMbI MOTYT OBITh MEPENUCAaHbl B HEOOXOAUMOMN MpPO-
rpaMMHOM Cpee.

BHenpenue naHHON CHCTEMBI MO3BOJIUT 3HAYUTEIBHO COKPATUTH BPEMSI
OLIEHKH Ka4yecTBa aJIMa3HbIX MOPOIIKOB, a TAK)KE MOHU3UTh BEPOSITHOCTh OIINO-
KM IPH DKCIIEPTHOM OLICHKE.
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BBIAEJEHUE UHOOPMALNOHHO-3HAYNMbIX
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ABTOpamMHu TPEIJIOKEH METOJA BBIICIEHUS HH(POPMAIMOHHO—3HAYMMBIX
DJIEMEHTOB M300pakKeHMs, OCHOBAHHBIN Ha aHAJIM3E €r0 THCTOTPAaMMBbI, MyTeM
KJ1accu(UKAIMU KOMIIOHCHT M3 MHOXKECTBa (DyHKIIUN, THHEHHAS CYTIEPITO3UIIHS
KOTOPBIX MPEACTaBIsCT COO0M MaTeMaTUYECKOE OMMCAHUE THUCTOrPaMMBI MOJTY-
TOHOBOTO U300paxkenus B Buje (1) [1-3]:

Y= f (i) = DKL), (1)

rae K; — macmrabubie K03hOUITUEHTHI; f(x) — QYHKIMH, allIPOKCUMUPYIOIIHNE
SPKOCTHBIE XapaKTEPUCTUKU TPyMIl (KJIaccoB) MUKCENIeH, COBOKYIMHOCTh KOTO-
pBIX 00pasyer i — i PparMeHT u300paKeHHUS.

AHanmu3 (HOpMBbI AMIIUPUYECKUX paCIpeNeNieHn TUKCeNeld 1o SPKOCTH
MOKa3all, 4YTO B JUANa30He 3HAYCHUN KOJMYECTBA KJIACCOB pa3OUEHHI OT

n=m
n=2\/a,

r€ 71— KOJIMYECTBO TIpynn (KJIacCOB) MHUKCENEH; m — CTENEeHb KBAaHTOBAHUS
3HAYCHUHN SAPKOCTH (m =256), OHU YIAOBJICTBOPHUTEIHHO ONMMUCHIBAIOTCS (YHKITH-
eit 'aycca—Jlamnaca [5]:

10

1 _()‘*“1’2)2
fi(x):—e ol (2)

c.2n

II€ U; — MaTeMaTUYECKOe OKUAaHUE SPKOCTU IMHUKCEIEH B [ OM Kiacce; g; —
€ro CTaHJapTHOE (CPEAHEKBAIPATUYHOE) OTKJIOHEHHUE; X — U3MEpPEHHOE 3Haye-
HUE APKOCTH [ - I'O ITUKCEIIS.

[IpencraBiienre TUCTOTpaMMBbI B BUJIE€ aITUTUBHOTO PSJIa COCTABIIAIONINX,
onuchiBaeMbIx QyHkiuen ['aycca—Jlammaca, mo3BoamiIO MoayduTh €€ ajeKBaT-
HOE MaTeMaTHYeCKoe onrcanue (omuoka onucanus He mpeBbimana 3—5%).

JInst BbIIAENIEHUS TPYNI MHUKCENEH, MPUHAMIEKAIIUX K Pa3IuyHbIM 3Je-
MEHTaM M300pakeHHsI, ObUIO TPEIITI0KEHO MCITOIH30BAaTh METOABI KIACTEPHOTO
ananuza [5-7]. Tlouck cTpaTupuUKAIMOHHON CTPYKTYphl HCCIEAyEeMOW COBO-
KYIMHOCTH OOBEKTOB MPOBOAWICS Pa3TUYHBIMU METOJAMU TpynnupoBku. Hau-
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Jy4Illi€ Pe3yJbTaThl, OCHOBBIBAIOIIUECS HA ONTHUMU3AIUU PACCTOSTHUU MEXKITY
00BbEKTaMH BHYTPU KJIACTEPOB U PACCTOSHUM MEX]Y COCEIHUMHU KJIaCTepaMu,
OBLIIM MOJTYYEHBI C UCTIOJB30BAHUEM METOA «JIAJIbHUX COCENICH» ¢ METPUKONH —
«KBaJIpaT €BKIUAOBA paccTostHUs» [8, 9]. Takum oOpa3om, peain3oBaiach BO3-
MOYHOCTb BBIICJICHHUS TPYNI KJIACCOB, HE UMEIOLINX MEPECEUCHUS MEXKAY CO-
OOH.

OmnucaHHbIil MeTO/I ObUT UCIIOIB30BaH MPU U3YUYEHUU B3aMMOJICUCTBHI B
CUCTEME «HOCUTEIb M300PKCHHUS—KOMIIOHEHTBI YEPHUID IS MOTYUYEHUs 3Ha-
YEHUW MapaMeTpoB, KOJIMYECTBEHHO XApPAaKTEPHU3YIOIIMX CBOKWCTBA MaTEpHAJIOB
st upoBoit mevatu. AHaNIM3UpOBAIach THCTOrpaMma yBenudeHHoro (-60x;
-200x) u3o0paxeHus TeCT 0OObEKTa, B KAYECTBE KOTOPOTO MCIOJIB30BAIA MPO-
TPaMMHO TE€HEepUpyeMoe H300paKeHUE IMOBTOPSIIONINXCS JTUHUN (JTMHEHYaThIi
NEPUOJANYECKUN pacTp) Ha TOBEPXHOCTHM HOCHUTENEH pa3JuyHbIX THUIIOB,
puc. 1, 2.

DTO MO3BOJUIIO CTATUCTUYECKH OOOCHOBAHHO BBIJIEIUThH TPU Kilacca 00b-
eKToB (puc. 3, 4), o6pazoBaHNEe KOTOPHIX OOYCIOBICHO Pa3IUYHBIM XapaKTepoM
(bU3HKO — XUMHUYECKOTO B3aUMOJICHCTBUS B CUCTEME «HOCUTEIh — KOMIIOHEH-
Thl YEPHUJ (TOHEPOB)»; OMpeIeTICHUE YPOBHEW MX OMHApU3AIIMH MTO3BOJIUIIO pe-
KOHCTPYHUPOBATh COOTBETCTBYIOIIME COCTABISIONINE U300pakeHus (puc. 5).

Takum oOpa3zoM ObUTH TIOJIy4eHBI OMHApPHBIE W300paKEHHS KJIACCOB, CO-
CTaBJISIONIMX TIOJYTOHOBOE M300paKeHHE TECT — O0BEKTa. DTO 3HAUYUTEIHHO
YOPOCTUJIO NadbHEUIUN aHaau3 (aKkToOpoOB, KOTOPHIEC JIETJIM B OCHOBY KOJIMYeE-
CTBEHHOTO OIUCAaHUS XapakTepa (U3UKO — XUMUYECKOTO B3aMMOJICHCTBUS
KOMIIOHEHT B CUCTEME «HOCUTEIIb — KOMIIOHEHTBI YEPHUI (TOHEPOB)».

YVu4yacTtku, o6ycnoBiueHHbl e JUG Py3nueil Heokpam eHHBI X
KOMIIOHEHT YEPHHIJ U SIBIEHHUEM CBETOpPAaCCEAHHS

Y4acTKku B3aUMOAECHCTBUSA YyYaCTKH NOBEPXHOCTHU, HE
OKpall eHHBIX KOMIOHEHT YEPHHUI C B3aUMOJEHCTBYO N[ HE C OKPall EeHHBIMU
MOBEPXHOCThIO OVMaru U HEOKPAM €EHHBIMH COCTABISAIO Il UM U
YePHUI

Puc. 1. Knaccbl 00beKTOB, XapakTepu3yeMble pa3IndHbIM TUIIOM B3aUMOJICHCTBUN OKpallleH-
HBIX U HEOKPAILIEHHBIX KOMIIOHEHT YEPHUJI C TOBEPXHOCTBIO HOcUTENs (Oymarm).
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Puc. 2. I'ncrorpamma pacnpeneneHust MUKCENEH 1Mo SPKOCTH IS MOy TOHOBOTO M300pake-
HUSI TeCT — 00BeKTa (MenoBaHHas Oymara) U ee MaTeMaTH4ecKasi MOJIEIb.
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Puc. 3. Jlenaporpamma kinactepu3anud 00beKTOB (MeJIOBaHHAas Oymara).
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Puc. 4. luarpamma paccesiHus 110 pe3yJibTaTaM KJIacTEpPHOTO aHainu3a (MeloBaHHas Oymara).
Knacreps: 1 — [1, 2 — A, 3 — O; HEHTpPHI TSHKECTH — +.
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[Ipennaraemasi METOAMKAa NMPUMEHHUMA JJIsl BBIJCJICHHS TPAHUL, KIIACCHU-
¢ukan OOBEKTOB HAa OCHOBAaHMHM aHAJIM3a MX MOJYTOHOBBIX H300paKeHHI,
onpeneneHus] UX KOJWYECTBEHHBIX MApaMeTpPOB M T. [., KOTOPbIE MOTYT OBITh
UCIOJIb30BaHbl MPU CO3JAHUM PA3IMYHBIX ONTUYECKUX CHUCTEM paclO3HABaHMs

T

Puc. 5. OnTrueckue Kiacchl B U300pakeHUU TeCT—00BEKTa
(a — mepBbIH KJ1acc; 0 — BTOPOM KJIacc; B — TPETUH KJ1ace).
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YAK 621.391

OUJIBTPALIUA PEYHEBOI'O CUT'HAJIA HA OCHOBE
AHAJIM3A COBCTBEHHBIX YHCEJI EI'O
ABTOKOPPEJIAIIMOHHOU MATPUIIbI

I'epacumos A. B., @uoenvman B. P.
Huoicecopoockuti cocyoapcmeennwiii ynugepcumem
um. H. Y. Jlobauesckoeo, Huacnuii Hogzopoo,
e-mail: estro@nifti.unn.ru

B 3amauax, CBA3aHHBIX C aKyCTHUECKON OOpaOOTKON peueBOro CHUrHaia,
OJIHOM U3 TpolIieM siBisieTcss 00pb0a € ero 3alyMIeHHOCThIO. MeToibl motyye-
HUSl aKyCTUYECKUX MPU3HAKOB, KaK MPaBUJIO, YYBCTBUTENIbHBI K TOMeXaM [1, 2,
3, 6], uTo TpeOyeT HACTPOUKHU YCIOBUH 3BYKO3aNMCH (a 3TO HE BCETJla BO3MOX-
HO). [Tpu MuKpodOHHON 3BYKO3aMMCH MPEUMYIIECTBEHHO BCTPEUAIOTCS aJH-
THUBHBIE IOMEXH.

CormacHo Teopuu pedcodOpazoBanus Panra [4, 5], aKyCTHUYECKHE TPHU-
3HAKU HCUYEPIBIBAIOIIE OMUCHIBAIOTCS HAOOPOM (HOPMAHTHBIX PE30HAHCHBIX
4acTOT. DTO MO3BOJISIET CBECTU 3aJauy (UIbTPALlUM K BCKPBITUIO MEPUOIUYE-
cKkuX ((hOPMaHTHBIX) COCTABJISIOMIMX HA (OHE HIMPOKOMOJIOCHBIX MOMEX, T. €.
aBTOKOPPEJISIIMOHHOMY aHanu3y. K ToMmy ke, OOJBIIMHCTBO TPaAUIIMOHHBIX
METOJIOB BBIYMCJICHUS MPU3HAKOB TAK)KE€ OCHOBAaHbI HA aHAJM3€ aBTOKOPPEIIs-
IUOHHBIX MaTpul [7, 11].

Jlns yBenmMYeHUsI COOTHOILICHUSI CUTHAJI/IITyM MPUMEHSIETCS BUHEPOBCKAs
dbunerpanus [1, 2], mporeaypa «IMOBBIIICHUs MEPUOTUIHOCTH CUTHaNIa» [3], a
TaK)Ke KJIacC CIEKTPaJbHBIX METOJO0B, OCHOBAaHHBIX Ha aHAIM3€ COOCTBEHHBIX
3HAUYECHUN aBTOKOPpPENAIMOHHON MaTpuilbl [8]. KitoueBoit onepaiueil METO0B
JTAHHOTO KJIacca SIBJISIETCSl paslielieHue MHQPOpMalluu, COJIEpKallehcs B aBTO-
KOPPEJSIHMOHHOM MAaTpHulle, Ha JIBa BEKTOPHBIX MOAINPOCTPAHCTBA — MOJIPO-
CTPaHCTBO CUTHaJIa U MOAMPOCTPaHCTBO Iryma. OTOpachiBaHUE IIYMOBOM HH-
dbopMaruu pasznoKeHus ¢ MOCIeAYIOIIMM OOpaTHBIM MpeoOpa3oBaHUEM U BOC-
CTAHOBJIEHHEM ABTOKOPPEISIIMOHHOW TOCIIEIOBATEIIBHOCTH U OYIET SBISTHCA
bunbTpanmei.

ABTOKOPpEJALIMOHHAS ~ TMOCJIEAOBAaTEIBHOCT, I  CTallMOHAPHOTO
(B IIMPOKOM CMBICJI€) CUTHAJIa, COCTOSIIIEro W3 M TapMOHHK CO ClIy4yalHBIMU
dazamu, 1 6e10ro IrymMa, ONMUCHIBACTCS BHIPAKEHUEM:

r.lkl= i P cos(2nf kT) +p, 8[k] =

(1)

Y P
= 2 [exp(/ 2/ KT) + exp(= 22/ KT)] + P, 3l

i=1

TennuieBa kBagpaTHasi aBTOKoppessinuonHas (p+1)x(p+1)-marpuna

1680



Cexyus 6. LHugpposas obpabomxa cuernanos

rxx [0] e r:;[ [p]

Rl . 2)

rolp] oo 7, [0]
B ClIy4ae JIeHCTBUTENIBHBIX CHHYCOUJ] B OEJIOM IIyME UMEET CIEAYIOLIYIO CTPYK-
TypYy-

R, = Z?[SisiH +s.s 1+ p, I, (3)
i=1
rae [ — eaunuynHas (p+1)x(p+1)-marpuna,
1
exp(j24,T)
ool (4)
exp(j24f, pT)

BEKTOp CHUTHaJIa, pa3MEpHOCTH p+1, Hecyumil HHPOpMaALUIO O YacToTe i-i Cu-
Hycouipl. HanoMHMM, 4TO TEIUIMLEBON HA3BIBAIOT 3PMUTOBYIO, LIEHTPOCUMMET-
PUUHYIO MaTpUIly, 00pa30BaHHYIO B COOTBETCTBUH C (5):
i, jl=1i-j] )

Marpuiy R, MOXHO TakXKe IPEICTaBUTh KaK CyMMY aBTOKOPPEISAIMOH-

HOHM MaTpUIbl CUTHANA S, U aBTOKOPPEIALMOHHON MaTpHUILBI Iiyma W),
R,=S§,+W,.

Ecau nopsmok MaTtpunbl R, Oonblie yJIBOCHHOIO YHMCIA TapMOHHUK
(T. €. p>2M), TO MaTpuna CUrHana S, OyJleT uMeTh paHr 2M, B TO BpeMs Kak
MaTpuila myma OyJeT UMeTh NOJIHbIN paHr p+1 [§].

C y4eToM BBIPOXKIEHHOCTH MAaTPUIbl CUTHAJIA, Pa3I0KEHUE €ro aBTOKOP-
PENALIMOHHON MaTPUILIBI MOXKET OBITh 3alIMCAHO B BUJE:

2M
S, = z/livivf[ (7)
i=1

rie cOOCTBEHHbIE 3HAYCHUS YIIOPSJOUYCHBI 1O CTETIEHU UX yObIBaHUS, a COOCT-
BEHHBIE BEKTOpa V; — OPTOHOpPMaibHbI. MaTpuiia ¢ panrom 2M OyleT UMETh
2M HeHyneBbIX COOCTBEHHBIX 3HaueHMit [8,11].

3anuckiBas €IMHUYHYIO MAaTPHILy Yepe3 OpTOHOpPMajbHble COOCTBEHHBIE

BEKTOPBI, TTOJTydaeM (popMyJTy pa3ioKeHUS ISl IIyMa:
p+l

Wp :pmzviviH (8)

i=1
Ucnonw3yst ¢popmyisl (6), (7) u (8), moaydaem pas3inoKeHHE aBTOKOPPEIISIIUOH-

HOU MaTpHIBI 110 CcOOCTBEHHBIM 3HAUECHUSIM:
p+l

oM
Rp = Z(/li + P, Vv + prviviH . 9)

i=1 i=2M+1
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Kak BunHo u3 (9), ob1ee pacnpeaeseHne COOCTBEHHbIX 3HAYEHUN COCTO-
UT U3 COCTABJISIOUIECH, COOTBETCTBYIOIEN CUTHANY U LIYMY M YUCTO IIyMOBOM
cocraBistomnieil. CoocTBeHHbIe 4nchaa Ai U AuUcCTepcHs IIyMa Oo MOJIO0KHUTEINb-
Hble, U UMEIOT (PU3NYECKUN CMBICI BECOB IMPU COOTBETCTBYIOIIMX BEKTOpax
paznoxxkenust. OUEHUB TEM WM MHBIM 00pa30M paHT aBTOKOPPESLIMOHHON MaT-
pHULBI CUTHAJIA, MOXHO OTOPOCHTHh MH(OPMAIIUIO, MPUCYIIYIO IIYMOBOMY TOJ-
MPOCTPAHCTBY. IDTO 3(P(PEKTUBHO CHOCOOCTBYET MOBBIIMICHUIO COOTHOIICHUS
CUTHAJI/IIIyM, TOCKOJIbKY YCTpaHseT BKJIaJ MOIIHOCTA KOMIIOHEHT MOAMNpO-
CTpaHCTBa myma [8].

HaubGonee Hane:XKHBIM M3 UMEIOLIMXCS CPEICTB Pa3JIOKEHUS B 3a/ayax,
OJM3KUX K BBIPOXKICHHBIM, SBIIIETCS CUHTYJIsIpHOE paznoxenue (SVD — Singu-
lar Value Decomposition) win opToroHanbHas MaTpudHas daxktopusanus. Eciu
A — maTpuna pazmepa mxn u m>n, To ogaa u3 popm SVD umeer Bua

A=UXV", (10)
rae U u V' — yHUTapHBIE MAaTpUIlbl, a ) — AUAroHajbHas maTpuua. To ecTh
U'u=l,, vv'=I, U— MaTpula pasMepa mxm, V' — marpuua pasmepa nxn, a
Y, —Marpuna padmepa mxn (T. €. TAKOT0 K€ pa3Mmepa, Kak u A). ITo paznoxe-
HUe sBisieTcs HanOosee 3((HEeKTUBHBIM CIIOCOOOM OMPENEICHUs BBIPOKIACHHO-
ctu Matpuiisl [9,10].

B cinydae pasnokeHHs TEIUIMLEBOW aBTOKOPPEISLIMOHHON MaTpHIIbI,
(10) MmOXeT OBITH MEpPEeNnUcaHo B BUJIE:

A=UXU". (11)
JlnaroHanbHBIE JIEMEHTBI MATPUIILI ), IPEACTABIISIIOT CO00M COOCTBEHHBIE YHC-
Ja pasyIokKEeHUs, YIOPsAOYEHHbIE 10 yObIBaHN0. PUIbTpALMs COCTOUT B 3aHY-
JIEHUU COOCTBEHHBIX 3HAUYEHUW, HAUMHASI C HEKOTOPOI'0 MHIEKCA, MPEIITOIOKH-
TEJIBHO PaBHOTO PaHTy MaTpullbl curHaia. [Ipobrnema, cBa3aHHast ¢ ompeserne-
HUEM paHra MaTpUIbl, BBIXOJUT 32 PAMKH JTAHHON paOOTBhI.

OO6paTtHoe mpeoOpazoBaHUE TPUBHAIBHO M COCTOUT B OOBIYHOM Tiepe-
MHO>XEHUH MaTpHIL.

OnucanHbIil BbIlle aroput™M 3(Q¢GeKTUBHO paboTaeT B ciydyae, Koraa
IyM — OeJIbli HeKOPpEeIUPOBAHHBIN (HMaeanbHas cuTyarus). CTaTucTuyeckue
U CIIEKTpaJibHbIE CBOMCTBA pEajJbHOTO IIyMa OTINYAIOTCA OT COOTBETCTBYIOLIUX
cBOMCTB Oenoro. HecooTBeTcTBUE peanbHBIX YCIOBHI MOJEIBHBIM MOXET Jaxe
NOCTABUTH O]l COMHEHUE IPUMEHUMOCTD OIMCAHHOIO BBIIIE AJITOPUTMA.

KoppensiironHble cBONCTBa peajabHOro 1ryMa 00yCI0BIECHbl HAOOPOM €ro
CTaTUCTHUYECKUX U CHEKTPAIBbHBIX CBOKCTB. PacmpeneneHue mIOTHOCTH BEPOSIT-
HOCTH, B COOTBETCTBHHM C LIEHTPAIBHON NMPEIEIbHON TEOPEMON, CTPEMUTCS K ra-
yccoBoMy. OcTanbHbIe CBOMCTBA HEOOXOAMMO PACCMOTPETh ISl KaXKIA0ro BUAA
[IyMa OTAEJIbHO. 3HAHWE CTAaTUCTHYECKUX OCOOCHHOCTEH IIyMa MO3BOJMT IIO-
no0paTh alrOpUTMbI, «BBIPABHUBAIOUIUE) paCIpeiesieHne COOCTBEHHBIX 3Haye-
HUH, Jieast TeM CaMbIM mpoliecc GuiabTpanuu 6osee 3PpGHeKTUBHBIM.
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Ha puc. 1 npencraBienbl rpauki CTaTUCTUYECKUX XAPAKTEPUCTUK TH-
NUYHOW MOMEXHU OT anmaparypbl U LIYMOB Y3KOMOJIOCHOrO MuUkpogoHa. Otme-
YaloTCs MPEUMYILIECTBEHHO HU3KOYACTOTHBIE COCTABIISAIOMINE (PO30BBINA LIYM).

05t 1a 05 i ¢
-0.5 0 0.5 0 0.25 0.5
1 1
08¢ { b 05¢ 1 d
06 . . 0 .
0 10 20 a0 0 5 10

Puc. 1. ®yHKIMSA TUIOTHOCTH BEPOATHOCTH (@), aBTOKOppesinnonHas GyHkius (b),
aMIUTUTYAHBIN CHIEKTP (c) U pacnpeaeraeHne COOCTBEHHBIX yucen (d) A1 TUIIMYHON TOMEeXHU
3BYKO3aIuCcH (IITyM armapaTypbl U Y3KOIOJIOCHOTO MUKPO(hOHA).

Ha puc. 1, d BuaHo, 4yTo pacnpeneiieHne COOCTBEHHBIX YHUCEI CTyIeHYa-
TOE, OUYCHb TTOX0XEEe Ha paclpe/ielieHue camoro curHaia. [IpeamnonoxuTensHo,
IIPU HU3KOM COOTHOUIEHUU CUTHAJ/IIYM, pa3jielieHue MOAMNPOCTPAHCTB OKaXKeT-
csl HeBO3MOXKHBIM. [lomydaercs, 4To B pamMKax BBHIOpaHHOM MOJENN 3TOT Kiacc
IIYMOB MOKET OBITh BBIJIEJICH TOJIHKO MPU BBIMOIHEHUU KOPPEKTUPYIOIIUX JEH-
CTBUH.

KpyToii ciani coOCTBEHHBIX YMCEeN OOBSCHAETCS MPUCYTCTBUEM B IITyMO-
BOM CHUTHaJIe HU3KOYACTOTHOW KOMIIOHEHTHI, HE YOUPAIOIICICs B IJTMHY BBHIOOP-
KH aBTOKOPPEJISIIIMOHHON TOCIIEeI0OBATENbHOCTH (puUc. 1, ¢), U MOTOMY SIBIISIO-
IIYIOCSd B HEKOTOPOM POJIE€ MOCTOSIHHOW COCTaBJISIIOINIECH (TPEeHAOM). DTO XOpO-
10 3aMeTHO Ha puc. 1, b. OgHako, moaBeprasi CUTHAI MpeABaApPUTEIbHON 00pa-
00TKe, MOXXHO MCTIPABUTh CUTYAIMIO TaK, YTO OHA OyjaeT OOJbIlle HAaIIOMUHATH
Cy4al, MpeJICTaBJICHHBIN Ha puUC. 2.

Ha puc. 2 npencraBiaeHbl TpaQuKyd CTATHCTHYCCKUX XapaKTEPUCTHUK IIO-
MeX JpYroro Kjacca — OT MIMPOKOIMOJOCHOTO Mukpodona. Pacnpenenenue
COOCTBEHHBIX YHCEJ, B OTJIMYUE OT MEPBOro Ciyyasi, OoJjiee mojoroe. JHEPrus
IIyMa pacrpejerneHa Mo BCeil Mojoce 4acToT U UMEET IMOJIOTY0 OTruOarouryro.
DHeprusi BOKAJIM30BaHHOTO CUTHAJIa COCPEAOTOUECHA IPEUMYIIIECTBEHHO B Y3KO-
YaCTOTHBIX (POPMAHTHBIX JIMAINa30HAX, UMEET YETKO BBIPAKEHHYIO (DOPMAHTHYIO
cTpykTypy [4]. Kak ciencrBue, rapMOHUYECKHUE KOMIIOHEHTHI OYIyT BBIICIATh-
Csl Ha CHEKTpe KaK MUKU C OOJbIIeH aMIUIUTYAOW, YTO JAeNiaeT (PUIbTPaIUIO
BO3MOHOMU.
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Puc. 2. ®yHKIHMS IUIOTHOCTH BEPOSTHOCTH (@), aBTOKOppesronHast pyHkius (b), aMruim-
TYIHBINA CIIEKTP (C) M pacrpeesieHne cCOOCTBEHHBIX uncen (d) i TUITMYHOTO IITyMOBOTO
curHasia (yJIM4HbIN IIyM B 3aIIMCH MIMPOKOMOIOCHOTO MUKPO(OHA).

B peanbHOM curnasie, HOMUMO IIyMa MOXET MPUCYTCTBOBATh TAKXKE IO-
CTOSIHHAsI COCTaBJIAOIIAs, HAa3bIBaeMasi TPEHOM. DKCIIEPUMEHTHI TOKa3aJu, 4TOo
HaJIMYUE B CUTHAJIC TUHEHHOTO TPEHJAa MPUBOAUT K HAPYIICHUIO MOJEIH CHI-
Hasa. TpeHa KoppenrupoBaH caM ¢ co00i 1 MOXKET CUUTAThCS B HEKOTOPOM POJIE
NEPUOANYECKOIM MOCIeA0BATEIBHOCTRI0. DTO BUAHO MPH aHAIN3E €ro CIeKTpa
(puc. 3, a, ¢). 3HauuT, HHGOpPMAIIUS O HEM B IPOCTPAHCTBE COOCTBEHHBIX UHCEII
Oyzaet ciuBaTbes ¢ MH(OpPMAaNMel CUTHAIBHOTO, a HE IIyMOBOTO MOAMPOCTPaH-
CTBa, YTO BUJHO U3 puc. 3, b, d.

150 . . 300
100 + 1 200
a [
501 1 100
|:| D A ot e ety
] 025 05 ] 025 0s
5] . . 10
4
b s¢ 8|
2 L
] : : 1]
1] 5 10 15 1] 5 10 15

Puc. 3 Cnekrp (a) u cooctBeHHble uncna (b) curnana 6e3 TpeHaa.
Criextp (c) 1 cobcTBeHHbIe uncina (d) curaansa ¢ TpeHI0M.
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Haunbonee pacripocTpaHeHHBIN COCO0 yAaJeHUs] TPEHa 3aKJII0YaeTCs B
BBIYUTAHUU U3 BBIOOPKHM CUTHAJIA JAHHBIX MHOTOWwIeHa (12), moJOrHaHHOTO K
BBIOOPKE JAHHBIX C MOMOIIbI0 METO/Ia HAMMEHBIINX KBAaIpaToB [6]:

T, = (by + b, -n), (12)
rac
C22N+DY S, -6 nS, (13)
0~ N(N -1) ’
25 s —eN+DY S
b1= Zn:l n ( + )Z”:l " (14)

AIN(N =1)(N +1)

Breipaxkenus (13), (14) onpenenstoT JUHEHHYIO PETPECCUIO CO CBOOOIHBIM UJie-
HOM by U yIJIOM HakJIOHa b;. BeauuuHbl, OTBEYAIOUIME ITOW MPSIMOW, BBIYMTA-
IOTCSl U3 UCXOAHBIX JTaHHBIX S,. MaTeMaTHUeCKU 3TO BBIpaXKaeTcsi POpPMYJIIOi:

S,=8,-1, . (15)

Eme onHa npoGnema, cBa3aHHast co crenu(puKoON peuyeBoro CUrHaia, 3a-
KJIIOYaeTcs B TOM, YTO BCJIEJCTBUE OCJIA0JIEHHOCTH BBICOKOYACTOTHBIX TrapMo-
HUK CUTHaJja, NP1 HU3KOM COOTHOIIEHUH CUTHAJI/IIYM OHU MOTYT OKa3aTbCsl ISl
aJITOpUTMa MEHEE 3HAYMMBIMU, Y€M HHU3KOYACTOTHBIE LIYMOBBIE COCTaBIISIO-
miue [4].

Jis ycTpaHeHus aHHOrO 3¢ ¢eKTa MPUMEHSIOT METOJ CIEKTPaIbHOIro
BBIPAaBHUBAHHUSA, BCTPEUYAEMbIil B JIUTEpaType MOJ Ha3BaHWEM METO]I MpeaBapu-
TENbHOrO KoHTpactupoBanus [4]. Koppekuus 3TUM METOAOM 3akiodaercs B
00paboTKe BPEMEHHOI MOCIEI0BATENbHOCTA CUIHAjJa B COOTBETCTBUU C BBIpa-
KEHHEM

Sn = Sn - aSnfl Y (16)
rJe @ — NapaMeTp KOHTPACTUPOBAHUS.
Bripaxenue (16) npencrasisier codol, nmo cytu, BUX ¢unstp, nepena-

TOYHAs XapaKTEPUCTHUKA KOTOPOTO BBIVISLAUT CieaytomumM oopazom (17):
1
H(Z)_1+az“ . (17)
DTOT NpoCTeHIINN QUIBTP YCUJIMBAET BIUSHUE MPEUMYILIECTBEHHO BbI-
cokux yactoT. KoadduumeHt ycuiieHus u 4acTOTHBIA AMAna3oH OMpeaesstoTCs
napaMmeTpoM « (Mensercs B peaenax ot 0 go 1). Ha puc. 4 nokazaHbl CIEKTPHI
U aBTOKOPPEISIMOHHBIE TOCIEI0BATEIbHOCTH PEATBHOIO BOKAJIM30BAHHOTO
dbparmeHTa Jjisi HEKOHTPACTUPOBAHHOTO U KOHTPACTUPOBAHHOTO CITy4YaeB:
VYcunenne BKJIaga BBICOKMX YacTOT IMO3BOJISIET «BCKPBITH» TOHKYIO
CTPYKTYPY CUTHaJIa B €ro aBTOKOPPEISALMOHHON MOCIe10BaTeIbHOCTH U HE J10-

MYCTUTH €€ MOTEPH NpU QUIbTPAIUU.
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Puc. 4. Criektp (a) 1 aBTOKOppENSIIMOHHAS TIOCIEeI0BATEILHOCTD (b) HEKOHTPACTUPOBAHHOTO
curtayia. CriexTp (¢) 1 aBTOKOPPEISIUOHHAS MTOCIIEI0BATEILHOCTD (d) KOHTPACTHPOBAHHOTO
CUTHaa.

Tak kak MeToJ QUIbTpalK Yepe3 aHaIU3 COOCTBEHHBIX YHCEN aBTOKOP-
PENALIMOHHON MaTpHLbl HE MOJpa3yMeBaeT 0OpaTHOro npeoOpa3zoBaHUs C BOC-
CTaHOBJICHUEM BPEMEHHOM MOCIIEI0BATENIbHOCTH, IPOM3BECTU OLICHKY KauecTBa
¢unbTpanuy HeOpMaIbHBIM MPOCIYIIMBAHUEM 3aTPyAHUTEIbHO. B KauecTBe
CyOBEKTUBHOTO KPUTEPUS MOXKHO HCIOJIb30BaTh BU3YaJbHOE CPaBHEHUE aBTO-
KOPPEJSILIMOHHBIX TOCIEA0BAaTENbHOCTEH MM COOTBETCTBYIOLIUX MM aMILIU-
TYJIHBIX CIIEKTPOB.

B kauecTBe 0OBEKTUBHOTO KPUTEpHsI CpaBHEHUSI YIO0OHO BBIOpATH Cpell-
HEKBaIPaTUYHOE PACCOIIACOBAHHE ABTOKOPPEISLMOHHBIX IOCIEA0BATEIbHO-
CTeH cpaBHMBAaeMbIX CHUTHaJI0B. CpaBHEHHE HEOOXOAMMO JIENaTh IO BCEH AJTUHE
aBTOKOPPEISIUMOHHON MOCIEN0BATEIBHOCTH, TaK KaK BBIIIE OBbLJIO YCTAHOBJIEHO,
YTO IIyM 00JaaeT KOPPEISIIIMOHHBIMUA CBOMCTBAMM, a MOTOMY BJIMSET HA 3HA-
YEHUs HE TOJBKO HyJeBoro orcuera AKII.

3alyMIIEHUIO MOABEPTaCcs CMOJECIMPOBAHHBIN C MOMOIIBIO UHCTPYMEH-
tapus MATLAB Auditory Toolbox, «4ucTBIli» peueBOM CHUTHAJ, COOTBETCT-
BylOIMM QoHeMe «i». B kauecTBe n1yma BbIOpaHa peajbHasl IIyMOBas 3alluCh,
CTaTHUCTUYECKUE CBOWCTBA KOTOPOM MMOKA3aHbI HA PUC. 2.

Ha puc. 5 mpuBeneHbl 3aBUCHMOCTH paccoriacOBaHUsl HE3alIyMJIEHHOTO
CUTHaJa ¢ QUIBTPOBAHHBIM M HEPUIBTPOBAHHBIM CUTHAJIaMH B 3aBUCHMOCTH OT
COOTHOIIEHUS] CUTHAJI/IIyM. BO3MOXXHOCTh MOTEHIIMAIbHO HEBEPHOT'O OIpejie-
JIeHUsI TIOPSAJIKAa MOJENIN MCKIIOYEHA; MOPAIOK MOJETH 3a/laeTcsi (PUKCUPOBaH-
HBIM.

Puc. 5 nokaspiBaer, 4To QUIbTpanMs HA OCHOBE aHAIN3€ COOCTBEHHBIX
3HAYCHHUI aBTOKOPPEISILIMOHHON MaTpHIlbl BechbMa 3¢ dekTuBHa. BausHue mryma
YCTpaHseTCsl Jaxe MPU HU3KOM COOTHOUIEHUM CUTHai/miyMm. Jljist mpumepa cro-
UT CKa3aTh, YTO BUHEPOBCKas (UIbTpAllMs MPU COOTHOIICHHSX CHUTHAJ/IIyM
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HUKe 2 Ab JaeT eme XyAImui pe3yibTaT, yeMm Obu1 1o ¢uibTpauud [1, 2]. Onu-
pasch Ha MMUPOKO MIPUMEHSIEMBIN METOI BUHEpa Kak Ha CTaHIAPT, MOKHO CJe-
JaTh 3aKJIIOYEHUE O BBICOKOW 3((EKTUBHOCTH MeToAa (PUIIbTpaliu, OCHOBAaH-
HOT'O Ha aHAJIN3€ COOCTBEHHBIX YHMCEJ aBTOKOPPEIALMOHHON MaTPHUIIBL.

B

01} —e— a
0.08} R
0.06 |

0.04}

002t 3'

il Rl ST SO S 5
5 75 10 125 15 175 2

Puc. 5. 3aBHCHMOCTb CPEHEKBAIPATUYHOTO PACCOTIIACOBAHUSI OT YPOBHS IIIyMa JUisl He3a-
[IYMJICHHOTO M 3alllyMJICHHOTO CHTHAJIOB (2), /151 He3aIllyMJICHHOTO ¥ OT(UIBTPOBAHHOTO
curnaios (b).

OddekTuBHOCTh MPUMEHEHU MeToAa (PUIBTpAIIMU B MPOCTPAHCTBE COO-
CTBEHHBIX 3HAYEHUMN COXPAHACTCS JaKe MPU YCIOBUU HECOBMAJCHUS PEATbHOTO
cur"asia ¢ MojienbHbIM. C y4eToM MPUBEIECHHBIX MpPeIBAPUTEIHHBIX MOIU(BUKA-
IIUH CUTHANA, pe3yabTaT (GUILTPAINH JJI Kiacca aJIUTUBHBIX TTOMEX MPU MHK-
podOHHOM 3aMmKCcH BIOJHE YIOBJICTBOPUTEIICH.
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YAK 621.513.6

PABPABOTKA AJITOPUTMOB AJJAIITUBHOM
OUJIBTPALIMUU C TIPUMEHEHHUEM CPE/Ibl MATLAB

Jcuean B. U.
I'VII HIII] « 3JIBHUCy, 3enenoepad, Mockaa,
e-mail: djigan@elvees.ru

AnantuBHas o0pabOTKa CHUTHAJOB SIBJISIETCS COCTABHOW 4YacThiO COBpe-
MeHHoU 1udpoBoi o0padoTku curHanos (LJOC). Bonpock! anantuBHON QuUiIbT-
paluu pacCMaTpPUBAIOTCS B Pa3IMYHBIX HAYYHO-TEXHUYECKUX HM3JAHUSIX, OCBE-
mjaromux Borpockl [HOC. 1o ThicsSYM cTaTeld B NEPUOAUYECKUX H3/IaHMSIX,
CIieMaIM3UPOBaHHbIe KHUTH [1], kHUrK TI0 Tipobsiemam coBpemenHoi [1OC [2]
U naxe yueOHukH [3]. Pe3yiabpTaThl TEOPETUUECKUX UCCIIEIOBAHUM, TTOTYyYEHHBIE
B 00JIaCTH aJJaliTUBHON 00pa0OTKH CUTHAJIOB, TUPOKO MCTIOIB3YIOTCS B U3/IETTH-
X DJIEKTPOHHOM TEXHUKHU, PaIMOTEXHUKH, CBSI3U U psAla Ipyrux obmacreit. Ha-
IpUMep, AITOPUTMBI AaITUBHONW (UIBTPAIMK SBISIOTCS HEOTHEMJIEMOW dYa-
CTBIO TaKUX YCTPOMCTB, KaK KOMIIEHCATOPhl CUTHAJIOB 3JIEKTPUYECKOIO U aKy-
CTUYECKOTO 3X0, BBIPABHUBATENU DJJIEKTPUUYECKUX U AKYCTUYECKUX KAaHAJIOB,
aJlanTUBHbIC AHTCHHBIE 1 AKYCTUYECKUE PEIICTKHU.

Kaxk npaBuno, B yka3aHHBIX yCTPOKWCTBAX UCITOJIb3YIOTCS MPOCTEUIINE AJT-
TOPUTMBI QIANTUBHON (PUIIBTPAIMU 0 KPUTEPUIO HAUMEHBIIIETO CpeTHEKBaIpa-
truuHoro otkiioHeHus (Least Mean Square, LMS) unu nopmanuzoBanusie LMS
(Normalized LMS, NLMS) anroputmsl [1]. Takue anroputmbl 001a1at0T Hau-
MEHBIIIEN BBIUUCIUTEIBHOW CI0KHOCTBIO MO CPABHEHUIO C IPYTHMMU aIrOpUT-
Mamu. [IpocThie alropuT™MbI MOKHO pacCMaTpUBaTh Kak YacTHBIE cliydan Oosee
CJIOHBIX PEKYpPCHUBHBIX aJIFOPUTMOB HaMMEHbIIUX KBaApaToB (Recursive Least
Squares, RLS) [1-4] wiu anroputmoB adhdunnabix npoeknnii (Affine Projections,
AP) [5]. bonee crnoxHble aJanTUBHBIE AITOPUTMBI 00ECIIEYMBAIOT U 00Jiee BhI-
COKME TIOKa3zaTelu KaudecTBa (OoJbliasi CKOPOCTh CXOJMMOCTH alTOpPUTMA,
MEHBIIIEE 3HAYCHWE OMMOKH B yCTAHOBHUBIIEMCS PEXHME) MO CPaBHEHHUIO C
npocteiimumMu  anroputMamMu. OpHako cioxkHbsle RLS u AP anroputmsel He
CTOJIb MOIMYJSIPHBI B MPWIOXKEHUSIX, TOCKOJBKY ISl UX pealiu3allid TpeOyroTCs
OOJIBIIINE BBIYMUCIUTEIBLHBIC PECYPCHI.

TeMm He MeHee, yCIleXH MUPOBOM U POCCUMCKOM IPOMBIIUIEHHOCTU IIO-
CIE€IHUX JIET B 00JIaCTU CO3JaHMSI BBICOKOIPOU3BOAMTENBHBIX IPOLIECCOPOB
1 dpoBoil 00padOTKU CUTHAIOB, CM. HaNpuMep [6], MO3BOJISIOT HAJESATHCS, UYTO
u 0oJiee CIIOKHBIE AITOPUTMbI AJIANITUBHON (PUIIBTPALIUA CKOPO TAKXKE HAWUTYT
NPUMEHEHUE B PA3JIMYHBIX U3JEIUSIX. DTOMY CIIOCOOCTBYET M HAJIMYUE TaKOM
cpenbl, kak MATLAB, koTtopasi mo3BoJIsI€T JIETKO U OBICTPO MOJEIUPOBATH aJl-
rOpuTMbl agantuBHOW ¢uiabTpanuu. Kpome Toro, cpenra MATLAB wumeer B
CBOEM COCTaBe (DYHKITMU HEKOTOPHIX HanOoJiee MOIMYJISIPHBIX aITOPUTMOB ajar-
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TUBHOW (UIBTpAILMU, C TTOMOIILI0O KOTOPHIX MOXKHO JIETKO UM OBICTPO O3HAKO-
MUTBCSI C OCHOBHBIMU MPHUHIMIAMHU aJalTUBHON 00paOOTKH CUTHAIOB [7].
bonbmoe yncio MATLAB-poTOTUIIOB aJITOPUTMOB aJaTUBHON (UIIBTPALIMH
NIPEACTABIEHO B [8], Tlie, OHAKO, CEJIaH aKUEHT HE Ha CaMU aJrOpPUTMBI, a Ha
UX TIPUIOKEHUS.

Hacrosmas craTesa npencTaBisieT HEKOTOPBIE PE3YIbTAThl TEOPETUUECKUX
WCCJIeIOBaHUI U pa3pabOTOK aBTOpa B 00JACTH aJanTUBHON 00pabOTKMU CHUTHa-
J0B. D10 oKoJi0 200 pa3nvyuHbIX BBIYUCIUTEIBHBIX MPOLEAYpP aJrOpUTMOB
aJIaNTUBHON (PUIIbTpAIIMU, KaK U3BECTHBIX JO HACTOSIIETO BPEMEHH U3 JIUTEpa-
Typbl, TaK W TMOJY4YEeHHBIX aBTOpoM. Bce anroputmsl umeror MATLAB-
MPOTOTUIIBI, KOTOPHIE MOTYT OBITh MCIIOJIB30BaHbl HE3aBUCUMO WIIM B COCTaBE
rpaduueckoro unrepdeiica nonpzosarens (I'UII) [9], peanuzoBanHOrO B Cpene
MATLAB. Ilensto nanHO# pabOTHI SIBISETCS IEMOHCTpPAIHSI MHOTOOOpa3us Co-
BPEMEHHBIX JTOCTHKEHUHN B 001aCTH aAanTUBHON 00paOOTKU CUTHAJIOB, a TAKXKE
MOMBITKA CAENIAaTh ATU JOCTUKEHUS JIETKOJAOCTYITHBIMU. JTOM 1IEJIU CIIY>KUT pas-
paboTaHHas U MOCTOSHHO TOTMOJIHSIeMas MpUKJIagHas OMOJIMOTeKa aJlrOPUTMOB
aJIalTUBHON (PUIIbTpALIUU.

Kaxnpiit u3 anropurmoB MATLAB-OHOIHOTEKH TTO3BOJIIET OLICHUTH Ka-
4eCTBO pabOThl MHOTOKaHAJLHOTO aaNTUBHOTO (QUIBTPa, pucC. 1.

d(k)
LS
x, (k) > —hy (k-Dx, (k) z v oy, (k)
A
LS
xz(k) > _hgz,x(k_l)xzvz(k)
v :
xm(k) > _hi\llm,x(k_l)XNm (k) l
% .
xM—l (k) d - hzuf]”‘ (k - 1)XNMfl (k)
LS
Xy (k) » —hy (k-Dx,, (k)
YYVY VY A

AJTanTUBHBIN alTOPUTM

Puc. 1. MHOTOKaHAIBHBIN aIaITUBHBIA (PHIIBTP.

Takoii GUIBTP MOXKET UMETh MPOU3BOJIBLHOE YUCIIO KaHAIOB M U HEOJU-
HAKOBOE YHCJIO BECOBBIX KO3 (uieHToB N, B KaKJOM U3 KaHajoB. Bee anro-
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PUTMBI pa3pabOTaHbl M PEaTU30BaHbBI IS CiIy4ash KOMIUICKCHON apu(pMETHKH.
[TapameTpbl aganTUBHOTO (PUIBTPA MOTYT BBIOMpAThCS B TpeaesiaX JOIYCTH-
MBIX 3HAYCHHM, 3aBUCAIIIUX OT THIA MCTIOIb3YEMOT0 aJrOpuTMa.

BoAbIMIMHCTBO airOpUTMOB OUOIMOTEKH MPEACTABISIOT COOOW YacTHBIE
CJIy4yau pelieHus 3aJJa4l MHOTOKaHaJIbHON ONTUMAaIbHON (PUIIBTPALIMK HAa OCHO-
Be KpuTepusi HauMeHblnux kBajpaToB (Least Squares, LS) co ckonb3simmm ok-
HOoM (Sliding Window, SW), nuneiinbimu orpanundenusimu (Linear Constraints,
LC) u perynspuszanuei o0paieHrs KOpPETSIIMOHHON MAaTPHUIIbI CUTHAJIOB aJatl-
TUBHOTO (uUIbTpa. ITO perieHue npeacrasisier coooit LC LS anroputm [12], ¢
MOMOIIEI0 KOTOPOTO BBIYMCIISIETCS ONTUMAJIBHBIN BEKTOP BECOBBIX KOd(DPuIu-
€HTOB aJIaTUBHOTO (PHIIBTpa

_ _ _ —1
h, . (k) =R}, (), . () + R (K)C,, [CL RS ()C,, ]

H -1
<[t - cl R oy 0]
rne R, (k) u ry (k) xoppensuoHHAs MaTpULa U BEKTOP B3aUMHOW KOppe-
nsaumK. B cimydae ckombssmero okna, Ry (k) u ry (k) ompemensrorcs, kak

370 moka3ano B [10]. MuBepTHpOBaHUE KOPPETALUOHHON MAaTPULIBI MOXKET OBITH
peryJisipu30BaHO ¢ MoMouiplo mpueMa [13]. OnpeneneHuss MaTpUIlbl OrpaHUYe-
Huii C,, U BEeKTOpa 3HaYCHUI OrpaHUYMBacMoOro napamerpa f, npuBencHbI B
[11,12].

Ha ocHoBe nanHoro oo6iero peuieHus Obuto papaborano cemeiicteo SW
LC RLS anroputmoB [14], BKiIfoYasi allrOpuTMbl Ha OCHOBE JIEMMBI 00 MHBEp-
CHUM MaTpPHIIbI I CKOJB3sIIEero okHa [15, 16], a Takke alropuTMbl Ha OCHOBE
QR-paznoxxkeHust MaTPUIIbl JAHHBIX BXOJHBIX CUTHAJIOB aJalTUBHOTO (QDUIIBTpA.
DTO aArOopUTMBI HA OCHOBE MPAMOro U o0paTtHoro QR-pasiioxeHus ¢ UCronb30-
BaHHEM BpallleHuil ['nBeHca win npeodpa3oBanuil Xaycxonaepa [17-19]. Takue
JITOPUTMBI JIJI1 CKOJIB3AIIET0 OKHA W JIUHEWHBIX OTPAHUYEHUN pPAaCCMOTPEHHI B
[20-22].

RLS anroputmsl ¢ 6eckoneunbiM okHOM (Prewindowed, PW), Ge3 orpa-
HUYEHUM, 0e3 perynspusaluu, OJHOKAHAIbHBIC WU C JICUCTBUTEIBHBIMU BECO-
BbIMU KO3((PUIIMEHTaMU SIBJISIOTCS YACTHBIMU CIy4YasMH YKa3aHHOT'O OOIIETro
pemienus. beictpeie RLS anroputmsl (Fast Kalman, Fast Transversal Filter u
Fast a Priory Sequential Technique), nx cTaOuIu3upoOBaHHBIE U PETYISIPUIUPO-
BaHHBbIC Bepcuu [23, 24] Takke BKIHOYEHbI B OMOMMOTEKY. BhramciutenbHbIC
poLeypbl OBICTPBIX MHOTOKaHambHBIX RLS airoputMoB ¢ HEOAMHAKOBHIM
guciaoM N, BeCOBBIX KO3(DQUIMEHTOB B KaHANIAaX IOJY4EHbl B BUAE MOCIEO-

BaTEJIbHOCTH M BBIUMCIUTENBHBIX MNPOUEAYP OJHOKAHAJIBHBIX aJalTHUBHBIX
GUIBTPOB € OAMHAKOBBIM YHCIOM BECOBBIX KO3(P(PUIMEHTOB, pPaBHBIM

N = iNm [25].

m=1
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BoeruncnurensHbie npoueaypsl obicTpeix SW RLS anropurmos [10], yac-
TUYHO BXOJAT U B cocTaB ObICTpbIX AP anroputMoB [26-28]. Anroputmsl AP,
BKitouast LC AP u ObicTpble AP anropuTmbl, Takke SBIISIOTCS COCTAaBHOM ya-
CThIO paccMaTpuBaeMoill OMOJIMOTEKH anropuTMmoB. AnroputMmbsl AP mpencras-
JS0T co00M mpomexyTouHoe 3BeHo Mexay SW RLS u NLMS anroputmamu.
NLMS anropurmsl, BKJIOYasi aIrOPUTMBI C JIMHEWHBIMU OIPaHUYEHUSIMH, pac-
cMarpuBaroTcs Kak 4dactHble ciydyau SW RLS wunmu AP anroputmoB. LMS,
NLMS, AP u Owictprie AP anropuTmbl peanu3oBaHbl B GOpMe ¢ MOCTOSHHBIM
WM TIEPEMEHHBIM IIArOM CXOIMMOCTH, U3MEHSAEMBIM 110 TPAJUEHTHOMY 3aKOHY
[27, 29].

Kaxnprii u3 anropurmMoB 0mbimorekun nMeer nporpammubii MATLAB-
npoTtoturl. OyHKIIMH aITOPUTMOB aIalITUBHON (DUIBTPAIIUU UCIIONB3YIOTCS MIPU
IIOCTPOCHUM MOJEIEN PAa3IMYHBIX AJAlTUBHBIX YCTPOWCTB: AHTEHHBIX U aKy-
CTUYECKUX aJallTUBHBIX PEUIETOK, DXONOJABUTEIICH, BHIDABHUBATEIIEH KAHAJIOB,
YCTPOMCTB IIYMOOYHUCTKH peun u Ap. Kpome Toro, Bce aliropuTMbl HHTETPUPO-
Bansl B [ UII, puc. 2.

Time-Domain Complex-valued Multi-Channel Prewindowed Unregularized Linearly-Congtrained BLS &lgorithm, # 2

Algorithm Time, = Channel #

5
[RLS PwLC2 7] EEEE =l
Channels 0 Continue Real
IMuIt_l,l 'I 5 .
Arithrmetic ) m
Complex - %_ -10 % ik anrels
- [ o h.w
: 2 A5 —_—
Internal sigrials | = e ]
c
7 -20 I 4000
% - file name = HIf)
I wl w2 w3 25 ® auto PIF
d - file name -30 T fis GO
d
J -35 ; + : 1 ] ] 1
' 0 500 1000 1500 2000 2500 3000 3500 4000 fn
n - file name
. Freguency, Hz S B
kd Mh [ A Am Pn Fz, Hz B K. ¥
| 3 |81632 |81632 025025 o101 | o0 | 8000 | 2 | 500 e+
il larnbda delta ki K1 .. KB L o Fz. Hz A g
| 10 | ogme || owor || om fizas [ 2 || 2 | 1000 | 1010 ERLE

Puc. 2. 'UI1 6ubnuoteku anropuTMOB aJlalTUBHON (pUIbTpaIyy.

C nmoMonipr0 TaHHOTO MHCTPYMEHTA MOXKHO JIETKO UCCIEA0BaTh CBOMCTBA
MHTEPECYEMOro aJiropuTMa, (PYHKIIMOHUPYIOIIETO MO0 BO3ACHCTBUEM BHYTpPEH-
HUX TECTOBBIX CUTHAJIOB, WJIM UCCIIEI0BaTh paboTy alaiTUBHOrO (UIbTpPa B CO-
CTaBe yCTpPOWCTBA. B mocinenHeM ciydae UCIIONIb3YIOTCSl BHEIIHUE CUTHAJIBI, I1e-
penaBaemble B ['UII B Buze daiinos gpopmara wav.
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['II no3BosisieT BEIOMPATh UHTEPECYEMBIN aNTOPUTM, ONPEAEHATh YUCIIO
KaHAJIOB aJIallTUBHOTO (QUIIbTPA (OJHOKAHAIBHBIM MM MHOTOKAHAJIBHBIN) U THII
UCIOJIb3yeMOW apu(METUKH (IeHCTBUTENbHAS UM KOMIUJIEKCHAS ).

[TapameTpsl, 3aBHUCSIIME OT THUIA ANTOPUTMA, PACHOJIOKEHBI B HIDKHEH
yactu ['UII. D10 uncno kaHaiaoB aganTUBHOIO (pUIBTPa, YUCIO0 KOA(HULINEHTOB
B K&XJOM M3 ITHX KAaHAJIOB, YHCJIO KOA((ULNEHTOB UMITYJIbCHBIX OTKIMKOB B
KaHalaxX MACHTU(QUUUPYEMOM JTUHEHHON CHCTEMbI, aMIUIUTYbl BXOJHBIX CHTI-
HaJIOB (UJIbTpa, YPOBEHb IIyMa Ha BXOJe TpeOyeMOoro CUrHaia, 4yacToTa JIuc-
KpEeTU3alliH, JJIMHA CKOJIB3sIIero okHa npu Beruncienun Echo Return Loss En-
hancement (ERLE), uucno wurepanuii anroputrma, mar cxoaumoctu (B LMS,
NLMS, AP u ObicTpbix AP anroputMmax), napameTp 3KCIHOHEHIIMAIBHOTO B3BE-
[IMBaHUsl CUTHAJIOB U MapaMeTpbl HAYaJIbHOW U JUHAMUYECKON pPEryJIsspu3aliu
(8 RLS anropurmax), koddduumentsl crabmimmszanuu (B 6sicTpbix RLS anro-
pUTMax), IJuHA CKob3sero okHa (B SW RLS anropurmax), uncio orpanuye-
HUM, YaCTOThl OIPaHUYEHUN W 3HAa4YeHUs orpaHmuyuBaeMoro mnapamerpa (B LC
JITOPUTMAX ).

Pe3ynpTaTroM MoOAenupoBaHHS JHOOOI0 M3 HMMEIOIIMXCS aJIrOPUTMOB
alaliTUBHON (pUIbTpaLuy SBISETCSI HA0Op rpauKoB, OTOOPAKAEMBIX B LIEHTPE
['UII1. Oto rpaduky BXOIHBIX CUTHAJIOB aJalTUBHOrO (¢uibTpa X, (k); BEeKTOpa

BECOBBIX  KOA((UIMEHTOB  aganTUBHOTO  (UIbTpa h;,x (k)= [h;hx (k),
h]T\,z,X (k)yeursenns h]T\,m,X (k),.. .,th_l x (k),hITvM x (k)] U BEKTOPOB KO3((PHUIIMEHTOB

oTaenbHbIX KaHaoB h, _(k); HMMITyJIbCHOTO OTKJIMKA UAEHTU(ULIUPYEMOU JIN-

AT AT AT AT AT AT
HeliHO# cucTeMbl hy,y = |:th,)(,th,)(,. . hy x,.. .,hNMl,x,hNM,x:| U €€ OTIEIILHBIX

2/
2

U (Ha30-4aCTOTHBIX XAPAKTEPUCTUK, TPYNIIOBOTO BPEMEHH 3aJePKKU (DUIBTPOB
OT/ICJIbHBIX KaHAJIOB M BCETO aJlanTUBHOrO GUiIbTpa; Tpedyemoro curnana d(k);

2

KaHajoB hy hy,

m>

x; pacCTOSIHUSA lOlogw{ HhN,x (k)—ﬁjv,x } ; aMJIMTYIHO-

2

aJIMTUBHOTO Imyma z(k) Ha BXoje TpeOyeMOro CUTrHalIa; 3allyMJIEHHOTO Tpe-
oyemoro curHana d (k) + z(k); BBIXOJHOTO CUTHaJIa aJJallTUBHOTO (DUIIBTPa

y(k)=hy  (k =Dy, k),
rae xy (k) =[x}, (k).x}, (k),....x5 (k),...x,,  (k),x}, (k)| — Bexrop curua-

JIOB  MHOTOKaHaJlbHOTO  (UIbTpa;  3allyMJIEHHOIO CUTHaJa  OUIMOKH
oy, (k) =d(k)— y(k)+ z(k); He 3aurymiueHHoro curxana omnoku d(k)— y(k);

k k
2
. 2/ . .
ERLE: 10log,, Z d~ (i) Z [aN,x(z)—z(z)} , TAe B — mJInHa CKOJIb-
i=k—B+l1 i=k—B+1
3SIIETO OKHA, OmpenessieMas WHTEPBAJIOM CTAIIMOHAPHOCTH 00pabaThiBaeMbIX
CUTHAJIOB.
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['HUII aBugeTcs 10CTATOYHO NPOCTHIM C TOUYKH 3PEHUS MOJIb30BAHUSA UHCT-
pymenToM. B Hauane ero paboTsl 0TOOpa)kaeTcs TOIbKO OTPaHUYECHHBIA HAOOP
napamMeTpoB YIpPaBJICHUS, U BBIBOJATCA COOOILEHHUS, MOJCKA3bIBAIOLIUE CJe-
nytome aeiictBus. I[lapaMerpsl, HEMCHONb3yeMble B BBHIOPAHHOM alTOPUTME,
HEJOCTYIHBI Il BBOJa Wi Moaupukanuu. HenmpaBuibHBIM BBOJA MapameTpa
COMPOBOXKAAETCS TPEAYNPEKIAIOMIUM COOOIIEHHEM, a KHOINKH YIPABJICHHUS
CTAHOBSTCSI JOCTYIIHBIMU TOJIBKO MOCJIE U3MEHEHUS 3HAYCHUN HENPABWIbHBIX
napaMeTpoB Ha npaBuibHble. Puc. 2 noka3eiBaer, kak Beirysiaut ['UII nocne
OKOHYAHMSI MOJICTUPOBAHUS U HaXKaTHs OJHOW M3 KHOIOK BBIBOJA TPadUKOB.
Kaxapiii u3 rpagukoB MOXKET UMETh MacIiTad Mo OCH «X», OMpPeesieMbIii
JUIMHOW OTOOpa)kaeMoro BeKTOpa JaHHbIX. Kpome Toro, rpaguk MOXHO mpo-
CMOTpPETh Ha BHIOPAaHHOM Y4YacTKe B Mpeneiax 3Tou JuHbL. [ BeiBoa rpadu-
KOB OJTHOPOJHBIX MMapaMeTpoB (HaIpHUMeEp, BXOAHBIX CUTHAJIOB MHOTOKAHAJIBHO-
ro (uibTpa), UCOIB3YETCA OJAMH M TOT K€ MacliTad mo ocu «Y», onpenense-
MBI JUHAMHYECKHMM JIMANa30HOM 3HAYEHUM BCEX OJHOPOJHBIX MapameTPOB.
Kaxxapiil u3 rpagukoB MOKET ObITh TaKXke OTOOpa)K€H B aBTOMATUYECKH BbIOU-
paemom Macitade no ocu «Y». Ha rpadukax MoxHO yOupaTh WM BOCCTaHAB-
auBaTh ceTKy. I'paduku, BocnponsBoguMblie B 1ieHTpanbHor yactu ['UII, Mox-
HO JIONOJIHUTENBHO BBIBOJHUTH B OTJAEIBHOM CTAaHAAPTHOM OKHE JJIsl NOCIEAYIO-
IET0 KOMHPOBAHUS, COXPAHEHUs WIM TedaTH. BXOaHBbIE/BBIXOAHBIE CUTHAIIBI
MOJIETTUPOBAHUSI MOTYT OBITh COXpaHEHBI B (hOpMaTe Wav U UCIOJIb30BaHbI B Ka-
YECTBE TECTOBBIX BEKTOPOB IIPU MEPEHOCE AITOPUTMOB Ha JAPYTHUE A3BIKU IPO-
IPaMMHUPOBAHUS W BBIYUCITUTENbHBIC TIaTGOpMbl. HEeKOTOphIE BBIYHCIUTEIH-
HBIE MPOLEAYPHI PACCMOTPEHHBIX AJITOPUTMOB YK€ BOLUIA B COCTaB IPUKJIALI-
HOW OMONMMOTEKH aNTOPUTMOB M MPOTPAMM HOBOW BBIYUCIUTEIBHON IMIaTdop-
Mbl «MVYJIbTUKOP» (DSP+RISC) [6, 30].

Takum oOpa3zoM, B HacTosIIel paboTe mpecTaBieHa OUOIMOTEKa alro-
PUTMOB afanTuBHOU GunbTpanuu. OHa MOXKET CIYKUTh MOJE3HBIM UHCTPYMEH-
TOM JJI1 HHXKEHEPOB U HCCIeoBaTelNeld, KOTOPbIe UCTIONb3YIOT aIalITUBHYIO 00-
paboOTKy CHTHAJOB B CBOMX HMCCJIEIOBAHUAX U pa3paborkax. bubmuoreka anro-
PUTMOB MOKET TAK)K€ HaWTHU MPUMEHEHHE B YUEOHBIX KypcCax.
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YAK 621.3.01

MOAEJIUPOBAHUE KAHAJIA CBA3U U OBPABOTKHAU
CUI'HAJIOB SDSL MOZAEMA B CPEJIE MATLAB

Jcuean B. U.
I'VII HIII] « 3JIBHUCy, 3enenoepad, Mockaa,
e-mail: djigan@elvees.ru

IIpy npoeKTUpOBaHUU YCTPOMCTB IMPOBOAHOM CBSI3U, TAKUX KaK, MOJEMBI
ka"ana ToHoBoM uvactoThl miau DSL (Digital Subscriber Line: ADSL, HDSL,
SDSL, VDSL) mMonembl, IMPOKO UCHOJIB3YETCS TEOPUSl YETHIPEXITOIIOCHUKOB,
OINHCHIBAEMBIX C MOMOILBIO MaTpull ABCD mnapaMeTpoB (MaTpull NEpeJadn Uiu
A-marpun) [1-5]. Marpunia ABCD mnapamMeTpoB KacKaJHOTO COCIUHECHHS dYe-
TBIPEXIIOIFOCHUKOB 00pa3yeTcsi IMyTeM IIOCJIEN0BAaTENbHOIO IMEPEMHOKEHUS
matpull, ABCD mnapaMeTpoB OTIEIBHBIX YETBIPEXIOIOCHUKOB, BXOIALIUX B
COEIMHEHHE, a DJIEMEHTHI IPOBOHBIX CHUCTEM CBSI3H, KaK IPABUIIO, TAKXKE MPE-
CTaBJISIOT CO0OM KackajHOe coenuHeHue, cM. puc. 1. Marpunst ABCD mnapa-
METPOB MO3BOJISIOT BBIUUCIATH BXOJHON MMIIEJAHC, IEPENATOUYHYIO XapaKTepu-
CTUKY WJIM UMITYJIbCHBIA OTKJIMK, C IOMOLIBIO KOTOPBIX MOYXHO MOJEIUPOBAThH
CUTHAJIBI B CHUCTEME CBS3M M ONpPEAeNsATh €€ paboTOCHOCOOHOCTh. YKa3aHHBIE
(bakTophl SIBISIIOTCA NMPUYUHOM HMCHONb30BaHUs Matpull ABCD mnapameTpoB
IIPU AHAJIM3€ U MPOEKTUPOBAHUU YCTPOICTB U CUCTEM MPOBOIHOM CBSI3U.

IIpoBoaHoi
Tp KaHaJl CBS3H Ip
— — — 4 l:n n:l 4 — — —
1 B, D, N D, B, 1
BLIXOZ[4> T I R G 7 7 C F Y VU I e Beixon
MoJyasaTopa ﬁ B, D, D, B, ﬂ* MOJyJIATOpa
2 o 2 L L L
Bxon o] 4 led 5 l«d 6 [° "l 6 > 5 |» 4 |» Bxox
JKBaJaiizepa JKBajai3epa
I R I Mopem Mopnem I R I

Puc. 1. DnemeHTsI TPOBOIHON IUPPOBOI cUCTEMBI CBSI3U: 1 — MHTEPIONATOP, 2 — HOopMU-

pytouuiit GuiabTp, 3 — 1M pPo-aHaTOTOBEIN Tpeodpa3oBaresb, 4 — IeuuMarop, S — aHaso-

ro-uudpoBoii npeodbpazoBaresb, 6 — yCUIUTENb IPUEMHHKA JaHHbBIX, 7 — YCUJINTEIb Mepe-
JaTyuKa JaHHBIX U AuddepeHnuansHas cxema, Ip — Tpanchopmarop.

Ha puc. 1 nokazaHbl TONBKO T€ 3JEMEHTHI CUCTEMBI CBSI3U, KOTOPBIE yUa-
CTBYIOT B (D)OPMHUPOBAHUM CIIEKTPOB CUTHANIOB. Hanuuue nogo0HoM Moaenu mo-
3BOJISIET MPOBOAUTH UCIBITAHUS MPOBOJHOIO MOJIEMA HA JTAIlE €ro MPOECKTUPO-
BAHUS IyTEM IOJAKIOYEHUE K HEU MOJEEH TAKUX YCTPOUCTB, KaK aJalTUBHBIN
MOJABUTEIb JJICKTPUUYECKOTO 3XO0 (IXOIMOJABUTEIb), aJalTUBHBIA BbIpaBHUBA-
TeJb KaHAJIOB (PKBaJlaii3ep), CUCTEMa CHHXPOHHU3AIMH U JIP.
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HuTepnonsarop, neuumarop, GopMUpyomuid GuiIbTp, a TaKxKe 3XO0Moja-
BUTEJIb U DKBaJIal3ep SBIIAIOTCS AJIEMEHTaMM LIM(PPOBOM YacTH Mojema. A Ta-
KM€ YCTpPOMCTBA, Kak aHaJIOro-uu¢poBoil u nudpo-aHaIoroBelii mpeoOpa3oBa-
ternu (ALIT u LHAIT), ycunurenu, nuddepeHnnaibHas cXeMa U pa3Bs3bIBAIOIIHIMA
TpaHchopMaTop, SBIAIOTCS dJIEMEHTAMU aHAJIOroBOW vacTu Mmojaema (analog-
front-end). OT npaBUJILHOrO MOHUMAHUS MPOIECCOB, MPOTEKAIOUIUX B aHAIOTO-
BOI 4acTH, BO MHOT'OM 3aBHUCUT pabOTOCIOCOOHOCTh NMPOEKTHUPYEMOI0 MOJIEMA,
a TakKe YJOBJIETBOPEHUE €T0 apaMeTpOB TPEOOBAHUSIM CTaHIapTa B YaCTU HC-
MOJIb30BAHUS PErNIAMEHTUPOBAHHOM IMOJIOCHI YAaCTOT, NMEPEAABAEMON MOIIHOCTH
U €€ CIEKTPAIbHOW IJIOTHOCTH. DTH MapaMETpPhbl OMPEAENSIOT AOIYCTHUMBII
YPOBEHb IOMEX, CO3JaBa€MbIX MOJEMOM JUIsl APYIMX CHCTEM, OCYIIECTBIISIO-
IIMX CBSI3b MO MPOBOJAM BUTHIX Map, HAXOAALIUXCSA B OTHOM Kabere.

[lenbto HacTose paboOThHI SBISIETCA JIEMOHCTPAIUS BO3MOKHOCTH HC-
nonp3oBanus cpeapl MATLAB nns co3manusg Mojieniel CUCTEM CBSI3M, aHaJo-
TUYHBIX Mojienu Ha puc. 1. Takas mozaens pa3padborana s symmetrical single
pair high bitrate digital subscriber line (SDSL) monema [6].

HesnauurenbHbie Moau(UKaMU MO3BOJSIOT JIETKO M OBICTPO MPHUCIOCO-
OUTH 3Ty MOJENb JUIsl MPOSKTUPOBAHUS UM UCCIIEIOBAHUS CUCTEM MPOBOIAHOMN
CBSI3U JIPYTMX CTaHIApTOB. DTOMY TaKX e CIOCOOCTBYET HaJMYUE OOJBIIOTO
pazHooOpasus paszpaboranHbix MATLAB-Mozaeneit mpoBOAHBIX JTUHUMA CBS3H,
periiaMeHTUPOBAHHBIX [7]; Mojeneld HEeKOTOPhIX TpaHCHOPMATOPOB, HAIPUMED,
POM3BOIMMBIX Komnanue Midcom [8]; moxaeneit auddepeHImaIbHbIX CHCTEM
(hybrids circuits: single-ended, differential [1] u ¢ cuHTeTMYECKH coriacoBaH-
HOW Harpy3koil [9]); a Taxke Mozeneil alropuTMOB aJaNTHUBHOW (UIBTpAIIUU
[10], BrItO9ast BRIMUCIAUTENBHO 3 exTrBHBIE anroput™msel [11], Ha ocHOBE KO-
TOPBIX MOYXHO IMPOEKTUPOBATH 3XONOIABUTENIN U HKBAJIA3EPBHI.

JIOTOTHUTENBHBIM PE3YJIBTATOM MPEACTABICHHON pabOThI SABIAETCS Tpa-
¢uueckuii unTepdeiic nonnzonatens (['MII), Takxke peanu3zoBaHHBI B cpene
MATIJIAB. C nomomipro I'MII MOXHO HCCIEA0BAaTh CBOWCTBA Pa3IUYHBIX JIH-
HEHHBIX YETHIPEXTOTIOCHUKOB.

Hwxe npuBoauTcs: onucanue Mojesieil OCHOBHBIX JIMHEWHBIX YEThIPEXIIO-
JIOCHUKOB, PEaIM30BaHHBIX B COCTaBe paccMarpuBaeMoit mojenu SDSL mone-
Ma.

3T0, B MEPBYIO 0YEPE]b, MOJAEIH YETHIPEXIIOIOCHUKOB MMPOBOJIHBIX JIH-
HUW CBSI3U. DiIeMEeHThl Matpullbl ABCD mapaMeTpoB TaKMX YETHIPEXITOIIOCHHU-
KOB BBIPAXalOTCs Yyepe3 NMEePBUUHbBIC WM BTOPUYHBIE MMapaMeTpsl [1, 2] npoBoa-
HBIX JIMHUW CBsI3W. [lepBUYHBIC WM BTOPUYHBIC TApPaMETPHl OMPEICISIOTCS
AHAIUTUYECKH HAa OCHOBE MAaTeMaTHYECKUX MOJENIEH M IO pe3yibTaTaMm H3Me-
pEHU XapaKTEPUCTUK PeaTIbHBIX MPOBOJHUKOB. J[JI1 OCHOBHBIX THUIIOB MPOBOJI-
HUKOB, TPUMEHSIEMBIX B KaO€JIIX MPOBOJHOM CBSI3U, TU MapaMeTPhl MPUBEACHBI
B cranjapte [7]. B crangaprax Taxke NpUBOAATCS TOMOJIOTUU TECTOBBIX JIMHUMA
CBA3M, PEKOMEHIYEMbIX ISl ONpeneseHus paboTOCIOCOOHOCTH MOoJeMa. DTH
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JIMHUU COCTOAT U3 COCIMHEHUS MPOBOHUKOB Pa3IMYHOIO THUIA, BKJIIOYasl HEHa-
rpyxeHHble oTBeTBIIeHU (bridged taps).

14 mocTpoeHus Takux MOJIEJIEM aHAJIOTOBOM YacCTU MOJIEMA, KaK TPaHC-
dbopmaropsl U nuddepeHnnanbHble CXeMbl, HEOOXOAUMBI TaK)Ke MOJENU 3Jie-
MEHTapHBIX JIMHEWHBIX LIeTIel, KOTOpbIE MPEACTABIISIIOT CO00M MOCiieI0BATEb-
HOE WJIH MapajuleIbHOE BKIIOUEHHUE pe3ucTopa R, KaTyIIKA MHIYKTUBHOCTH L
u KoHaeHcaropa C. DneMeHTbl MaTpullel ABCD mnapamMeTpoB 3THX YETbIpEX-
MOTIOCHUKOB [1, 2] J€rko moiay4uTh Ha OCHOBE aHajW3a PEKUMOB XOJOCTOIO
X0/la U KOPOTKOrO 3aMbIKaHUsl (P COMPOTHUBIICHUSX HArpy3KH YETBIPEXIIO-
JIOCHHKA, PaBHBIX R, = n R, =0, COOTBETCTBEHHO).

Jlnst MopenupoBaHusi TpaHchopmMaTopoB Hcnoiab3yeTcs T-oOpa3Has SKBU-
BaJICHTHAs cxema, puc. 2.

RP R Ll

Puc. 2. Mogenb YeTbIpexmnoitocHika Tpaacdopmaropa: C; — BXOJHAsE EMKOCTb, R, — cO-
NPOTUBJIEHHE EPBUYHON OOMOTKH, R — COINPOTUBIIEHHE BTOPUYHOM 0OMOTKH, R, — co-
NPOTHBJICHUE CEPACYHNKA, L — MHIYKTHBHOCTb IEPBUYHON OOMOTKH, L, — MHIYKTUB-

HOCTb YTCUKU, Co — BBIXOJHAasA €EMKOCTb.

Marpunia ABCD mnapameTpoB TpaHchopMaropa onpeessieTcs: Ipou3Be-
nenneMm Matpull ABCD mapamMeTpoB 3JIEMEHTapHBIX YETBHIPEXIOJIIOCHUKOB,
BXOJIAIIMX B €ro cxemy. 3HadeHus anemeHtoB R, L, C, puc. 2, oObIYHO MpH-
BOJSTCS B TEXHUYECKON JOKYMEHTAIMKM Ha TpaHchopmarop. TpaHchopmarop B
MOJIEME OCYIIECTBIISICT Iepelady CUTHaJIOB B 00¢ cTtopoHbl. Marpumia ABCD
napaMeTpoB TpaHchopMaTopa MpH Mepefaue CUTHAJIOB B OOpaTHYIO CTOPOHY
MOJTy4aeTcsl IyTeM OOpalleHUs] HICXOIHON MaTPHUIIbL.

CrneayroolMUM BaKHBIM 3JIEMEHTOM aHAJIOrOBOM YacTH MOJEeMa SIBIISETCA
muddepennnanbHas cuctema. C ee MOMOIIBIO OCYIIECTBISETCS MEPEX0] MEKIY
JBYXIIPOBOJHOM JIMHUEW (MPOBOJHBIM KAaHAJIIOM CBSI3HM), U YETHIPEXIPOBOIHOM
auHuen BHYyTpu Moaema. Marpuubl ABCD mnapameTpoB nuddepeHuanbHbIX
cucteM c single-ended u differential ctpykrypoit npusenenst B [1]. Ouu noiny-
YEHbI MYTEM AHAIN3a CMEIIAHHOTO BKJIIOYEHUS 3JIEMEHTAPHBIX JIMHEHMHBIX Ye-
THIPEXIOJIIOCHUKOB. Takue nuddepeHimanbible CUCTEMbl UMEIOT OJIMH HEIOC-
tatoK. OH 3aKiro4aeTcsl B MOTEPE MOJOBUHBI MIEPENABAEMON MOIIHOCTH Ha CO-
IIACYIOIINX COMPOTUBJIEHUAX [2], UTO SBJISIETCS CIEACTBUEM IOJIHOTO COTJIaco-
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BaHUA TUPPEepeHIINANTbHON CUCTEMBI C BXOJHBIM MMIIEJAHCOM TpaHCPopMaro-
pa.

Hpyroil ThI coriacoBaHusi, CHHTETHUECKOE COIrJIacOBaHuE [8], mpeacras-
JIEH Ha puC. 3.

RZ
I
Rl
4 — | |t oy,
oy Rve i V. Ry
1 0 3 4 B
]
—O—_] L
£
R,
]
I
R
g b
I
— ov,
R.
s © o Ry Vs R Mo B,
Ry, O] L
A2 ]
+ %,
]
I
R
v 3
C 1
Ry
]
L
R
V. 3
C2 > ]
Ry
]
I

Puc. 3. YcunutensHbIi Kackaa nepeaaTyrka MojieMa 1 qudepeHIraibaas cXxeMa ¢ CHHTe-
TUYECKHUM COTTIAacOBaHHEeM: R, — COIIacyIoliee COIPOTUBICHUE.

CHHTETHYECKOE COTJACOBAaHUE TO3BOJISIET B OMPENCIEHHBIX Tpeeax
YMEHBIITUTh BEJIUYHHY COTJIACYIOIIETO COMPOTUBJICHUS, M, KakK CIEICTBUE,
YMEHBIITUTh BBIXOAHYIO MOITHOCTh YCHJIUTENS MepeaaTInKa MOJIeMa, a 3HAUUT,
YMEHBIIUTH €0 MOTPEOIIEMYI0 MOIITHOCTh M CHU3UTH IHUTAOIICE HAIPSKEHUE.
B T0 ke Bpemsi, yCITOBHUS MMOTHOTO COTJIACOBAHMS BBITIONHSIOTCS TIPH Tepeaade u
IpHEME JaHHBIX, TaK KaK «HEIOCTAIOas» 4YacTh COIJIACYIOIIETO COMPOTHUBIIC-
HUsI 00pa3yeTcss UCKYCCTBEHHO. YKa3aHHBIM 3P (EKT JOCTUTACTCS 3a CUET BBe-
JICHUST TIOJIOKMTEIIbHOH OOpaTHOM CBSI3W M3 COTJIACYOIIETO COINPOTHBIICHHS
(Bxoma TpaHchopmaTopa) Ha BXOJ yCUIUTeNIsA. B aToM cilyyae, yCHUIUTEIb H
muddepeHmanbpaas CucTeMa He MOTYT OBITh ITPEJCTaBICHBI KACKaIHBIM COCIH-
HEHHEM YETHIPEXITOIIOCHUKOB. B padore [8] ObLT MpeiokeH crocod omucaHus
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matpull, ABCD mnapamerpoB auddepeHInaIbHON CUCTEMbl ¢ CUHTETUYECKUM
corjacoBaHueM. J{is 3TOro Ha cxeme, puc. 3, cHadaja ONPENENSIIOTCA TOYKH,
KOTOpBIE SIBIISIIOTCS BXOJIAMU/BBIXOJIAMH HMHTEPECYEMOIr0 YETBHIPEXMOIIOCHUKA.
3arem, pemias cucteMy ypaBHeHuit Kupxroda mpu pexumax KOPOTKOTO 3aMbl-
KaHMs W XOJOCTOTO XOJa Ha BBIXOJAE YETBHIPEXIMOIIOCHUKA, OMIPENEISIOTCS
ABCD mnapameTpesl.

CyiiecTByeT TpH pekuMa (yHKIIMOHUPOBAHUS CXEMBbI, pUC. 3, Ui KOTO-
PBIX HE0OX0IUMO onpenenaTs Matpulibl ABCD mapaMeTpoB Mpu MOJEINPOBa-
HUM Mojiema: | — mepenaya JaHHBIX B KaHAN CBSI3M, 2 — I'€HEepalus 3X0 CUTHa-
Ja Ha BXOJ€ NPHUEMHMKA IIpU IMepeaade NaHHBIX B KaHAJI CBS3H, U 3 — IPHEM
JAHHBIX U3 KaHana cBA3U. PexxuM 1 Takke MCOIb3yeTcsl MpU ONPEIEICHUH UC-
XOJHBIX JaHHBIX JJI CHHTe3a (opMupyroero GuibTpa nepeaaryuka MojaeMa.
[Tpu pacyerax, HEUCIIONB3YEMBIE BBIXOBI CXEMbI MOJKIIOYAKOTCS K COOTBETCT-
BYIOLIMM Harpy3kam: BXOJHOMY CONPOTHBIICHUIO YCUJIMTEJNS MPUEMHUKA JaH-
HBIX B PeXHUME 1, BXOJHOMY HMMIIEIaHCY TpaHc(opMmaTopa B pexXUMe 2 U BbI-
xonHoMy comnpotusieHuto LIAII B pexxume 3.

Ha ocHoBe mepenaTouyHoi XapaKTEpPUCTUKU YETHIPEXIOIIOCHUKA MEX]Y
ToukamMu A — D, puc. 1, U ceKTpaIbHBIX MacCOK MOIIHOCTH CHUTHajla MoOJAeMa
JUISL Pa3NIMYHBIX CKOPOCTEH Mepenadyu JaHHBIX, ONPEIENSIIOTC TpeOyemble Ie-
penaToyHble XapaKTEPUCTHKU Habopa GopMUPYIONINX (DUIBTPOB M PACCUHTHI-
BaIOTCS BECOBBIE KOIPDUIIUEHTHI 3TUX (PUITBTPOB.

@OWIBTPEI UHTEPHOIATOPA U AEUUMATOPA, PUC. 1, pACCUUTHIBAIOTCS UCXO-
Il U3 CKOPOCTEN nepeaadu TaHHbIX MojieMa [6] .

BaxxHBIM 3JIEMEHTOM MOJENH, pUc. 1, TakkKe SBISAIOTCS MOJEIH LIyMOB
kaHana cBs3u. CranpaptoM [6] ompenensitoTcsi JBa HaOOpa TaKUX MOJIEIICH:
aHantuueckas (s CeBepHoid Amepuku) u TadynuposanHas (111 EBpomnsl). B
NIEPBOM Cllydae, CIeKTpalibHasg Macka (hUiIbTpa, ¢ MOMOIIbI0 KOTOpOro (popmu-
PYIOTCS MOJIENI IIYMOB, ONPEIEISETCS HA OCHOBE aHAJUTUYECKUX BBIPAXKEHUHN
CHEKTpaJIbHBIX MacOK cUrHajgoB DSL Mo/1eMOB pa3iMyHbIX CTaHIaPTOB, OCYyLIE-
CTBJISIFOLIUX CBS3b MO MIPOBOJIAM BHUTHIX Map, HAXOASAIIMXCA B OHOM Kabeine. Bo
BTOPOM CJlyyae, MacKM CHEKTPaIbHOM IJIOTHOCTH IIyMa TaOyJIupOBaHbI Ha OC-
HOBE IKCIIEPUMEHTATBHBIX HAOIIOACHHM.

PaccmoTpeHnHble MOJIeNU ABISIIOTCS OCHOBHBIMU 31eMeHTamu SDSL cuc-
TeMbl CBsI3U. OHU MO3BOJISAIOT ONPEEISATh TpeOyeMble XapaKTePUCTUKH (HOpMHU-
pyromux (uiIbTPOB, MOJEIUPOBATh pabOTy HXONOJABUTENSI M 3KBajaiizepa
(amanTUBHBIX (UIBTPOB), a TaKXKe APYTUX JIEMEHTOB MojaeMa. B kadectse aj-
TOPUTMOB PabOThl aalTUBHBIX (UIBTPOB Hcnonb3ytorcs MATLAB-monenu
[10]. CornacHo cranmapty [6], Ha dTame BXoxAeHUS B cBs3b (line probing) mo-
TyT OBITh HCIOJIB30BaHbl IIYMONOJI00HBIE cuUrHaibl (M-mocienoBaTebHOCTH)
Pa3IMYHON IJIMHBI, B TOM YMCIE U TaKhe, MepUoj] MOBTOPEHUS KOTOPBIX COU3-
MEPUM C JJIMHOW TUIUYHBIX UMITYJIbCHBIX OTKIMKOB, MOPOXKAAIOUIUX CUTHAJIBI
AIEKTPUUECKOTO 3X0. DTO JA€T BO3MOXKHOCTh NMPUMEHUTDH JJIS HXOIMOAABUTEIS
anroput™ [11] Ha OCHOBE KpUTEpHsi HAUMEHBIIUX KBaJApaToB. BerunciurensHas
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CJI0)KHOCTh TaKOTO aJrOpUTMa CPaBHUMA CO CJIIOKHOCTBHIO MPOCTEHIIEro ajaamn-
TUBHOT'O QJITOPUTMA HA OCHOBE KPUTEPHSI HAUMEHBIIETO CPEIHEKBAIPATUUHOTO
OTKJIOHECHMUS.

[Tose3HBIM MHCTPYMEHTOB, CO3JaHHBIM B PE3yJIbTaTe BBIMOJHEHUS pac-
cMoTpeHHol pabothl, sBagercs [UII. IlpuMepbl HEKOTOPBHIX H300paKEHUM,
dbopmupyembix ['UII, mpuBenens! Ha puc. 4 u puc. 5.

C nomoursto I'NIT MOKHO OLIEHMBAaTh WM UCCIEA0BATh XapaKTEPUCTUKHU
JMHENHBIX YETHIPEXIIOIOCHUKOB. Pe3ynpTaToM ero paboThl SABISIOTCS TpaduKu
IIEPEIaTOYHBIX XaPAKTEPUCTUK, UMITYJIbCHBIX OTKJIMKOB, BXOAHOTI'O HMMIIEJaHCa
1 KO3 PUITMEHTOB OTPAXKEHUS TUHEHHBIX YETHIPEXIOIIOCHUKOB B TI0JIOCE UHTE-
pPECYEMBIX YAaCTOT IPHU 3aJaHHBIX UMIIEIAHCAX WUCTOYHUKA CUTHAJIA U Harpy3Ku
4eThIpexXnoocHuKa. ['paduku oTobpaxkatorcs B neHTpanbHoi yactu ['UII. Ka-
XKIBIA U3 ITHX TPaPUKOB MOXKET OBITh ACTATILHO MMPOCMOTPEH B Mpeaeax 3Ha-
YEHUN OCH «X», a TAKXKE BBIBEJIEH B OTIEIIBHOM CTaHAAPTHOM OKHE C LEJBIO
MOCJICAYIOIIETO KOMMUPOBAHUS, COXpAaHEHUs WK TieyaTu. TpexMepHble Tpauku
B 1leHTpanbHoi yactu I'UI1 moxxHo Bpamate. Ha rpadukax MoxeT ObITh BKIIIO-
YeHa/BBIKJIIOYEHA CeTKa WM yOpaHbl TpaHUIIbI, YTO OBIBAET IMOJIE3HO IMPH pac-
CMOTPEHUU TPEXMEPHBIX TpaduKOB.

Cormplex insertion loss. AF=53593.75 Hz

At TIf]. HIf)
Continue TIF. HIf)
Cloze hit]

len[T(F]

#min, Hz

]

*max, Hz

30000400

eI ma Frequency, Hz _Gridon |
Grid off

Bow on

Change simulation parameters here and prezsz Continue Bow off

F==R0000000; FFT=1024; r5=100; [L=100; look=0; shift=0; Raot 20 on
Fot_30 on

Puc. 4. 'UII: kommnekcHast nepegaTovHasl XapakTepucTuka (insertion 10ss) ueTsipexmnostoc-
HUKa TeCTOBOU JTUHUHU Ne6 [6].
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w107 Fulse response. AT=1.6667e-005 =

20
At Tif). HIA
0 . : Corntinue TIF. HIF]
L R oo beeeee Clase h(t]

Hmin, &

]

Hmaw, =

I 1.705e-005

5 : i |

0 0s 1 1.5 Grid on

Time, s w10 Grid off

Box on

Change simulation parameters here and presz Continue Biow off
F=B0000000; FFT:=1024; 15=100; rL=100; look=0; shift=0; Fot 30 on
it Sl i)

Puc. 5. T'UI1: UMy ibCHBIN OTKIMK YETHIPEXIOIOCHUKA TECTOBOM JTMHUU Neb [6].

Taxum 06pa3zoM, B HacTosmIeH paboTe MpeCTaBICHbBl OCHOBHBIE JI€MEH-
Thl MOJICNTA TPOBOJHON CHCTEMBI CBSI3H, BKIIFOYAss MOJEIN MPOBOIAHBIX JTUHUH,
MOJIETT TIIYMOB, MOJICJIM DJIEMEHTOB aHAJOTOBOW YacCTH MOJEMa W HEKOTOPBIX
AJIEMEHTOB 00pabOTKM cuUrHanioB, peann3oBanHbie B MATJIAB. Otu Moaenu
MOTYT OBITh JIETKO MOIU(DUIIMPOBAHEI U WHTETPUPOBAHBI JUISI MOJEMOB pa3JIny-
HBIX CTaHIAPTOB WJIM MCIIOJIH30BaHBI MPHU PEIICHUU IpYyrux 3amad. [Ipumepom
TIOCTICTHETO TMPUMEHEHHSI pe3yIbTaToB qaHHOW paboTsl ciayxut ['UII, npenna-
3HAYCHHBIN JJIs UCCIICIOBAHMS MTAPAMETPOB JIMHEWHBIX IETICH.
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YAK 621.391

MOAEJIUPOBAHHUE ITPOCTPAHCTBEHHO-BPEMEHHOI'O
KAHAJIA 3GPP IJIA MUKPOCOTOBOMUM CPE/IbI
PACITPOCTPAHEHMUA

Kapros C. H., Kapnumckuu [O. E.
DedepanbHulll UCCTIe008aAMENbCKUL U NPOU3BOOCMBEHHbILL YEeHMpP
«Boponesicckuil nayuno-ucciedo8amensCKull uncmumym ceésasuy, Bopoueorc,
e-mail: SZharkov@mail.ru

Bo MHOrux wuccienoBaHHMsIX COTOBBIX CHCTEM CBSI3M, TAKUX KaK aHAJIU3
MOKPBITUS, ONTUMHU3ALMS TPOMYCKHONW CIOCOOHOCTH M T. 1., HEOOXOJIMMO HC-
M0JIb30BaTh MOJIE]b KaHaja, MaKCHUMaJbHO aJIeKBAaTHYIO Cpe/ie pacipocTpaHe-
Hus. B nokmane mpenctaBieHO MOJAEIMPOBAaHUE KaHalla JJii MHKPOCOTOBOM
cpeasl pacrpocTpaHeHus (paauyc cotbl MeHble S00M) (puc. 1) Ha ocHOBE J10-
kymenta 3GPP/3GPP2 [1].

n-vlil K1ACMeEp
Ef\

m-ulil nodaYU -
BC
Anm,BC /
OBC
v
6"L,EC
@ [/ N
................ .\. oo

L4 HaIpas ACHITE

nBuxeHusa MC

Puc. 1. IIpocTpancTBEHHBIE TapaMeTphl KaHAJIA.

N3nyyaeMoe WM TPUHUMAEMOE SJIEKTPOMATHUTHOE II0JI€ B CTaHIApTE
3GPP Monenupyercs ¢ MOMOIIBIO MIECTH BPEMEHHBIX Jyder (puc. 1-3), kax-
JBIA U3 KOTOPBIX MpEACTaBiIsieT COOON COBOKYMHOCTH JIBAaJLIATH MOJIyYei
(puc. 5, puc. 4).

Pacnipenenenue cny4aifHpIX 3HaUYE€HUHN yTIIOB IPUXO0/a MOJTy4Yel Ha 6a3o0-
Boii ctaHuuu (BC) B n-OoM BpEMEHHOM Jyde SBJISIETCS JAIIaCCOBBIM, TaK YTO
YIJIOBOE pacIpeielieHue MOUIHOCTH JUIsl #-Or0 MPOCTPAHCTBEHHO-BPEMEHHOTO
Jyda Xapaktepuszyercs QpyHKIuen

NG

en,m,EC_gn,EC‘ G e
( n,m,EC)’

O5c

n

P(6 ,m,EC,’Gb"Cﬁgn,EC) =N, exp

1705



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

rne 6, ,,5c — Yroji Ipuxoja m-To MoTyda 7-T0 MPOCTPAHCTBEHHO-BPEMEHHOTO
nyda Ha BC (puc. 4); 0, 5c — cpeaHee 3HaAYCHHUE YTIIOB MPUXOJa MOTydeH, Ha-
3pIBAEMOE YIJIOM TIpUXOJa #-TO TPOCTPAaHCTBEHHO-BPEMEHHOTO  JIyda,
npuxosmiero Ha bC; ozc — yriaoBol CeKTOp MPHUXO0/a 71-TO MPOCTPAHCTBEHHO-
BPEMEHHOT'O JIy4a, KOTOPHII paBeH CpelHEMY KBaJpaTHICCKOMY 3HAYCHHIO yT-
JIOB NIPUXO0Ja MOMTyYeH; G (6,,, ;) — AUarpaMMa HalpaBJIEeHHOCTH Ka)JI0ro aH-

TeHHoro aeMmenTa bC, onpenensemast ¢ TOMOIIBIO POPMYIIbI
2

0
Glo =10 (=min | 12| —2"5< | 20xB |/10,
(Bunsc)= 107 70° £/180° )

B KOTOpOH N SABIIETCSI HOPMUPOBOYHBIM MHOKHTEIIEM

T+0, 5 ] _
N -1 _ ex 2 en,m §n5C ‘ G (9 ) de
o - p n,m,5C n,m,bC *
-7+38, 5 O 5c

[TpocTpaHCTBEHHO-BPEMEHHBIE JIYYH, U3TydaeMble ¢ MOOWIIBHOW CTAHIIMH
(MC), ananornuHeIM 00pa3oM XapaKTEPU3YIOTCS YIJIOM U3JIy4E€HUS Opmc U YT-
JIOBBIM CEKTOpOM u3nyudeHusi oyc (Puc. 4). Pacnipenenenue usimydaeMbIX Mpo-
CTPAHCTBEHHO-BPEMEHHBIX JIyYeH TAKKE SIBJISCTCS JIAIaCCOBBIM.

aHTeHHa MoOuunbHoOU cTannuuu (M C)

l-p it
ONPOCTPAaHCTBEHHO-
BPpEMEHHOH nyu

6-oi
NPOCTPAHCTBEHHO -
BPEMEHHOMW Nyu

2-0#
ONPOCTPAHCTBEHHO -
BPpEMEHHOH nyu

Puc. 2. MoaenupoBaHue U3Ty4aeMOro 3JIEKTPOMArHUTHOTO
IOoJIA ICCThIO MTPOCTPAHCTBCHHO-BPCMCHHBIMU JIYUaMHU.
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2-oi
NPOCTPAHCTBEHHO-
BpPEMEHHOH nyd

6-0i
NPOCTPAHCTBEHHO-
. BPEMEHHOH NIyd
1-s181 p y
NPOCTPAHCTBEHHO-

BpEMEHHOHN ny4

anTeHHa 0a3zoBoi crtannuu (bC)

Puc. 2. MoaenupoBanre NpUHUMAEMOTO 3JIEKTPOMArHUTHOTO TOJIS
LIECTHI0 BPEMEHHBIMH JIyYaMH.

6n,BC

/
An45cC An,2 5C_/

xAn,IEC
/

n,35C
i

anTeHHa O0a3oBoi cranuuu (bC)

Puc. 3. MoaenupoBanre BpeMEHHOTO JIy4a, IPUHUMAEMOTO aHTCHHOU 0a30BOM CTaHITUU.
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aHTeHHa MoOunpHOW ctannuu (M C)

8n MC

\ JJuaMSg, COEAUMHSIO Il as
)
]

LEHTPH aHTEHH MOOUNBHOU U
0a30BOM CTAaHI UK

Puc. 4. MonenupoBaHue n-ro BpeMEHHOT0 JIy4da, U3 1y4aeMoro
AHTEHHON MOOWJIBHON CTAaHIIUH.

VYron npuxoaa Ha BC 9, sc 1 yron uznyuenus ¢ MC 6, yc n-oro BpemeH-
HOTO JIy4a SIBJISIIOTCSA CIyYallHbIMU BETUYMHAMH, U MX paclpe/eleHUue 3aBUCHUT
OT XapakTepa 3acTpoMKH. 11 rOpoICKOM U MPUTOPOAHON MAKpOCOTOBOM Cpen
pacnpoCTpaHEHUs YIJIbl IPUX0/a U U3IyUEHHs] paCIpEEIICHbI 0 TayCCOBCKOMY
3aKOHY.

Takum oOpazom, yron npuxona 6, ,sc U Yroil U3Iy4eHUS 6, ,, pc M-TO
MoJJIy4a 1n-r0 BPEMEHHOTO Jiyya (puc. 1) COOTBETCTBEHHO paBHBI
0, mic = Onsc +Oupc + Ay seo

n n

9 ,m,MC = 0 MC + §n,MC + An,m,MC’

n n
rae 6, sc — yron Hanpasienus ¢ bBC na MC; a 6, y,c—yron Hanpasnenus ¢ MC
Ha bC (puc. 1).

JIns yrnoBoro cexropa mpuxoga BpeMeHHbIX Jyderl Ha BC opc B IOKy-
mente 3GPP/3GPP2 [1] pekomeHyeTcs MCIIONB30BaTh 3HAUCHUE 05C=20, a s
YITIOBOTO CEKTOpa M3Iy4eHHs BpeMeHHBIX Jyueil ¢ MC oyc=35". ITpemnarae-
Mbl€ 3HAYEHUS YTI0B NpuxoAa nojiyyedt 4,,, sc OTHOCUTEIBHO yria mpuxoia
6, 5c ¥ 3HAUCHHS YTIIOB U3IyYCHHSI TIOTYIeH A, yc OTHOCUTETHHO YTJIa U3ITY-
yeHus 6, yc npuBeaeHsbl B Taom. 1.
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Ta0muma 1.

3HaueHust Ay, 5c 1 Ay mc.

Howmep nomyua, m An’m’];(j,o (ch=20) Anm Mc,o (GMc=350)
1,2 +0.0894 +1.5649
3,4 +0.2826 +4.9447
5,6 +0.4984 +8.7224
7,8 +0.7431 +13.0045

9,10 +1.0257 +17.9492
11,12 +1.3594 +23.7899
13, 14 +1.7688 +30.9538
15, 16 +2.2961 +40.1824
17, 18 +3.0389 +53.1816
19, 20 +4.3101 +75.4274

Takum obpaszom, eciin Ha MC ofHa BceHamnpaBieHHAs aHTEHHA, TO B 00-
1IEM BHUJIC MOJIENIb KaHasa, coeauustonero anteHHy MC ¢ m-oi anteHHou BS
JUISL n-TO BPEMEHHOTO JIy4a, MOKET ObITh 3allMcaHa B BU/JIE

Ss,n BC (kChip )= hq,n (kChip )S e (kChip )+ n(kChip ),

riae k— "omep unna; S, sc(kcnjp) — 3HaYEHUE CUTHAJA IOCHIE MOCTYIICHUS 71-
rO BPEMEHHOTO Jiyya Ha s-yro aHTteHHy bC; Syc(kcpp) — CUrHaAN, W3IydaeMblid
MC; n(kcpip) — rayccoBekui myM; Ay ,(kcpp) — (QenuHr (KaHaabHBIA KO3 QH-
LMEHT), TEHEpalns KOTOPOTo [l Kax10i m-oi anteHHbl bC u n-ro BpeMeHHo-
ro Jy4ya OCYHIECTBISETCS KaK CyNepHno3uLus IUIOCKUX BOJH (momtyyeit) ot 20-
TH OTpaXkaTeJsiel, pacrooKeHHbIX B 71-0M Kiiactepe (puc. 1),

P & G ( 0, 5 )Ws (0, 5c) %

h (k.. )=.—%
oK) 20; xexp(j(Dn,m)eXp(jZﬁF k, T )’

Jonn"  chip? chip
rae k— Homep yuna; 7, — AAUTEIBHOCTh OJHOIO YUIIA, PaBHAs B CTaHAAPTE
3GPP Tcpp= 1€6/1.2288; n — HOMEp BpEMEHHOro Jyda (00liee KOIMYECTBO
BPEMEHHBIX JIyuell paBHO 6); P, — MOIIHOCTh #-TO BpeMeHHOro jyda (B BT);
M — xonuuyecTBO MOJIyYell BO BPEMEHHOM Jyue, paBHOE 20; 6, 1c — Yroiu
uznydenus ¢ MC m-ro nojyiyya n-ro BpEMEHHOT0 Jiy4da (B paauanax); 6, , sc —
yroa npuxoaa Ha BC m-ro momiyya n-ro BpeMEHHOro Jiy4a (B pajauaHax);
G(6,m5c) — IUarpaMMa HalpaBIEHHOCTH Ka)XJOTO0 W3 AHTCHHBIX 3JIEMEHTOB
BC; wy(6,,m.5c) — S-BIii DIIEMEHT BEKTOpPA BECOBBIX KO3(P(UIHMEHTOB aHTEHHOM
pemietku bC; @, ,, — paBHOMEpHO pacmpejaeiieHHas (a3a m-ro mojyda n-To
nyd4a (B papuaHax); Fy,,, — 4dacrtora lomnepa [I'n:

Foon = fIV|cos (8, —6,))/ c

¢ — CKOpOCTh CcBeTa [M/c]; 6,—yroia, ompeaensiomuii HanpaBIeHUE IBUKCHUS
MC (B paguanax); |v| — moaysb ckopocta nBrmwkenus MC [m/c].
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Ha ocHOBe u3M0KEHHOW TEOPUU ISl MOACTUPOBAHUS KaHAJIa MHUKPOCO-
TOBOM CpeJlbl pacpOCTpaHEHHs ObLIa Co37aHa MPorpaMmMa, KOTopasi Io3BOJSET

— Q71 33JJaHHOTO YTJIa MPUXOAa ONpPEAesTh 3aBUCUMOCTh IPOCTPAHCT-
BEHHOW KOPPENAINU OT PACCTOSHUS MEXKIY aHTEeHHAMHU, HOPMHUPOBAH-
HOTO Ha JJIMHY BOJHBI (Ha pUC. 6 MOCTpOEHa 3aBUCUMOCTH MOIYJIS
IIPOCTPAHCTBEHHON KOPPEISALHH ISt yriia mpuxoma 6, sc =50°);

— ONpEeAeIsITh YTI0BOE pacipeaesieHue MOITHOCTH (puc. 7);

— CTPOUTH THUCTOTPAMMY pACTIPEICIICHHsI yTJia PUX0/1a TPOCTPAHCTBEH-
HO-BpeMeHHoro Jiy4ya Ha bC (puc.8);

— CTPOUTH THCTOTPAMMY pacIlpeaeiieHus yTiia U3Ty4eHHs MPOCTPAHCT-
BeHHO-BpemeHHoro Jyda ¢ MC (puc. 9).

J} Figure No. 1: Micro Urban Spatial Channel Model {Line-of-Sight}) - |EI|5|
File Edit WView Insert Tools Window Help
Micra Urban Spatial Channel Correlation

12 I I I I
E : : : Micro Urban Spatial Correlation
LIS SECEEREPRETS e P ROEEEEE e P RGO
L m““'a.h__-'__-'_ _____________ Micro Urban Power &ngle Prafile
e 25 ' ' '
= o . . .
S 09f------------ e D R RRREREEE Ao D RRREEETEEE
= : \K‘.a : :
= H H e H . BS Angle Histogranm
B 08[--e dromeenneeeas S magrdemnneeeanees .
: : T :
07 : : bt :
’ E E E = n{ MS Angle Histogram
: : : Hi
Y oo o oo e
05 | | | |
0 2 4 5] =i 10

Array spacefwave length

Puc. 5 3aBuCHMOCTD IPOCTPAHCTBEHHON KOPPEISIMU OT PACCTOSHUS MEXKITYy aHTEHHAMH d,
HOPMHPOBAHHOTO Ha JUIMHY BOJIHBI A.
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-} Figure Mo. 1: Micro Urban Spatial Channel Model (Line-of-Sight)
File Edit Wiew Insert Tools  window Help

w107 tdicra Urban Power Angle Profile

=10l x|

Micro Urban Spatial Correlation

4
3.5

3 ticra Urban Power Angle Prafile

258
BS Angle Histagram

Power

2

1.5

1 WS Angle Hiztogram

0.5

A0 =20 -10 0
Angle [degrees]

Puc. 6. YrnoBoe pacnpeneneHie MOIHOCTH POCTPAHCTBEHHO-BPEMEHHOT'O JIy4a,
IIPUXOJSILEro Ha 6a30BYIO CTAHLUIO.

+} Figure No. 2: Micro Urban Spatial Channel Model {Line-of-Sight) - |E||ﬂ
File Edit View Insert Tools ‘Window Help
B= Angle Histogram
0.03 I I I I I
E E E E E E E Micro Urban Spatial Corelation
0.025 ' : ' ;
= : ; ;
_-:g\s 0.015 : BS Angle Histogram
o . . : : :
0.071 , , ;
‘ ‘ ! ‘ ‘ ! : : ‘ ‘ : M5 Angle Histagram
0 , , ,
-40 30 -20 -10 ] 10 20 30 40
BS Angles [degrees]

Puc. 7. I'mcrorpamma pacripesiesieHust yria npuxo1a NpOCTPaHCTBEHHO-BPEMEHHOTO JTyda Ha
0a30BYI0 CTAHIIHIO.
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-} Figure No. 2: Micro Urban Spatial Channel Model {Line-of-Sight)

File Edit Wiew Insert Tools  Window  Help

0.06

Prabahility

0.05

0.04

0.0z

Probability

0.0z

0.01

a
-400  -300

-200  -100

1] 100 200 300

MS Angles

Micra Urban Spatial Correlation
Micra Urtbarn Power Angle Profile

=101 ]

400

BS Angle Histogram

M5 Angle Histogram

Puc. 8. ['ucrorpamma pacrnpeieieHust yria U3 IydeHHs] IPOCTPAHCTBEHHO-BPEMEHHOIO JIyya ¢

MOOWIBLHON CTAHIMH.

Jns Bepudukauu MOJETUPOBAHUS ObLIM MOJYyYEHBI PE3yJbTAaThl IO
IIPOCTPAHCTBEHHON KOPpEJALMH, KOTOpble NpuBeaeHbl B Tabmuua 1 B cpaBHe-
Huu ¢ nanapiMu 3GPP [1]. B nipeacraBneHHol TabiuIle pacCTOSHUE MEXKTY aH-
TEHHAMHU d SIBJISI€TCS HOPMUPOBAHHBIM Ha JUIMHY BOJIHBI A.

Taobnuua 1.
3HaueHUsI MOJTYJISI TPOCTPAHCTBEHHOM KOPPEISIIMY MeX Ty anTeHHamu bC.
Yrnosou Yron npu- Paccrosinue
CEKTOp MpHUX0/a, Xo/1a, MEXJly aHTEHHAMH, 3GPP MonenupoBanue
On,5C, en,m,EG 0 d/A

0.5 0.9975 0.9964

2 >0 0.8624 0.8752

10 0.5018 0.5689

Jlumepamypa

1. Spatial Channel Model Text Description, SCM Text V6.0, Spatial Channel
Model AHG (Combined ad-hoc from 3GPP & 3GPP2).— April 22, 2003.
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VJIK 004

OLIEHKA ®YHKIAW NEPEJAYU MOAYJISILIUUA
®OTOTPAOUYECKUX CUCTEM IO METOJIY PE3KOI'O
KPASI C UCTIOJIb30BAHUEM CUCTEMBI MATLAB

Kyxoe B. B., Qunumonos P. I1.

Canxm-Ilemepbypeckuii 20cy0apcmeeHHblll YHUBEpCUmem KUHO U mejiesuoeHus,
Canxm-Ilemepbype,
e-mail:seaji@rambler.ru , homepage: seaji.narod.ru

Beeoenue

Tpanuuuonno B ¢ororpaduu moreps KOHTpAcTa s MEJIKUX, PacIoio-
KEHHBIX OJIM3KO APYT K JPYry JieTaneil onuchiBaeTcss (yHKIMEH rnepegayu Mo-
nynsauun. OyHKIMS Tepenadyd MOAYJISIUU MPEACTABISIET CO00M 3aBUCHUMOCTD
KOHTpacTa CUHYCOUJAIBHOTO (TI0 MPOCTPAHCTBEHHOW KOOPAMHATE) CUTHANa OT
MIPOCTPAHCTBEHHOW YaCTOThI 3TOr0 CUTHaJIa. Bompockl nepegauyn MeNKux AeTa-
Jei nzydaert pazaen ¢ororpaduu, KOTOPbIA HAa3bIBAETCSA CTPYKTypomeTpuei. B
CTPYKTYPOMETPUHU CYIIECTBYET HECKOJIBKO CIIOCOOOB OmNpeaeneHust (yHKIUH
nepesayy MOLYJIALMHA U OJUH U3 HUX 3TO METOJI PE3KOro Kpas. ABTOpamMH 3TOM
cTaThu OblIa pa3paboTaHa MOporpaMma, KOTOpash MO3BOJISIET PACCUUTHIBATH
GyHKUHMIO TTepegayd MOAYJISIUUU 1O U300pakKeHUI0 pe3Koro Kpas. M3HavanabHo,
peanu3anus alrOpUTMOB MPOTPaMMBI 33lyMbIBajlach M 3aT€M Oblja OCYIIECTB-
neHa B cpeae MATLAB.

MATLAB npenocrtasisieT IpeKpacHy0 BO3MOKHOCTD JIJI1 KOMILIEHCHOTO
noaxoja K 00paboTke M300paKEHUN U NIl aBTOMATU3allMi pacueTa TaKuX Xa-
PAKTEPUCTUK KaK (QYHKIIMS Mepeadll MOTYJISIIIHH.

[IpencraBiennas nmporpamma Jjisi ya100CTBa UCIIOIb30BAHUS peaii30BaHa
B NOIIAroBOM pexkume. Ha kaaoMm mare cymecTByeT BO3MOKHOCTh KOHTPOJIU-
poBaTh AEHCTBHS MPOTPAMMBbI, 33/1aBaTh €l OMpPEAEIICHHbIE apaMeTpbl U MpPo-
cMatpuBaTh pe3ynbTaT. [IpruueM BU3yanu3aiusi MOJTYyYEHHbBIX JTaHHBIX, B OCHOB-
HOM, TIPOUCXOJIUT ITyTeM BbIBOJA NBYX TpadukoB. OauH U3 HUX JTEMOHCTPUPYET
HETMOCPEICTBEHHO Pe3yJbTaT, a M0 APYroMy rpadukKy MOXKHO OLIEHUTH JIOCTO-
BEPHOCTh IMOJYYEHHBIX pe3ynbTatoB. Eciu pe3ynbrar Bac He ynoBineTBOpsET,
TO CYILIECTBYET BO3MOYKHOCTh MOBTOPUTH IIAT €II€ pa3 C APYTMMH HapaMmeTpa-
MU, TUOO 3aBEPLIUTH BBIOJIHEHUE MIPOTrPAMMBI, €CIIH KE PE3YIbTaT yAOBIETBO-
PSIET, TO MOKHO MEPEUTH K CIAEAYIOLIEMY LIATYy.

Kparkoe onucanue maros:

Ilar 1. IIpeasaputensHas oOpaboTka (daitna.

Bri6op (daitna ¢ nzobpaxkennem kpasi. BeiOop 1IBETOBOTO IMPOCTPAaHCTBA
RGB unu HBS. Bei6op ciost Red, Green, Blue unmn Hue Brightness Saturation.

Iar 2. Bei6op ROL.

1713



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

Br16op unTepecyromero peruona (Region of Interest)

Ilar 3. [Touck 1 nokanu3anus Kpas.

JleTekiusi Halmu4uus Kpas Ha 3aJaHHOM YydacTke. BpiOopka KoopauHaT
Kpas, alrpoKCUManus IpsMOM METOJAOM HaWMMEHBIIMX KBAJIpaToOB. AHanIu3 aje-
KBATHOCTH JIMHEMHOW PETPECCHUM.

Ilar 4. IToctpoenue npoduist Kpasi.

[ToBOPOT KOOp/IMHAT U MPOEKIUS BCEX TOYEK BHIOPAHHOTO ydacTKa M30-
opaxenus (ROI) Ha neprneHIUKyYISAp K Kpato.

lar 5. CkanupoBaHue.

CkaHupoOBaHME Kpas C 3aJaHHON IIMPUHON CKaHUPYIOLIEH LIETU U [aromM
CKaHUPOBAHUS.

Ilar 6. ®yHKuus paccestHus JMHAMN.

Uucnennoe nuddepeHnrpoBanne TaHHBIX, TOJIYYCHHBIX IyTEM CKaHUPO-
BaHUA Kpas. OyHKIMS pacCesiHUS JIMHUH.

IHlar 7. ®yHKuus nepesadyv MOAYJISLUHA.

[Tonyuenune GyHKIMM Tiepegayd MOAYJSLMHM C TOMOIIBIO MpeoOpa3oBa-
Hust Oypbe QyHKIIMU paccessHUs! JIMHUU.

PaccMoTpum noapoOHee KaXKblii 1mar airopuTMa.

Ilpeosapumenvnasn obpadomka haiina

[IpencraBieHHbIN aHATIN3 MBI MOKEM MPOBOAUTH TOJIBKO LISl H300paxe-
HUW B MOHOXPOMHOM TipejcTaBieHuu (8-bit, 16-bit, 32-bit). [loaromy ecnu uzo-
opaxenue neetHoe (Hampumep RGB), To 3 Hero HEOOXOIUMO BBIIETUTH JTUOO
Tpu ciost (Red, Green, Blue), mn6o mpocuntath SpKOCTHYIO COCTaBISIONIYIO.

Bwioop ROI

BriOpanHoe 1151 aHanu3a M300pakeHHE MOKET HOCUTH CIIOKHBIM Xapak-
TEp U COAEPKaTh HE TOJIBKO Kpail caMm 1o cebe, HO U Jpyrue JIEeMEHTHI, Halpu-
Mep TOJsl paBHOMEPHOH IJIOTHOCTH JJIsl KalInOpoBKHU u apyroe. [ostomy mpo-
rpaMMa BBIBOAMT Ha 3KpaH BCe M300pakeHUE U IMpeJyIaraeT ¢ MOMOIIBIO MBIIIN
BBIJIEJIUTH MPSIMOYTOJbHBIA Y4acTOK. JTa ONepalus OCYIIECTBISETCS ¢ MOMO-
b0 QYHKIMM ImMCrop , KOTOpas BO3BpALLAET MaTpUIly, COAEPKAIIYIO BbIJie-
JICHHBIA Y4aCTOK H300paKEeHUSI.

Houck u noxanusayus kpas
Jlis mporpaMMHOTO TIOMCKAa KOOpPAMHAT Kpas HCHONb3yeTcsl (DyHKUUA

imcontour. /lanee nuHENHas perpeccus MOJYYEHHBIX JAHHBIX CTPOUTHCS HA
IMPOKO U3BECTHOM [2] METO/I€ HAMMEHBIIINX KBAIPATOB:
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k :(any—Zx-Zy)/(an2 —(ZX)Z),
b=(Xx BT Bo)/ (e -(E)),

NOACTaBMsAA k u b B Gpopmyny: y=kx+b mojydaemM ypaBHEHUE MPSIMOU JIMHHH,
OMKCHIBAIONIEH MOJOKEHHUE Kpasl.

[Tocne 3TOro BhIUKCISETCS PACCTOSHUE TO TOYEK BBIOOPKU 1O MPSIMON U
COCTaBJISIETCSl HOBasi BHIOOPKA U3 CTapoil MyTeM OTOpachIBaHMsI TOUEK, HaXOs-
IIMXCS Jlaibllie YeM 3aJaHHOE KOJMYECTBO MUKCeNel OT NpsMOil. 3aTeM MOBTO-
PSETCS MHTEPIIONSIITUS BRIOOPKHU MPSMON JIMHUEH, BBIYUCISETCS YToJI HAKJIOHA
3TON JIMHUU U OMSThH K€ HAUMEHBIIEE PACCTOSIHUE OT TOYEK BBIOOPKU JO Tpsi-
MOH. DTO pacCcTOSHUE BU3YaTM3UPYETCS Ha OTAEIHHOM TpaduKe U MO3BOJSET
CYIUTh 00 aIeKBaTHOCTH JINHEHHOU PErpecCHH.

Ilocmpoenue npogpuna kpas

Jl71st Toro, 4To6bl MOCTPOUTH NPOGUIL Kpasi HY>KHO BBIMOJIHUTH JIBE OIe-
pauuu. [lepBast 3T0 MOBOPOT KOOPAMHAT TaK, YTOOBI 0a3MC HOBOM CUCTEMBI KO-
opJuHAT ObLI OBl OPTOTOHAJIEH Kpal0 M HOpMaNH K Kparo. DopMyIibl AJis nepe-
cyeTa KOOpAWHAT ObUIH MOJTYYEHBI ITyTEM PEIICHUsI CHCTEMbl ypaBHEHUI:

Y .
%(i = tg(arctg(y’ x,) + arctg(k))’

X +Y =x’+y’,
TJ€ X; , V; — KOOPJIUHATHI i-I'0 TTUKCENSL B CTApOr cucTeMe, X; ,Y; — KOOpJIUHATHI
[-TO MUKCEJSI B HOBOM CHUCTEME.

Ot Gopmyiibl GU3NIECKH OOBICHSIIOTCS OYCHBb IPOCTO. BO mepBhIX, He-
00X0IMMO 4TOOBI YroJl HAaKJIOHA MPSIMOM, TPOBEICHHON M3 Hayaia KOOPJIWHAT B
TOYKY JJISI HOBOW CHCTEMbI KOOPAMHAT OB OBl PAaBEH ITOMY K€ YTy B CTAPBIX
KOOpAMHATaX IUTIOC YroJl ToBOpoTa (Yroy HakjioHa Kpas). Bo BTopsIX, paccTos-
HUE OT LIEHTPa KOOPJMHAT JI0 TOYKH JOJKHO OCTABaThCA MOCTOSHHBIM JJISl HO-
BOUM M CTApOM CUCTEMBI KOOPAUHAT.

dopmyiisl i1 iepecyera KOOpAUHar:

x4y’

1+ (tg(arctg(%j + arctg(k)j
Y = tg(arctg(%j + arctg(k)j X,

Bropas omnepanusi 3akiitodyaercs B MOCTPOCHUU 3aBUCHUMOCTU SIPKOCTEM
nuKcenen oT ux koopauHatel o X. Ilpu sTom nonydaercs pacrpejaesieHue sp-
KOCTel 1o MpouIIto Kpasi.

X =
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Ckanuposanue

[Ipoduns kpas nmpeacTaBisieT OO0 MPOCTO XaO0TUUYECKUI HA0Op TOUEK, K
TOMY € KOOPAMHATHI HEKOTOPBIX M3 HUX OyAyT coBnaaath. [yt manbHeHero
aHaJM3a TOT Ha0Op TOYEK HEOOXOAMMO MEPEBECTH B PABHOMEPHYIO BBIOODKY.
Dta omnepanus Ha3BaHa CKAaHMPOBAHUEM M IMPEACTABISIET COOOM MPOCTOE ycpea-
HEHUE BCEX TOYEK Ha 3aJaHHOM uHTepBaie. lllupuHa 3TOro MHTEpBaia 3TO IIU-
pUHa CKaHUPYIOIIEH 1IeNu, 3Ta MIUPUHA JT0JKHA ObITh HE MEHbIIIE PACCTOSHUS
MEXIy MUKCEIIMU M MOXKET 3aJaBaTbcs BpyuHyto. [Io yMonuaHno oHa cocTas-
asiet 1,25 paccTosiHUuS MEXIY MUKCEISIMH.

[Ilar ckaHUpOBaHMUS 3TO IIAr, C KOTOPHIM MEPEMEIIAETCS CKaHUPYIOLIas
mens no npoduito kpas. MimeeTcss BO3MOKHOCTh U3MEHSATH 3Ty BEIWYHUHY, IO
YMOJTYaHUIO OHa cocTaiisieT 0,25 paccTOsHUS MEXY MUKCEISIMU.

Kak mar ckaHupoBaHusl, TaK ¥ MIMPUHA CKAHUPYIOMIEH LIEIN 3aBUCAT OT
TOTO pa3pelieHusi, C KOTOPbIM ObUIO OTCKaHUPOBAHO M300pakenue. Ilpu ckanu-
poBanuu ¢ pazpeumenruem 600 dpi paccTosiHuE MEXIy NMUKCEIAMH pumepHo 40
MkM, Tipu 1200 dpi — 20 Mkwm.

DynKyus paccesHus TUHUU

@OPJI sBnsieTcss cyMMON (PYHKITUN paccesiHUs TOYKUA M XOPOIIO XapaKTe-
pusyet cucrtemy. [Ipu unciennom auddepeHMpoBaHUN PAaBHOMEPHOM ToCe-
JIOBATEIBHOCTU JTAHHBIX JJIs1 POl Kpask MbI TiepeiiieM K QyHKIUU pacces-
HUSI JINHUH.

Dyukyus nepeoavu MooyaAyuu

[Tpsimoe npeodpaszoBanue dypre nepesonutr OPJI B pyHKUIMIO nepenadu
MOAYJISUUHU. 31€Ch, OJHAKO, CIEAYET YUYWUTHIBATh, UYTO BBIOOpKA NAHHBIX IS
®PJI nomxHa ObITH pABHOMEPHOM 110 POCTPAHCTBEHHOMY PACIIPEAEIEHUIO, UTO
KOHTPOJIUPYETCSL HA OTAEJIBHOM Irpaduke.

3axknwuenue

Pazpabotan cuenapuii 1 Habop GyHKUMNA A7 00pabOTKH H300paKeHHI
Kpasi B COOTBETCTBUH C METOJMKOMN OIEHKH (DYHKITMHU Mepeaayrl MOIYJISIUA 110
pe3koMy kparo. [IpoBenena cepust ucnbitTanuii 3QGHEeKTUBHOCTH pabOTHI CKaHe-
POB ¥ IPUHTEPOB C MCIIOIH30BAHUEM MPECTABICHHON MporpaMMbl. McribITanus
MOKa3aJid TO, YTO JAaHHAS MPOrpaMMa MOXKET OBITh MCIIOJIh30BaHA JIJIsi CPABHU-
TETHHOM OIEHKH KayecTBa M300paKeHHMsI, MOJYUYSHHOTO MPU BCEX OJMHAKOBBIX
YCIIOBHSIX, KPOME TOTO YCJIOBHS, BIMSHUE KOTOPOTO Ha KAYECTBO MBI OIICHUBA-
eM.
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YK 539.2.082.74:541.6

NCITOJB30OBAHUE CPEABI MATLAB JJIA
AUAT'HOCTHUKH COCTOAHUSA ITIOJIMMEPHBIX CUCTEM
HO UX JIEKTPUYECKUM ®JTYKTYALUAM.

Heanoseckuu B. A.
Tambo6ckutl 60eHHbIN ABUAYUOHHBLU UHJICeHepHblLLL uncmumym, Tambos,
e-mail: postmaster@ivati.tstu.ru

Pa3Butne TexHOJIOTUM, HEOOXOAUMOCTh IKCIPECCHOTO KOHTPOJIS MPOU3-
BOJICTBA U COBEPIIECHCTBOBAHNWE METOJIOB HMCCIECIOBAHMS COCTOSIHUS Pa3IMYHBIX
MOJUMEPHBIX CHCTEM TPeOyIOT pa3paOOTKH MPUHLMIIMATILHO HOBBIX HaIpaBlie-
HUW M3YYCHUS CIIOKHBIX (PU3UKO-XUMUYECKUX crucTeM. COBpPEMEHHBIC METO/IbI
aHanuza [1, 2] TpyJlHO NPUMEHSTh B UCCIEAOBAHUU CUCTEM C OYEHb OOJBIIUM
YUCJIOM KOMIIOHEHTOB, HampuMep, psifa OUOr€OXMMHUYECKHUX CHCTEM, CMOJI,
He(Tel, cMeceill MOJUMEPOB, MOJIMMEPHBIX CMOJ, BBICOKOMOJIEKYJISIPHBIX MPO-
QYKTOB JIECTPYKIMU IMOJIUMEPOB U TBEPAOrO TOIUIMBA, BBICOKOMOJEKYJISPHBIX
YTIE€BOAOPOAHBIX (Ppakiuii. OTINYUTENIBHON YepTOl MHOTOKOMIIOHEHTHBIX XU-
MUYECKUX CHCTEM SIBJISETCA IMOJMKOMIIOHEHTHOCTb, & TaKKe€ CIy4daillHOE pac-
IIPEJEIICHUE COCTaBa U TEPMOAMHAMHUYECKUX IapaMmeTpoB. [ns Takux cucrem
XapaKTepHO OTCYTCTBHE MCUEPNBIBAIOIIEH HHPOpPMAIHEH O CTPYKType U cocTa-
BE€ KOMIIOHEHTOB. J[nsi maeHTU(UKAIMK MHOTOKOMIIOHEHTHBIX OPraHHMYECKUX
CUCTEM OOBIYHO MCIIONB3YETCS COYETaHHWE HECKOJbKUX METOJOB, HaIlpUMep,
SAMP, YO —, UK — cnekTpockonuu U Xpomarorpapuu, MacCleKTpOMETPUU
[3-5]. CyniecTBEHHBIM HEAOCTAaTKOM HM3BECTHBIX METOJMK SIBISIETCA TPYAOEM-
KOCTb, JUIMTEIBHOCTh M HEOIPEIEICHHOCTh PE3yJbTaTOB aHanu3a. [[nsa uccie-
JIOBaHUS TAKUX OOBEKTOB TPEOYIOTCSI HOBBIE TTOJIXO/IBI.

OnHUM U3 TaKUX METOJIOB SIBJISIETCS] TEPMOIEKTPOPIYKTYyallMOHHBIH [6],
UCIOJIb3YIOIIMI B KaUECTBE MCTOYHHMKA M3MEPUTENIbHONM MH(pOpMaluU Mpouec-
Chbl AJEKTPUUECKUX (IIyKTyalluid, COMPOBOXKAAIOIINE JIFOObIE U3MEHEHHUs, MPOo-
UCXOJSIINE B HccienyeMoM matepuane. OQHO U3 IPEMMYIIECTB TaHHOTO CIIO-
co0a aHaliv3a — MPAKTUYECKH HEBO3MYILIAIOIIME H3MEPEHUs, MOJ| KOTOPHIMU
IIOHUMAETCS] MUHUMAJIbHOE DHEPreTUYECKOE B3aUMOJICHCTBUE MEXKIY aHAIU3U-
pPyEMBIM MaTepuagoM ¥ HHGOPMAIIMOHHO-U3MEPUTEILHON cucTeMoi. JlaHHbIN
(akT MO3BOJSAET UCCIENOBATh MPOLECCHl MOJEKYJISIPHOU MOJBUKHOCTU pelak-
CaTOPOB KOHKPETHOM MOJMMEPHOW CUCTEMBI U BBISIBUTH IPUYHHY €€ CTPYKTYp-
HOW HEOJHOPOAHOCTH, OMpPENENSAIONIe, B KOHEYHOM HUTOre, BCE (PUUKO-
MEXaHWYECKUE XapaKTEPUCTUKU JAaHHOIO MATEpHAIIA.

IIponecchl TEIIOBOrO ABMKEHHUS B MOJUMEPE PA3IUYHBIX €0 MOACUCTEM
I1, [7] conpoBoxkaaroTcs QIyKTyalusiIMM UX TUIOJIBHBIX MOMEHTOB [, Kak coO-

CTBEHHBIX, TaK U HaBeJCHHBIX|[§]. Pe3ynbTaT — CyllleCTBOBAaHUE B MOJIUMEPHOM
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CHUCTEME HCTOYHUKOB BHYTPEHHETO JJIEKTPOMArHUTHOTO MOJISI U JJIEKTpOMar-
HUTHBIX TPOLIECCOB, TECHO CBSI3aHHBIX CO CTPYKTYpPOM paccMaTpUBacMOro Be-
niecTBa. OIyKTyallMOHHBIE 3JIEKTPOMAarHUTHBIE MPOLIECCHI IPOSIBISAIOTCS B BUJE
HaNpsDKEHUs 3JIEKTPUUECKUX (IyKTyalui u , peTUCTPUPYsT KOTOPOE BO BpeMe-

HU { TIpU ONpENENIEHHOW TemnepaType I MOXHO ONpPEAENIUTh CIEAYIOIIUE Xa-
PaKTEpUCTUKHU, COAEPKAIIME HHPOPMALIMIO 00 UCCIEAYEMOM CUCTEME: CPEaHUI

KBaJpaT HaIPSOKEHHS 3JICKTPHUECKUX QIIyKTyarmid <u’ > [9-19], koppensim-
OHHYIO (PYHKIHIO R(T), BpeMst KOPPEISLUA T, - BPEMs IIEPEXOAHBIX MPOLEC-
COB, SIBIISIOLIECECS, 110 CYTH, BPEMEHEM peJlakcaluy T, Marephalia Hpu JaHHOH

TeMIIepaType, CIEeKTP AIEKTPUUECKUX (IIyKTyaluii — 3aBUCUMOCTh CIIEKTPaslb-
HOIf TUTOTHOCTH SJEKTPHYECKHX (IyKTyamuii S. B 3aBUCHMMOCTH OT 4acTOTHI

HaAOJIOIEHUS V.

3anuch YCUJICHHOTO (IYKTyallMOHHOTO HAIpPSHKEHUs OCYLIECTBISIACH
KOMITBIOTEpHOU mporpammort Spectra Plus B wactorHom nuamazone 100 —
20000 I'u. Bpems 3anucu ¢, =3 c, popmat 3anucu — «*.wav» HactoTta 1uckpe-

TU3auuu 3anucbiBaeMoro cursana v,=44100 I'u. IlockoibKy 3Ta XapakrepHu-
cThka 0ojiee 4eM B JiBa pasza OOJIbllle HAUBBICIIEH YacTOTHI UCCIEAYEMOTO Yac-
ToTHOrO auanasona v, =20000 I'm, To corsacHo Teopeme B.A.KorenpHukoBa
[20] aHamOrOBBIA CUTHAI u(t,T ) MOJTHOCTBIO OyJET MPENCTaBJICH MOCIIeI0Ba-
TEJIbHOCTBIO CBOMX JIMCKPETHBIX 3HAYCHUU u(nAt).BzLGCL n=0,1,2,3,...— HO-
Mep BBIOOpKHU oTcueTa, Af=1/v, — uHTepBan nuckperusauuu. Takum oOpa-
30M, BpEeMsI 3alIUCH CUTHAJIa OYyJIeT ONpeaesaThCs Kak
t, = NAt, (1)
rae N — oOmmii 06beM BbIOOpKH. B HacTOSIMX BccneaoBaHuax N =16384.
O6paboTka TUCKPETHOTO CUTHAJIA OCYIIECTBIISIETCS C MOMOIIBIO MPHUIIO-
xxeauss MATLAB. Curnan u(nAt) SIBJISIETCSI OCHOBOM JIJIs MOJIYYE€HUSI U3MEPH-

TenbHoi uH@opManuu. C 1ENbI0 HCKIIOUEHHS BO3MOMKHBIX TIOMEX MPOMBIII-
JICHHOH dIekTpryeckoii cetr 50 't u wactot cebie 20000 I, u(nAt) o6paba-

THIBAETCS TOJOCOBBIM (DUIBTPOM C HIDKHEW rpanudHod udactoto 100 ' m
BepxHerd — 20000 I'u. @yHKIMSA aBTOKOpPPEIALNN R(r) CUTHAJIa U3MEPUTEIIb-

HOM nH(OpPMALIUU OTIPEAETAETCS KaK

t

3

R(T) =< uGle (t)MGblx (t+T) >= [hmtl uBbDC (t)uBbIX (Z+T)dt, (2)
?*)03 3 —Z‘E

rae u,, (1)— QuyKTyaluoHHOE HampsDKeHHE Ha BbIXoxe ycmuurens. R(T)

IPEICTaBIsIeT COOOW MPHU YCIOBHUU MOCTOSHCTBA KO3 (UIIMEHTa YyCHUICHUS
IIPEIBAPUTEILHOTO yCeunuTensd K, B pacCMaTpMBa€MOM YaCTOTHOM JMAIa30HE,

CyMMY
R (1)=KJ[ R () + R, (7)], 3)
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rae R, (’E)— aBTOKOPPEJIILUOHHAs (DYHKLUS I0JIE3HOTO CUrHana, R (7:)—
momexu npu coorHomenun R (t)>>R, (t). Ilostomy R, (t)=R(t) oru-

YaeTcs JUIIL MacmTaboM 110 OCH opAauHaT, a BPpECMCHHBIC COOTHOIICHUS COXpa-
HAKOTCA HCU3MCHHBIMU,
— pacCCUNUTBIBACTCA JUCIICPCHUA CUTHAJIA

DU :RBblx (O)ZR(O)D (4)
- paCCUHHUTBIBACTCA BPCMA KOPPCIIIIHUA TKOP
1 o0
Trop Zm'([‘R(T)‘dT. (5)

[TockosbKy (bHYKTyaI_II/IOHHHﬁ CUTHAJ u(t) OIIPEHEIIAETCS B IIPOMEKYTKE
BPEMEHU [, TO BPEMs MOJICKYJIIPHOM PEIaKCALUK T, ONPEACINUTCSA KaK
1%
1, =t =——||R(7)dx. 6
0 Kop. R(O)_([‘ ( )‘ ( )
ITyrem npumeHneHus: ObicTporo npeodbpazosanus dypee Kk R, (r) Haxo-

JIATCSI CIIEKTP MCCIeTyeMoro curaana S, (v)

o0

S, (v)=2.[ R(t)e*™dr (7)

¥ aHATH3UPYIOTCS OT/ACIBHBIC CIIEKTPAIbHBIC cOCTaBIsIoLIe S, (V,, )

Bpewms penakcannu CBOIO 04epeab paBHO
W,

i

= rOieﬁ > (8)
rae T, — [epuoj COOCTBEHHBIX KOJICOAHHH CTPYKTYPHOW €IMHHIIBI OKOJIO Bpe-
MCHHOTO ITOJIOKCHHA PABHOBCCUS, VVl — OHCPIUA aKTUBAIIUH JAHHOTO IIPOLCCCa.
[Tepuon T, ONPEIENACTCS MO 3aBHCHMMOCTH CIEKTPAIbHOMN IUIOTHOCTH HAIps-

KEHUsS DJIEKTPUYECKUX (IyKTyalMii B 3aBUCUMOCTH OT 4YacTOThI S, (v) Ha

JTAHHOM 3aBHCHMOCTH OTZAE/bHBIE cocTaBistomme Sy, (V,, ) TPOSBISIOTCS B BULIE
JOCTaTOYHO y3KUX MAaKCUMyMOB. HacToTa IPOSBICHUS V,;, U IEPUOJ COOCTBEH-
HBIX KOJICOaHMI KHHETUYECKOH €IMHULIBI T,, CBA3aHbl COOTHOLIEHUEM

Ty =—- 9)

Ha ocHoBaHuu BBHIIIEU3JI0KEHHOTO Moy4yaeM (opmylly ajis ompenese-

HUS DHEPIUU AKTHUBAIMU IPOLIECCOB MOJIEKYJIIPHOW MOABUYKHOCTU pPEJIAKCaTO-
POB MOJIMMEPHOM CUCTEMBI.

W, =2303RT1g(x,,, vy )- (10)

[TockonbKy TonmuHa o0pa3uoB d pas3Has, TO JUisl CpaBHEHUS UX (IyK-
TyaIlMOHHBIX XaPAKTEPUCTHK I1€JIECO00PA3HO MEPEUTH K MPUBEIECHHBIM 10 TOJI-
IIMHE MOKa3aTeIsIM U HOPMUPOBAHHON KOPPEISIIMOHHON (PYHKITUU
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— IPpUBCACHHOC 3HAYCHHC CH€KTp&J’IBHOfI IINTIOTHOCTHU

59 (v) = SUT(V), B/(Ti-mm); (11)
— HOPMHUPOBaHHAs KOPPEIAIUOHHAs QYHKIMS
R(1)
_ /3 12
pd (T) R(O)d B MM: ( )

— CHEKTpajlbHas IIOTHOCTH DJIEKTPHYECKUX (IIYKTyaluil HampsKeHHMs,
MOJydYeHHas ¢ MOMOLIBIO OBICTPOro mpeobpazoBaHus Oypbe OT HOPMH-
POBAHHON KOPPEISILUOHHOI GyHKIMHU P, (1)

55 (v) =2 py (x) e de, 1(Twwm). (13)

Metonuka HaOMIOACHUS HANPSIKEHUS DJIEKTPUUYECKUX (PIyKTyarui mo-
JUMEpPHOHN CHUCTEeMBI BKJIIOUaeT B cebs ciemyromee. McciemyeMplii oOpaserr 1mo-
MeIIaeTcss MeXIy OOKIJIaJKaMH IMEPBUYHOTO U3MEPUTETHLHOTO MPeoOpa3oBaTes
eMKOCTHOTO THma. [lomydeHHBI TakuM 00pa3oM KOHACHCATOP MOJKII0YAeTCS
KO BXOJy MAJIOIIYMSIIEr0 YCHINUTEIS C OOJBITUM BXOJHBIM COMPOTHBICHHEM
(Z;, 2100 Mowm). [lnametp rutacTuH KoHzaeHcaropa D =20+ 25 MM, ToJMHA

oOpasua d <2 +2,5 mM. [laHHbIe 3HaY€HUS COOTBETCTBYIOT HAMIYUIIEMY COOT-

HOIIICHUIO «CUTHAJI-IITYM» TMPEIBAPUTEIBHOTO yCHIUTENS, KOdDPUIUEHT yCu-
JIEHUs1 KOTOpOro noinkeH coctaBisith K, =50000 u Oonee. IIpeoGpasoBareins ¢

UCCIIElyeMbIM MaTepHaJoM TOMENIAeTCs B JEKTPOMArHUTHBIN dKpaH, SBISIO-
LMHACS OJHOBPEMEHHO TEpMOKamepoul. Perucrpauus HanpspKEeHUs! dJIEKTpUde-
CKUX (IyKTyaluii oCyUIECTBIsETCS WH(DOPMAIMOHHOW CHCTEMOM, BKIIIOYAIO-
el B ce0si KOMIIbIOTEP C COOTBETCTBYIOIIMM MPOrPaMMHBIM OOECIICYEHHEM.
[{enecooOpa3Ho B HACTOsIIIEE BpEeMs UCIOJIb30BaTh: KOMIIBIOTEPHI Ha O6a3e mpo-
neccopoB Pentium III, Pentium IV uau AMD Athlon, onepanmonnas cucrema
Windows2000 uin Windows XP, koMIbroTepHBIC MPUIOKEHUS: IS 3aUCH U
IpeIBapUTEIHLHON 00paOOTKM M3MEPEHUN HAIPSIKEHUS DICKTPUIECKUX (IIyK-
tyarmuit — «Spectra PRO», «Cool Edit Pro», nns aeransHOTO aHanm3a u3Mepu-
TenbHON nHpopmarn — cpena «MATLAB».

Onpedenenue 0CHOBHBIX XAPAKMEPUCMUK PIIYKMYAUUOHHBIX
INEKMPUUECKUX CUZHATI08 C NOMOUuibIo npuoxcenus MATLAB

OueHka CHeKTPaabHON MJIOTHOCTH. DJIEKTPUYECKUN CUTHAJ 3aIHMChI-
Baercs B popmate «*wavy, ¢ nomonisto npuinoxennss MATLAB. Bxox npenBa-
PUTEIBHOTO MAJIOIIYMSIIIETO YCUIIUTENS 3aMbIKAETC HAKOPOTKO, 3aIIMChIBAECTCS

IIyM YCWINTENS. 3alluCaHHbIM CUTHAI MPOYUTHIBaeTcs (puc.1).
y=wavread('F:\MATLAB6p5\Work\Shum.wav',32768);
%1IyM NpeABAPUTEIbHOI0 YCHJIUTE/ISI IPH KOPOTKOM 3aMbIKAHMHU HA BXO/1€

ts=2.42; Y% Bpems 3anncH
t=2.42%(0:32767)/32768;
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Adeiéon o 6aéd MATLAB
0.03

H i i L
N Uiddiandt N

001

iy
i

-0.02/ - r e

-0.01

-0.03 1
0 15 2 25

Puc.1. lllym npeBapUTENbHOTO yCHWIMTENS 3aMKHYTOTO HAKOPOTKO.

[Iponyckaercs uepe3 BpeMEHHOE OKHO (puc. 2):
s=y.*hamming(length(y));
Coznaercst monocoBor GuibTp (puc. 3), CUTHAN QUIBTPYETCS U K HEMY

npuMeHsieTcst mpeodpazoBanue Oypre (puc. 4).
% puabTpanus curLaaa

% uenTpaabHas yactora - 1000 I'u,

%mnoJjioca nmponyckanusi -400 I'n

Fs=44100;

N=32768;

f=Fs*(0:N/2-1)/N;

[b,a]=ellip(3,0.1,80,[800 1200]*2/Fs);
[H,w]=freqz(b,a,32768);
figure(3),plot(w*Fs/(2*pi),abs(H)),grid,

axis([600 1400 0 1.05]);

% CnexTp B noJoce 400 I'n, nuenrpanbuas yacrora 1000 I'n
st=filter(b,a,y);

gf=ftt(sf);

Gf=gf.*conj(gf)/N;

figure(4),plot(f,Gf(1:N/2)),grid;

axis([500 1500 0 1.2e-4]);
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x10 Ed¢iéoh o 6aéd MATLAB
1.2 |

O e —— e

G, BY/As
06— SR — SR e

04

0.2

0 PRV
500 1000 1500

Puc. 4. 3aBuCUMOCTb CIEKTPaIbHOM INIOTHOCTH IIIyMa YCUJIUTENS OT YaCTOTHI.

HaXOI[I/ITCSI OLICHKAa CHeKTpaHBHOfI IIJIOTHOCTHU HaHpH)KCHI/IH B ¢AMHUIIAX
mkaiasl MATLAB.
%OueHka cneKTpaJabHON MI0THOCTH HA yacToTe 1000 I'n
Sm=trapz(Gf)/400
%S=4.2682¢e-005; % eqununnl mkajadsl MATLAB
HccnemyeMblit OOBEKT MOAKIIOYAETCS KO BXOJYy YCHUJIUTENSI U BCE BBIIIE-

yKa3aHHBIE OTNepalli MTOBTOPSIIOTCS U BU3YAJIbHO KOHTPOJIUPYIOTCS (puc. 5)
%Iym conporusienusi 470 Om
yl=wavread('F:\MATLAB6p5\Work\470SB.wav',32768);
ts1=3.12
t1=2.42%(0:32767)/32768;
sf1=filter(b,a,y1);
gf1=fft(sf1);
Gfl=gfl.*conj(gf1)/N;
figure(5),plot(f,Gf(1:N/2),f,Gf1(1:N/2)),grid;
axis([500 1500 0 1.2e-4]);
S1=trapz(Gf1)/400
%S1=5.6069¢-005, equaunnl mxaasl MATLAB
B enununax mkanst MATLAB HaxoauTtcs olieHKa CHEKTPAIbHOM ILIOT-

HOCTH HcclielyeMoro curnaia (urym conpotusierus 470 Om)

Sr=S1-Sm % o1eHKa cCIEKTPAIbHON IVIOTHOCTH HANPSKEHUS IIyMOB CONPOTHBJICHUSA
%470 Om
% Sr=1.3388e-005.
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Puc. 5. 3aBUCUMOCTH CIEKTPaAIbHOM IIJIOTHOCTH IITyMa yCUITUTENS
u pe3ucropa 470 OM OT 4aCTOTHI.

Ouenka cpeaHero KBaJpara HaANPAKEHUN IICKTPUYECKUX UIYKTya-
IUH.

JIJis 3amucaHHOTO CUTHATA HAXONATCS aBTOKOPPEISAIHMOHHBIC (DYHKITUU
R(r) HIymMa YCWJIMTENS M HCCIEQyeMOoro curHaiga (IIyma pe3ucTtopa THra
OMUJIT compotusienueM 470 OM):

%O1eHKa cpeIHero KBaJpara

Rh=xcorr(y); Y%oaBTroKOppenssunoHHasi (yHKIMS HIYMa YCUIUTEJIS,
th=(-32767:32767)/65536*ts*2; %oBpems,

R1=xcorr(yl); %oaBToxoppenssunonHas GpyHkuus myma pesucropa 470 Owm;
tr=(-32767:32767)/65536*ts1*2;

B npunoxenun MATLAB crpositcs rpaduku R(r) IIOJIYYCHHBIX 3aBH-

cuMocTei (puc.6):
figure(6),plot(th,Rh,tr,R1),grid;
axis([-0.002 0.002 -0.5 2.5]);
C nomomrsio omuit MATLAB: Tools, Data Statistics Haxoa9TCsI MaKCH-

ManbHble 3HaueHus R(t), coorserctBytomme R(0): Rh(0)=<E’>,
R1(0)=<U* >
Cpennuii kBazpar HampspkeHus myma (B enuHunax mkainsl MATLAB)

pesucropa HaxoauTes Kak <U> >=<U’>-< E* >

Dh=1.164;
D1=2.115;
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Dx=D1-Dh
%Dx=0.951 B* (equuuup! mxaasi MATLAB)

C nomo1ipto KaauOpPOBKH U3MEPUTEIBHON CUCTEMBI ONIPEACIISICTCS IeUCT-
BUTEJILHOE 3HAUYECHHUE CPEHEr0 KBaJApaTa HAMNPSIKEHUS AIIEKTPUUECKUX (IyK-
TyaLui.

Puc.6 ABTOKOppensuoHHbIe GYHKLINY IIyMa ycuiuTens — 1 u myma pesucropa — 2.

OueHnka BpeMeHH KOPpeJsauuu GpIyKTyanmOHHBIX CUTHAJIOB.
Haxoautcst HopmupoBaHHast aBTOKOPPEISILIMOHHAs (PYHKIUS CUTHANA:
r1=R1./D1;
Onpenensiercs BpeMs KOPPEISILIMKI KaK
tk1=trapz(tr,abs(r1l))/2
%tk1=0.0098 c.
Ha puc.7 npencraBieHbl HOPMUPOBAHHBIE ABTOKOPPESLIMOHHBIE (PYHK-

muu obpasnos [IMMA p, (r), MOJIBEPTHYTHIX (U3HUECKON MOIupUKAIIH.

OOwuit B JaHHBIX XapaKTEPUCTHK TOBOPUT O TOM, YTO MPOLECCHI TEIIOBOTO
JIBDKEHUSI PENaKcaTOpPOB CTPYKTYPhI Pa3iudHbl JJIsi UcxomaHoro obpasma (1),
OTOXKEHHOTO (2) 1 3akaneHHOTo (3). OTKUT TPUBOAUT K MOSBICHUIO MEPUO-
JTUYECKON COCTABIISIONICH aBTOKOPPEISAIIMOHHON (PYHKITUH, YTO CBSI3aHO C YIIO-
psaoyenueM cTpykTypbl [IMMA 1 mosBIEHUIO B CBSI3U C 3TUM KOONEPATUBHBIX
MOJIEKYJISIPHBIX ABVDKEHHM PENAKCaTOPOB C YAaCTOTOM, ONPENENIIEMOM C OJHOU
CTOPOHBI UX CTPOEHUEM, a C IPYroil — HAIMYUEM CBOOOIHOTO 00beMA.
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pd(I),lfMM

| | | |
0015 -0 -0.00% TOC 0.005 0.01 0015

Puc. 7. HopmMupoBaHHBIE aBTOKOPPEISIIMOHHBIC (DYHKIIUU TPOIIecca IIEKTPUISCKUX (PIyK-
tyarmii [IMMA: 1 — ucxoausiii oOpasen, 2 — OTOXKEHHBIN, 3 — 3aKaJIeHHBIH.

B Tabn. 1 conocraBneHO n3MeHEHHUE MOKa3aTeNs MPeIOMIICHHUS # HCCTe-
JIOBaHHBIX 00Pa3IOB U COOTBETCTBYIOLIETO N3MEHEHHUS BPEMEHU MOJIEKYJISIPHOMN
penakcaiuu T, npu tepmoodpadorke IIMMA. Omxur IIMMA npusoaut K

YBCIMYCHHUIO KAK 71, TAK U ’Cp , 4 3aKadJIKa K YMCHBIICHHIO, KAK I10Ka3aTCJIA IIPC-

JIOMJICHUS, TaK ¥ BPEMEHU MOJIEKYJISIPHOU penakcamnuu. Takum oOpa3oM, Bpems
penakcaiuu, OnpeAeicHHOE Ha OCHOBAaHUHM (PIIYKTYyallMOHHBIX MU3MEPEHUH, WH-
TerpajbHas XapaKTEepPUCTUKA MCCIETyeMOro o0pas3iia U OJJHO3HAYHO CBS3aHa CO
CTPYKTYPHOU HEOAHOPOJIHOCTHIO OJIMMEPHOU CUCTEMBI.

Taobnuua 1.
Bnusare TepMooOpabOTKH Ha MOKA3aTeb MPEIOMIICHUS
U BpeMsi MOJIeKyJisipHOH penakcanuu [IMMA.

Bpewms IToxa3zareinb
O6pazen peaKcanuu IPEIIOMIICHHS
T I’ C n
OTOXOKESHHBIN 0.0402 1,513
I1cxomHplit 0.0303 1,482
3aKaJICHHBIM 0.0296 1,398

Ha puc. 8 npeacraBieH CHEKTp HANpPsHKEHUs DJIEKTpUYECKUX (DIyKTya-
unii S (v) ucxomroro IIMMA mpu temneparype 7 =298 K. Kammpiii muk
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CHIeKTPaIbHON 1oTHOCTH S (V,) 0BYCIOB/ICH TEILIOBBIMH KOJNCGAHUSME OII-

PEIEIECHHBIX PEIAKCATOPOB MTOJIUMEPHON CUCTEMBI, B KAYECTBE KOTOPBIX BBICTY-
NA0T pa3jIudHble aTOMHbIE Tpynnbl. 3akanka [IMMA npuBoIUT K HEKOTOPOMY
IIOAABJICHUIO IIPOLIECCOB MOJIEKYJISIPHOM NOABUKHOCTH BCIIEICTBUE PA3yIOps-
JIOYEHHOCTH MCXOAHOU cTpykTypbl. Haobopot, orxur [IMMA mno3Bosser Ha-
ONM0/1aTh YBEJIIMYEHUE WHTEHCHUBHOCTU BCEX CHEKTPAIbHBIX COCTABISIOLIUX,

IPEICTaBICHHBIX HA 3aBUCUMOCTH S, (v) Haubonee nposiBisieTcs CrieKTpaib-

Has COCTABIIAIONIAs JJIEKTPUUECKHX GuyKTyaruii otoxokenHoro [IMMA nHa
yactoTe v =7495 ' (Puc.3). CooTBETCTBYIOIIAs SHEPTUS aKTUBALIMH, OIpee-
nennas no popmyne (10) 14,1 x/x/mons. [Ipu temneparype 7' =298 K nannas
CHEKTpajbHasi COCTABJISIIOLIAS OTBEYAET COIVIACOBAHHBIM MOJIEKYJISIPHBIM JIBU-
KEHUSAM MeTUII(PUPHBIX O0KOBbIX rpymnm. [lo nanueM [21] sHEprus mexmorne-
KYJSIPHOTO B3aMMOJEHCTBUS ISl JAHHOW TPYIIIbI COCTaBJAET BelWyuHy 9.4
k/x/Monb (2,25 kkain/monb). DTOT (PakT ToBOpUT O ToM, yTo oTxur [IMMA
IIPUBOJMT K YCIIOBHSM HAWIIyYIIUM JJI OCYILECTBICHUS MOJIEKYJISIPHBIX IBU-
»enuit 0okoBbix rpynn COOCH; — npornece 3 —penakcaiuu.

3akanka U OTKUT (PUC.9)HECKOIBKO CMENIAIOT MUK CHEKTPAIbHOU IIOT-
HOCTH S/ (v), COOTBETCTBYIOIIMH JBIKeHUI0 00KOBBIX rpynn COOCHs;, B cTo-

POHY OOJIBIIUX YACTOT.

%107 Sy(W.B(Asi i)

0 — —— —
7480 7485 7490 7495 7500 7505 7510
v.AS

Puc. 9. Bnusiane TepMooOpabOoTKH Ha CHEKTp dnekTpudeckux puykryauuii [IMMA B nuamna-
30HE YaCTOT MPOsIBIIEHHUs TIporecca [3 — penakcanun. 1 — ucxoaubIi o6paser, 2 — 0To-

. . . od
JKOKCHHBIH, 3 — 3aKaneHHblil. CleKTp snekTpudeckux duykryanuit Sy, (V) IIOJIYY€EH C TI0-

MOIIBIO OBICTpOTo Mpeodpa3zoBanus Pypbe HEOCPEICTBEHHO CUI'HAIA U3MEPUTEINBHON HH-
dopmanuu.
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Puc. 8. Cniektp anekTpudeckux QIyKTyamui Sg (V) ucxouoro oopasma [IIMMA, nony4en-
HBII ¢ TOMOIIBIO OBICTpOTro npeobpazoBanus Oypbe OT HOPMUPOBAHHON KOPPEISILIMOHHOM
byHKIMH pd(r).

UccnenoBanue crekrpa S;, (v) ANEKTPUUECKUX (IYKTyaluil mojaumep-

Hoit cucrtemsl IIBX+MBC moxka3siBaeT, uTo B auamna3zone gactotr 7400 — 7500
['1 MOXKHO BBIJIEIUTH CIIEKTPAIbHBIE COCTABIISIIONINAE YJICKTPUICCKUX (PIyKTya-
1A, 00YyCIIOBJICHHBIE MOJICKYJISIPHBIMHU ABWIKCHHSIMH OOKOBBIX rpynim (puc.4).
Brenenne monudukaropa MBC mocnenoBaTenbHO CABUTACT YaCTOTHI IIPOSIBIIC-
HUS CIIEKTPAJIBHBIX COCTABJISIONIUX B CTOPOHY 0oJiee BBICOKMX 4acTOT. MHTEH-
CHUBHOCTbh COCTAaBIISIIOIIMX TaKXe HM3MEHsIeTCs. BenuumHa muka CreKTpabHOM

IIOTHOCTH S}, (v) (puc. 5) IpakTUYECKU TOUYHO OTpakaeT U3MEHEHHUE Mpejena

YIPYTOCTH JAHHOW MOJIMMEPHON CUCTEMBI G .
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Puc. 4. CniektpanpHble COCTaBIIAIONINE TpoIecca eKTpruaeckux ¢urykryanuid s [IBX ¢
pa3iau4dHbIM coaepxkannem moaudukatopa MbBC: 1 — 0,2 —0,5,3 — 1,0, 4 — 1,5 BecoBblie
gactu Ha 100 BecoBwix "acteit [IBX. CrekTp anmekTpuueckux (GpryKTyardidi HarpsiKeHus

S, (V) MOJTy4Y€H C MOMOIIBIO OBICTPOro MpeodpazoBanus Oypbe 0T COOTBETCTBYIOIIUX HOP-

MHUPOBaHHBIX KOPPEISIIMOHHBIX (PYHKIIUM p(T).

AHanu3 pyrux GU3NKO-MEXaHUYECKUX CBOMCTB (PHUC.S5) MOKa3bIBAET, UYTO

!

JMBIICKTPUYECKas MPOHULaeMocTh &, cucteMbl IIBX+MBC, onpenenennas 6e3

SHEPreTUYECKOro BO3JACUCTBUS NEPE-MEHHOTO 3JIEKTPUUYECKOTO OISl Ha YaCcTOTe
665 xl'u, oTpaxaer u3MEHEHHE MOJIYJIsSI YIPYTOCTH Npu pacTskeHun FE. Ilpu
3TOM TPAJUIMOHHO HU3MEPEHHOE 3HAUYECHHE TUANEKTPUYECKON MPOHUIAEMOCTH
¢ Ha 3TOM ke 4acToTe, U3MECHSCTCS «3€PKaJbHBIMY» 00pa3oM MO CPABHEHHUIO C
¢';. Temneparypa cTekoBaHus CUCTEMBI T, , H3MEPEHHAS IUIATOMETPHYECKUM

Meronom, npu BeegeHnun MbBC nexut B nuanazone 330 — 340 K. M3mepenue
JIAaHHOW XapakTepUCTHKH T, 10 MakCHMyMy CPEIHEro KBajapara HalpsDKCHHs

JMEKTPUYECKUX (iyKTyanuii mokaspiBaet, 4ro 7, OOnblie 1O BEIUYUHE VIS

BCEX MCCIIEIOBAaHHBIX OOpPa3LOB, OJJHAKO MMEET CXOXKYH TEHACHIUIO M3MEHE-
nus. Beenenne mopudpuraropa MBC B IIBX ymeHnbiuaer Bpemst pesiakcaiuu T,

Y TIPUBOJIUT K YBEIIMUCHUIO ITOKA3aTeIIs MpeJIoMIIeHUs 1 mpu coaepkanun MbC
C=1 B.u.

1730



Cexyus 6. LHugpposas obpabomxa cuernanos
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Puc. 5. CpaBHenne ¢puznko-mexanndeckux cBoiucTs [IBX ¢ pasmuaneiv conepxannem C mMo-
nudukaropa MBC: a) mokazaTelb pesIoMIIeHUs 71, 0) BpeMs pellakcarun T, B) CIIEKTpasb-

Has IIOTHOCTD JIEKTPHYECKUX (QIIyKTyauui S 8 (V) , T) MOAYJIb YIIPYTOCTU IIPU PACTSIKEHUU
E, 1) remneparypa crexnoanus 7, ., ompeeaeHHas TePMOdIEKTPODIyKTyalHOHHBIM Me-
TOJIOM, €) TIpesiesl YIPYroCTH G , 5K) AMDJIEKTPUIECKAs TPOHUIIAEMOCTh (ITyKTyallMOHHas €,

3) TeMIepaTypa CTEKIOBaHus | , ONPee/cHHas IUIAaTOMETPUIECKUM METOLOM, H) THAJICK-

TPpUUCCKas NPOHHUIAEMOCTb 8, , IBMCPCHHAs TPpaAUIIUOHHBIM MCTOAOM.

Ha ocHOBaHMM BBIIEU3I0KEHHOTO MOXKHO CHENaTh CIEAYIOIIee 3aKIIo-
yeHue. CoOTBETCTBYIOLIEE U3MEHEHHE (PU3MUECKUX CBOMCTB MOJMMEPHBIX CHC-
TeM Tpu (PU3NYecKor M PU3UKO-XUMUYECKON MOIU(DUKAIIUN PETUCTPUPYEMOE
Ha OCHOBAaHUM MPOSIBICHUS 3JIEKTPUUECKUX (DIYKTyallui MO3BOJISET MUCIOJB30-
BaTh TEPMOIEKTPOIYKTYAI[MOHHBIM METO Uit 3(P(PEKTUBHON IUATHOCTUKH
COCTOSTHUSI BBICOKOMOJICKYJIIPHBIX BEIIECTB, KaK B CTAllMOHAPHOM COCTOSIHUH,
TaKk U B mporecce ux mMonupukanuu. g nomydeHnuss nHPopMaIuu Tpedyercs
s deKkTUBHAS CUCTEMa 3aliCU U 00paOOTKH AIKCIIEPUMEHTAIBHBIX JaHHBIX, YTO
onpenensger cpeny MATLAB kak OCHOBHYIO KOMIIBIOTEPHYIO Cpedy Kak IS
MOJICTHPOBAHHUE MPOILIECCOB MOJIEKYISAPHBIX IBIKEHUH, TaK U JIJIS X DKCIEepH-
MEHTaJIBHOTO aHAJIK3a.
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YK 550.3435:550.3436:551.21

UHTEPHPETAIIUSI HABJIIOJJEHUA HA BAKCAHCKOM
HUHTEP®EPOMETPE C IIOMOILIBIO CUCTEMBI MATLAB

Koswvipesa A. B., Munwokos B. K.

T'ocyoapcmeennwiti acmponomuueckuil uncmumym um. 11. K. [lImepubepea,
Mockosckuii cocyoapcmeennwiii ynusepcumem um. M. B. Jlomonocosa, Mockaa,
e-mail:sasha@sai.msu.su

[lenpto pabOTHI SBISUIOCH ONpENETICHUE PE3OHAHCHBIX MOJ  3eMIIH,
BO30Y)KJICHHBIX CHJIBHBIMH 3€MJICTPSCEHUSMH, TIO0 3amucsiM bakcaHckoro
nazepHoro uarepdepomerpa ¢ nomompio cucteMbl MATLAB. JlanHas pabota
MOCBSIIICHA WM3YYCHHWIO TAKWX PE30HAHCHBIX KOJIeOAHWH, KaK COOCTBEHHBIC
konebanus 3emun ¢ nepuomamu oT 10 cexk go 1 uvaca m konebaHus
MarMaTU4ecKoro ovara ByJjikaHa Dnb0pyc (nepuojbl 40—70 cek).

Ha CeBepnom KagBkaze (ymense peku bakcan, [Ipusnsopycbe) AU
MI'VY pacnonaraer mojazeMHON reodusnueckoil oOcepBaTopuei, OCHAIICHHOM
nazepHbIM uHTepdepomeTpoM-aedopmorpadom. CeBepHas 4yacTh bosbIoro
KaBkasckoro xpeOta siBiisieTcs OJHUM U3 HauboJiee aKTUBHBIX B I'e€OJIMHAMUYeE-
CKOM IIJJaHE peruoHoB Poccuu, XapakTepusyromMUMcs MHTEHCUBHBIMU JBUKE-
HUSIMUA 3€MHON KOpbL. [l03TOMY 3TOT pervoH mpejcTaBisieT OCOObI MHTEpec
JUTst Te0(U3UUECKUX UCCIIEIOBaHUM.

% 10" Sumatera, 4.06.2000, M=8.0
T T
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Puc. 1. [Ipumep 3anucu bakcanckoro uatepdepomerpa-aedopmorpada.
3emnerpsacenne Ha Cymatpe 4 utons 2000 roga.
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OTknmuk reou3nueckoi cpebl Ha UMITYJIbCHBIE ITUPOKOMOIOCHBIE BO3-
MyIIeHUs (TaKue Kak MOIIHbBIE TJ100abHbIe 3EMJIETPSICEHUS) MPEICTABISET CO-
00i1 Cynepno3ulInio 3aTyXaroero reopu3n4ecKoro CUurHaia u aJAuTUBHON T0-
Mexu. ['eopusnyeckuil curHan npeacTaBisieT coooi KoneOaHus 3eMHOU KOPHI B
MeCTe JIOKaJIM3alui Mprubopa U COAEPKUT MH(POPMAIUI0 O COOCTBEHHBIX KOJie-
oanusax 3emun (CK3) u cBoiicTBax jokanbHON reoduznueckoit cpeanl. [[Brke-
HUSL KOPBl MOTYT MHJIyIIUPOBATHCS TIO0ATBHBIMA U JIOKAJTILHBIMHU 3eMJIIETpsiCe-
HUSIMU U MOIIHBIMU B3PBIBAMH.

B 3anucsax unrepdepomerpa 1997-2003 rr. 66110 HaiiIEHO OOJIBIIIOE YHC-
J0 CEeMCMMUYECKUX COOBITUH, acCCOLMMUPYIOIIUXCS C INI0OATBHBIMU 3eMJIETpsce-
HUSAMHU. {8 WomocTpanuu pe3ysiabTaToB ucciaeAaoBaHuil n3 karaimora USGS
(I'eodpuznueckuit 0030p CIIA) MupoBoro 1eHTpa CeiCMHUUECKUX AaHHBIX (IIT.
Hensep, CILIA) 6b1111 0TOOpaHbl M MPOAHATU3UPOBAHBI CIEAYIOIINE 3eMIIETPS-
cenus: Typrusa (17.08.1999, M=7.7), Uuaus (15.11.1999, M=7.7), Cymarpa
(4.06.2000, M=8.3), Nunuiickuii oxean (18.06.2000, M=8.0), octpoB HoBoii
Wpnanauu (16.11.2000, M=8.0), LlenTpansunas Amepuka (13.01.2001, M=7.7).

Oopabomxka naonrooenuit unmepgepomempa 6 cucmeme MATLAB

[Tpouenypa ouenuBanusi napamerpoB moja CK3, - 4acToTel U JOOPOTHO-
CTH, - COCTOSJIA U3 CIAEAYIOIIMNX ITANOB:

1. ®unbTpanus UCXOTHBIX NAHHBIX IMU(PPOBBIM BBICOKOYACTOTHBIM JJUIUII-
TiaeckuM ¢uastpoM ellip ¢ gacroroit cpesa 2.5-107 I (camast HE3Kas
moma CK3 0S2 nmeer wactory 3.1-10™ I').

2. OueHka ypoBHSI CHEKTPaIbHOU IUIOTHOCTU «XOJOJHOro» Imryma. OueHka
CIIEKTPAIIbHOW MJIOTHOCTH BBIYUCISIACH IMYTEM YCPEIHEHHUS CHEKTPalb-
HBIX IUIOTHOCTEMN, IMTOCTPOECHHBIX MO 11 CIIOKOMHBIM B CEMCMUYECKOM OT-
HOILIEHUH y4YacTKaM 3alucH (3aBEJOMO HE COJAEpIKallluX CUJIbHBIX Ceic-
MUYECKUX cOObITUH). CHEKTpbl CTPOMJIMCH C MOMOUIBI0 KOoMaHabl psd
(power spectrum density). KonudecTBO ToUek BHIOMPATIOCHh KPAaTHBIM CTE-
MEHU «2», T. €. Mbl BOCHOJB30BAJIMCh METOJIOM OBICTPOro IpeodpazoBa-
Huss @ypwe. JlnMHa oTpe3ka AaHHBIX C JUCKpeToM | MHH BhIOMpanach
paBHoi1 4096 Touek (uto coctaBiusier 2.8 nHsA). KonnuecTBo TOYEK, MO KO-
TOPBIM PHCOBAJICA CIIEKTP, BHIOMPATIOCH B 8 pa3 OOJIBIINM.

3. TloctpoeHue «curHaiabHOTO» crnekrpa. OLeHKa CTpousiachk IO peau3a-
IIUH, Ha KOTOPOH OB OOHApyKeH reopusndeckuil curnai. JnmHa peanu-
3alliu, CIIEAYIOIIeNd HEeMOCPEACTBEHHO 32 CEHCMUYECKHUM COOBITHEM, BbI-
Oupanace nopsaka 3 cytok. CrnekTpanpHas IUIOTHOCTh CTPOMJIACH C HC-
MMOJIL30BAaHUEM OKHAa XaHHHMHTA C YHCJIOM TOodek 32768 It HaHHBIX C
JIMCKPETOM 2 ceK 1 unciioM Touek 4096 s maHHbIX ¢ AUCKPETOM | MUH.

4. TlocTpoeHue CHEKTpa «pa3orperoro» IIyma, KOTOPBIM MPencTaBlseT CO-
0ol OueHus Mex1Iy reoU3nYecKUM CHTHAjIOM M aJJIUTUBHOU MOMEXOM.
[IpeBblllieHNEe «CUTHAJIBHBIM» CHEKTPOM YPOBHS «Pa3orpeToro» Iryma
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SBJSUIOCH HAACKHBIM KPUTEPUEM OOHAPYKEHUSI CIEKTPaIbHBIX MaKCH-
MYMOB, COOTBeTCTBYIOIMX Mojgam CK3.
5. Ounenka napamerpoB Mo CK3.
Cnexktpsl CK3 B nByx nuana3zonax nepuonaos: 400-700 cex u 700-3300
CeK, MPUBEJCHBI Ha PHUC. 2 IO 3amucu 3emyeTpsicenus B MHIUICKOM OKeaHe.
Ammumuty el Mmoa CK3 Ha pHCYHKax COOTBETCTBYIOT PAa3HOCTH aMIUIUTY]T CIICK-
TPaJIbHBIX ITUIOTHOCTEH T'€O(PU3MUECKOTO CUTHAIA U «Pa3orpeToroy Iyma, T. €.
3a HYJICBO€ 3HAYEHUE aMIUIUTYJbl MPUHUMAETCA 3HAUYCHHE aMIUIUTY]Ibl «pa3o-
TPETOroy IIyMa Ha JaHHOW 4acToTeE.
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Puc. 2. OcHOBHBIE TOHA COOCTBEHHBIX KOJICOAHUIT 3EMIIH.
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Tabn. 1 coaepkuT HAOIIOJEHHBIE NEPUOJbI U JTOOPOTHOCTH OCHOBHBIX
TOHOB C(EpOUJaIbHBIX U KPYTUIbHBIX KojeOaHui a0 20 mopsiaka, a Takxke
CpeAHEKBaAPATUUYHBIC OMIUOKU JJIsl TIepruoAoB. OIEHKH mapaMeTpoB CTPOUIIUCH
JUIS KQXJ0TO U3 YKa3aHHBIX 3emiieTpsicennii. Kpurepuem unentudukanum Ha-
omoaeHHoro nepuoaa kak ToHa CK3 sBisnock «monaganue» B ero 95% nose-
PUTENbHBIA HMHTEPBAJ COOTBETCTBYIOIIETO TEOPETUUECKOTO 3HadyeHus. bwiu

UCIIOJIb30BaHbl TeopeTudyeckne 3HadeHusa nepuonoB CK3 mis momenu 3emun
1066A.

Tabmuna 1.
Ha6monennsie nepuosasl (Py) OCHOBHBIX TOHOB COOCTBEHHBIX
kosiebanuit 3emnu. P, - Teoperuueckoe 3HaueHue nepuoaa moasl CK3.

Hcnonp30BaHbl 0003HAUCHHS 3€MIICTPSICEHUH:
(1) Typuus, 17.08.1999, M=7.5
(2) FOxnas Cymatpa , 04.06.2000, M=7.7
(3) Bocrounsrit Kaskas (baky) , 25.11.2000, M=6.3.
(4) Typxmenucran, 06.12.2000, M=7.0
(5) Caxamun, 04.08.2000, M=6.8
(6) Uumus, 18.06.2000, M=7.8

COEPOUJIAJIBHBIE KOJIEBAHUS KPY TWJIbHBIE KOJIEBAHUS
Ton | P+AP P,-P, Q Ton | PEAP PP, [Q
0So ® 1225.8+4.6 -3.0 350

02 132046 +15.2 -1.3 150 oT> ©2618.3+13.7 -11.0 200
oS3 @ 2144.545.5 +8.9 200 o ®1706.243.9 | t42 200
0S4 © 1546.243.5 -1.0 200 ol ©13044+2.1 | 107 350
0Ss 1200.143.8 +8.7 400 oTs ©1072.3+1.8 |34 350
0S¢ G 965.2+1.1 +0.9 350 oTs ® 926.3+1.7 +0.5 300
087 O 813.0£1.3 0.5 500 ol ® 819.240.8 | 09 500
0Ss ® 710,040 8 +2.1 600 0Ty ® 7368407 | 10.1 600
0S9 ©®© 634.5+0.7 +0.6 550 oT9 © 671.4%0.6 -0.6 500
oS0 |9 580.240.5 +0.8 750 oTio | 620.0+0.8 | 708 650
oS | © 536.540.4 -0.6 750 oI | © 5745404 |06 800
oS12 © 502.710.2 +0.1 900 ol12 G 538 740.6 +1.1 750
oS13 @ 473.540.2 0 950 ofis | ® 5055405 |03 850
0S14 M 4482403 -0.2 1350 ol 14 ©  476.620.2 -0.2 850
0315 ©) 426.01+0.2 -0.4 1100 ol1s © 4522403 0.5 700
0S16 ® 406.940.1 -0.1 700 ol16 ® 4297402 +0.3 1400
0S17 © 389.610.1 0.1 1350 0Ty | © 4093403 |0 1400
0513 M 3739404 -0.3 1350 ol1g M 390.74+0.4 -0.4 1200
0S19 ©® 3604402 +0.3 1300 oT19 © 3743403 -0.3 1250
0820 | © 348.540.2 +0.1 1100 | oT2o | ® 3598402 | T04 1200
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B ta6n. 1 Bonun HaOMt0A€HHBIE 3HAYEHUS MTEPUOJI0B, HAMTYUYIITUM 00pa-
30M COIJIaCyIOLUECs C TeOpeTUYecKUMU. BepxHuil nuaekc B crondie ¢ Haduto-
JIEHHBIMU TIEPUOJIAMU YKa3bIBaeT 3€MJICTPACEHUE, N0 KOTOPOMY OblIa cienaHa
JaHHAas OIICHKA.

Oonapysicenue pe3oOHaAHCHBIX MOO MAZMAMUYECKO20 04a2a 8YJIKaAHA Inbopyc

[To coBpeMeHHBIM MpeCTaBIEHUSIM, BYJIKaH JDIb0pyc (BhicoTa 5643 ™)
ABJISIETCSL «CIISIIIIMMY BYJIKaHOM, KOTOPBIA MOKET aKTUBU3HPOBAThCA. B reolio-
THYECKON CTPYKType DIbOpyca JOKEH HaXOAUTCS MarMarudeckuit ovar. I'eo-
joro-reou3nyuecKkue MccieAoBaHus, npoBoaumeie B [Ipuanb0Opycee, ykasbiBa-
I0T Ha BO3MOKHOCTb CYIIIECTBOBAHUS 10 BYJIKAHOM Ha Tiryoune nopsaka 20-30
KM 3HAYUTEJIBHOr0 00BbEMa BEIIECTBA C MOHMKEHHOW IUIOTHOCTBIO U TEMIIepa-
Typoii He Hrmke 700 rpaaycoB, KOTOPBIA MOXKET pacCMaTpPUBATHCS B KAayeCTBE
NOTEHIMAIIBHOTO MAaTEPUHCKOTO MAarMaTUYECKOIro Oyara, CIy)KUBUIETO B HCTO-
PUYECKOM MPOUUIOM MOCTABIIMKOM MaTepHalia JUisl U3BEPKEHUN ByJKaHa Diib-
opyc. IloaTBepxkaeHueM cyiecTBoBaHus MoutHON (10 15-20 kM B 1uameTpe)
30HBI Pa3yIUIOTHEHUS MOJ DIbOPYCOM, XapaKTepU3yIOIIeHcs: TOHMKEHHON YII-
PYTOCTBIO M TOBBIIIEHHOM BSI3KOCTBIO PA30rPETOrO BEIMIECTBA CBUIETEIbCTBYIOT
HaAOJIOJICHUS] ¢ TIOMOIIbIO IpaBUMETpoB. [1o kapTam TeKTOHMYECKON pa3npol-
JICHHOCTH BEpXHEH KOPHI ObLIT JIOKAJTU30BaH MarMaTH4YecKui odar ByskaHa. OH
PacmojIokKeH HEMOCPEICTBEHHO MO/ MOBEPXHOCThIO U MPOCTUPAETCS 10 TITyOUH
nopsiaka 8-10 kM, nocTuras B HONEPEYHOM CEUCHHH BEJTUYUHBI 8 KM.

[Ipn BO3AEHCTBUY HIMPOKOMOIOCHOTO CEMCMHUYECKOTO CUTHAja HAa Mar-
MaTHYECKYIO TMOJOCTh (MU Ha JIOO0YI0 IPYTyH0 HEOJHOPOIHOCThH Teodu3mde-
CKOM CpeJbl), UMEIOIIYIO CIOXKHYIO (POPMY M UTPAIOIILYIO POJIb PE30HATOPA, MO-
KET TeHEePUPOBATHCS LEJbIA CHEKTP FapMOHHUK B BBICOKOYACTOTHOM 00JacTH
crektpa (0.02-0.2 I'u). Hanuuue mMarmel (ee BA3KOCTh) OyAET ONpenemnsiTh 100-
POTHOCTh PE30HAHCHBIX MOJI. MOHUTOPUHT U HCCIEAOBAHUE PE3OHAHCHBIX 3(-
(GeKTOB, BOZHUKAIOIIKUX MPHU BO3ACHCTBUU HAa MarMaTUYECKUN oyar MIMPOKOIO-
JIOCHBIX CEHCMUYECKUX CUTHAJIOB (HAMpUMeEp, OT CHJIbHBIX 3€MIIETPSICEHUN),
MOKET JaTh HEOOXOAMMBINA HAOJIOAATENbHBIN MaTepuai JUisl MOCTPOEHUS HEKO-
TOPOM MOJIENIM OYara v MOHUMaHUsl JUHAMUKH BYJIKAHUYECKUX MPOLIECCOB.

OneHKa pe30HAHCHBIX XapaKTEPUCTUK MarMaTUYECKUX CTPYKTYp ByJIKaHa
OnpOpyc OblIa BBITIOJHEHA IO OOJBIIOMY PSAY 3€MIIETPSCEHUN C OOJBIION
MarHutygou (M > 6.7), 3apeructpupoBanubix B 1998-2003 rr.

JUIsl CIEKTpaJIbHOI'O aHajiu3a B JIaHHOM 4acTH padOThl MCIOJIb30BAIHCH
pea3anyu, COAEPIKAIIME PETUCTPALMIO 3€MJIECTPSICEHUs, NIMHON Topsaka 18
yacoB (32768 Touek Ui NaHHBIX C AUCKPETOM 2 CEKyHJbl). bbliu momaydeHbl
KOJIMYECTBEHHbIE OLEHKH MMapaMeTPOB MOJI PE30HAHCHBIX KoJiebaHui reodusu-
YECKOM Cpeibl B MeCTe€ HaOMIOAEHUs, BO30YKIEHHBIX pacCMaTpUBAEMbIMH 3€M-
JIETPSICEHHISIMU B AHamasoHe 4actoT 2.5-107%-107 'y (40-100 cek). YacTs Takux
MOJI OTOKJIECTBIIIETCS C BHICOKOYACTOTHBIMH MOJIaMH COOCTBEHHBIX KOJIEOAHMI
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3emnu (CK3), apyras 4actb MOJ] MOXET ObITh OTOXKACCTBIEHA C PE30HAHCHBIMU
0COOCHHOCTSIMU PErHOHATBHBIX HEOTHOPOAHBIX CTPYKTYp. [loaToMy B mporiecce
aHaJIM3a BCE DKCIEPUMEHTAIBLHO HAMICHHBIC YaCTOThI, COOTBETCTBYIOIINE CIIEK-
TpaJIbHBIM MaKCHMyMaM, CPAaBHMBAJIUCHh C TAOJIMIIEH TEOPETUYECKUX 3HAUCHMIA
TOPCUOHHBIX U chepouaanbubix Moa CK3, nexamux B JaHHOM HHTEpBaJie yac-
ToT (Monens 1066A). Eciu teopetnueckoe 3HadeHue Moasl CK3 momanano B
95% uHTEpBan paccMaTpUBaeMOro MakKCUMyMa, OH MPUHUMAJICS 3a OLIEHKY CO-
orBercTBytonie Moasl CK3. B mpoTHBHOM cilyyae OH paccMaTpUBaJICAd Kak
OJIH U3 PE30HAHCOB PETHOHAIBHBIX HEOAHOPOIAHBIX CTPYKTYP.

Ha puc. 3 u 4 nokazaHbsl XapakTE€pHbIE CIEKTPbI IJI 3€MIICTPSCEHUS C
oueHb OonbluM oTHOIIeHHWeM «curHa/mym» (Ilepy, 23.06.2001, M=8.3) u
omuskoro 3emiuetrpscenus (baky, 25.11.2000, M=6.3). AMIITUTYJHbIE 3HAYEHUS
CHEKTPaIbHBIX TJIOTHOCTEH JIUTOCHEPHBIX AehOpMaIvii MPUBOJATCS B €IUHU-
1[aX OTHONICHUS «CUTHAI/IIYM» W HUMEIOT MPOCTOM (U3UYECKUM CMBICT: OHHU
MOKa3bIBAIOT, BO CKOJIBKO pa3 aMIUIMTY/la JaHHOW MOJbI BO BpeMs 3eMileTpsice-
HUS TIPEBBIIIAET COOTBETCTBYIOIIYIO aMIUTUTYAy B CIIOKOMHOE BpeMs. [{udpamu
OTMEUYEHBI MOJIbl, KOTOPbIE MOTYT OBITh OTHECEHBI K PE30HAHCAM PErMOHANIbHBIX

CTPYKTYP.

800— . . T T 800

600r 9 600+

4007
15|

Curnan/wym
Curnan/wym
-

(=]
=]

2001 200

Fl i L 0 LTI x ul A L
52 56 60 64 68 72 40 42 44 46 48 S0 52
Mepuoa. cek Mepuopa,cek

Puc. 3. Cnektp coOCTBEHHBIX KOJIeOaHMI reo(hU3NnIeCKOi Cpe/ibl, BKIIOYAIOMINNA PE30HAHCHI
MarMaTHYecKuX CTPYKTYp ByJKkaHa Dap0pyc, no HabmoaeHusM Ilepyanckoro
3emierpsicenust. [ludpamu yxazansl MOIbI, IPUBEICHHBIE B TA0I. 2.

250 T T T T 250

CurHan/wym
Curnan/wym

52 56 60 64 68 72 40 42 44 46 48 50 52
Mepuop, cek Mepuop, cek

Puc. 4. To ke, 4TO Ha pUCYHKE 3 TOJIBKO JJIsI BaKHHCKOTO 3eMJIETPSACEHMUS.
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KonuuecTBeHHBIE OIEHKM PE30HAHCHBIX YacTOT, BO30YXKIECHHBIX pac-
CMOTpPEHHBIMU 3emileTpsiceHussMu M He sBiswomuecs CK3, npuBeneHsl B

Tadi. 2.

Tao0muua 2.
3HaueHUs IEPUOIOB (B CEKYH/IaX ) PE30HAHCHBIX MOJI PETUOHAIBLHBIX HEOJHOPOIHBIX
CTPYKTYD, BO30Y)KTAeMbIX TPHU CHIBHEUIINX, CHIIBHBIX M OJIM3KHX 3EMJICTPSICECHUSIX.

[1 2 [3 4 [5 6 [7 [8 [9 [1o [11 [12 [13 [14 [15
CuJibHelime 3eMJeTpsiCeHUs!
Balleny 25.03.98 8.1 424 50.0 61.7 67.5
Salvador 13.01.01 7.7 [39.5 45.7147.8]50.8 55.9 61.1 68.2]70.7
Peru 23.06.01 8.3 40.1 443145.8147.8]50.7 55.9 60.8[63.2]66.2[68.2]71.3
Ceramsea 29.11.98 7.7 40.5]42.3]43.8]45.6 49.9 59.3[61.8]64 [65.5]68.4
Vulcan Is.Jp 28.03.00 7.6 43.7]45.6 50.2 57.4]59.3]61.8 65.4]67.9
Sumatera 04.06.00 7.9 44.0 49.6]52.9 59.6 65.3]67.5[70.3
S.India Oc. 18.06.00 7.9 40.8142.7[44.3]46.2[48.5 51.9]57.2]59.5 64.3]66.1
New Ireland 16.11.00 8.0 423 49.5152.5[57.4]59.3 68.2]70.3
Philippines 01.01.01 7.5 [39.1 423 45.6 51.9]57.2 63.8]65.4
CujbHbIe 3eMJICTPACCHUS
N.Atl.Ocean 16.02.98 6.8 42.5]435 49.8 56.7] 60.1 64.0]66.9
Sulawesi 21.05.98 6.7 42.3]43.8 49.2 59.5[62.0 66.0]68.0
Bonin 20.08.98 7.1[39.2]40.6 43.6 49.6 64.3]66.6|68.4
New Ireland 19.01.99 7.0 404422 45.0 50.7 56.1 64.41655]67.6
Santa Cruz 02.06.99 7.3 405423 45.6 50.0 57.1159.061.8]64.0]66.4]68.3]70.9
S. Panama 31.03.99 7.0 40.5[42.7 45.6 49.5 56.8]59.0[62.0[64.4]65.8[67.7
New Britain 04.05.99 7.4 [39.2[40.7 43.6[45.5[48.9 59.2]61.8]64.1[65.4]683
East Russia 04.08.99 7.1 42.7 45.8 56.9]59.4 66.4]68.5
S. California 16.10.99 7.3 [ 39.1 45.5[48.7]50.2 55.9[59.0[62.7 65.4 70.4
New Britain 17.11.99 6.9 40.6[42.7]44.2 48.4[49.5 56.6]59.3 64.0[66.5[68.7
New Britain 19.11.99 7.0 40.6[42.6 49.4 61.9 65.2
Vanuatu 26.11.1999 7.5 40.8 48.7[50.9 66.0
Kodiak Isl. 06.12.99 7.0 40.6]42.6]44.5 49.2[50.0]51.8 59.1]61.7]64.0]66.4
Philippines 11.12.99 7.3 40.0 46.5]48.4]50.4 61.7]63.6]66.4]68.6
Vanuatu Isl. 25.02.00 7.1 404422 45.7 49.9]52.6[56.3 64.4 68.1
Sakhalin 04.08.00 6.8 [39.2]40.4[42.7 47.1149.2]51.7]573 66.1
New Britain 17.11.00 7.6 42.5]447 49.5[51.8]56.6 62.5 66.4
Vanuatu 09.01.01 7.0 [39.1[40.4][42.4]43.6]46.0 49.4 57.2 61.8 66.4]68.3
Kodiak Isl. 10.01.01 7.1 40.9 46.3 49.6 60.1 64.4
Mulucca Sea 24.02.01 7.1 41.1 44.3 57.1 62.2 68.3
bau3zkue 3EMJUICTPACCHUSA
Afghanistan 30.05.98 6.6 40.8[42.4]43.7 50.7 63.5]66.5]68.7
Turkey 17.08.99 7.7139.9]40.3 44.0 47.4149.0[52.8]54.1]60.2 63.3 70.8
Baku 25.11.00 6.3 [39.7]40.4 43.1]46.3[47.4]49.8]52.0[55.9 66.6
Turkmenistan12.06.00,7.0 | 39.7 42.4]144.8[44.8]48.9[50.7 56.6]59.4
Cpennne 3uavenns me- | 39.4[40.5(42.5(44.0[45.7(48.3[49.9(52.2(56.6[59.4(61.9]64.0]66.068.2[70.7
PpHUOA0OB, CEK
Cpennsisn xBaap. omu6-|03 (03 (0.2 (0.5 |04 |0.7 (05 (05 |08 |04 (04 (04 (05 |04 |04
Ka, CeK

N3 1abn. 2 BUAHO, YTO MPAKTUUYECKU OTCYTCTBYIOT KOJICOAHHS C TIEPHO-
namu 70-100 cex. Camas HU3KOYACTOTHAS MOJIa B ’TOM MHTEpPBAJIE YacTOT UMeE-
et nepuoy 70-71 cex u onmpeAessieTcss B OTHOCUTEIIBHO HEOOJBIIIOM KOJTMYECTBE
3emiierpscenut (7). Jlanee cienyer LENbId psa MOJ, JOCTAaTOYHO YCTOMYMBO
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OTIpeICISAEMBIX B OOJIBIIMHCTBE CEHCMHUUYECKHX COOBITHH. DTO MOJIBI C TEPUO-
namu 68 cek (19 coObiTuin), 66 cex (25), 64 cex (17), 59 cek (17), 56 cex(17), 50
cek (28), 42 cex (20). B konme Tabnuilpl 2 ykazaHbl OLIEHKH MEPUOAOB Pe30-
HAHCHBIX MOJI, U UX CPEHEKBAAPATUYECKUE OIINOKHU.

Camoe momrnoe 3emiierpsicenue (Ilepy) u camoe 61M3K0€ 3eMIIETpsICEHUE
(baky) BO30yamIM psiji PE30HAHCOB U B 00Jiee€ HU3KOYACTOTHOM 00JIaCTH, MPH-
YeM MPaKTUYECKU COBIAIAIONINE MEX Ty coboi (puc. 5, Tabi. 3). B tabn. 3 yka-
3aHbl 3HAYEHUS MEPUOJIOB MOJ HU3KOYACTOTHOTO JHarna3oHa, BO30OYKICHHBIX U
IPYTUMU 3eMieTpsceHussMU. OTMETHUM, YTO PsJl TAaKHUX COOBITHI HEMHOTOYHC-
JIeH, U OIpe/eNiieMble B HUX PE30HAHCHBIE MOJIBI UMEIOT Pa3pO3HEHHBIN Xapak-
tep. Hekotopas ycroitunBas kapTHHA B OTHOIICHWHM TaKWX MOJ HAOJIOIAaeTCS
TOJNBKO IIpu oTMedeHHbIX [lepyanckom u bakmHCKOM 3emiieTpsceHusx. B mo-
cienHell ctpoke Tabi. 3 mpuBeieHa OLIEHKA MEPUOI0B M CPEAHEKBAAPATUIECCKIE
OIMMOKH T€X HU3KOUYACTOTHBIX PE30HAHCHBIX MO/I.

Tabnuua 3.
3HaueHUsT HU3KOYACTOTHBIX IEPHOJIOB (B CEKYHIaX ) PE30HAHCHBIX MOJ] pErHOHAIBHBIX
HEOJIHOPOJHBIX CTPYKTYP, BO30YKIAEMBIX HEKOTOPBIMH 3€MJICTPSICCHHUSIMU

16 17 18 19 (20 21 22 23 |24
O-Ba bauienn 25.03.98 8.1 240 369
0O-Ba Canta Kpyc 2.06.99 7.3 238
IOr [Tanamer 31.03.99 7.0 114
10x. Kanmndopuus 16.10.99 7.3 [80.4
O. Hosast bpuranus 19.11.99 7.0 131
0. Cymatpa 04.06.00 7.9 183
O. Hosast Upnangus 16.11.00 8.0 96.7 [ 107 262
O. Hogas bputanus 17.11.00 7.6 467
baky 25.11.00 6.3 87 104 189 [249 |261 384|428
Typkmenucran 12.06.00 7.0 |78 92 412
ITepy 23.06.01 8.3 [78.9 [90 106 1331189 1239 [262 |335
79+1 | 91+4 | 10612 18743 | 2415 261+1

[TpoBeneHHBIN aHATN3 OMPEIEISAET MOJIBI, BO30YKIaeMbie OOBIITMHCTBOM
PAcCMOTPEHHBIX 3eMJICTPSICEHUH, KOTOPBIE MOTYT OBITh OTOXICCTBIICHBI C PE30-
HaHCAMU OJIM3JICKAITUX CTPYKTYPHBIX HEOJTHOPOIHOCTEH. HTEeppeTarus 3Kc-
MEPUMEHTAIBHBIX JAaHHBIX B PaMKaxX CYIIECTBYIOIIUX TEOPETHUECKHX MOJIEIICH
MTO3BOJISIET BBIICTUTh XapaKTEPHBIE PE30HAHCH MarMaTHYECKOTO odara M OTHe-
CTH K HUM MOJIbI, epeuncicHHbie B Tabn. 2. ComocTaBieHrne pe3yabTaToB Me-
XaHUKO-MaTEeMaTHYECKOTO MOJICIIUPOBAHMS PE30HAHCHBIX OCOOCHHOCTEH Mar-
MaTHYECKUX OOpa30BaHMN W NaHHBIX HATYPHBIX HAONIONEHUN IaeT BO3MOXK-
HOCTh C BBICOKOHM BEPOSTHOCTBIO MIPEANOJararh HaJu4ue B mpejenax Iiapopyc-
CKOTO BYJIKAHHYECKOTO I[EHTpa MarMaTH4eckoro odara. Moipl, iepeuncieHHbIe
B Tabi. 3, ompeaensroTcss MEeHee YCTOMYHMBO, 4acTh U3 HUX MOXKET ObITh 00Yy-
CJIOBJICHA JPYTUMHU HEOTHOPOIHBIMH CTPYKTYPaMH PETHOHA.

1741



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

1000 T T T T 300
21

18
800} ] 250F

17

r
(=]
(=]

20

Curnan/wym
Curnan/wym
o
o

=
o
o

W
(=]

22

100 150 200 250 300 100 150 200
Mepuop cek Mepunog, cek

a) 6)

250

300

Puc. 5. Criektp coOCTBEHHBIX KOJIeOaHNH reopr3muecKor Cpepl, BKIIIOYAIOIMINN Pe30HAHCHI
MarMaTHYeCKUX CTPYKTYp ByJKaHa Dib0pyc (HU3KO4YacTOTHBIN anana3oH). Luppamu ykasa-
HBI MO/IbI, IPUBENICHHBIE B Ta0. 3: a) [lepyanckoe 3emmnerpsicenue; 6) bakunckoe 3emueTps-

CCHUC.

Omnwupasice Ha TaHHBIE AePOPMAIMOHHBIX HAOMIOJCHUM, HaMU ObLIa TO-
CTPO€HAa MOJENb CHEKTpa COOCTBEHHBIX PE30HAHCHBIX MOJ MarMaTH4ecKOro
ouyara BYJIKaHa DJIbOpYyC, TEHEpUPYEMBIX B IOJI€ MPOJOIbHBIX BOJH BO BpPEMs

CUJIBHBIX 3eMJIeTpsiceHUi (puc. 6).

30

251

20t

15}

10}

KonwuectBo 3emMneTpaceHui

40 45 50 55 60 65 70
Mepwoa, cek

Puc. 6. Mopenb criekTpa pe30HaHCHBIX MOJ] MarMaTUYE€CKOr0 odara ByJKaHa DIs0pyc 1mo
JTAHHBIM Je(OopMalMOHHBIX HaOmoAeHnH (Taou. 2). [llupruna «b6apa» paBHa CpeTHEKBAAPATH-
YECKOU OMMOKE COOTBETCTBYIOIIETO MEPHOJIa; €T0 BBICOTA — KOJIMYECTBY 3€MIICTPSICCHHIA, B

KOTOPBIX OTNpEEISICTCS JaHHAS MOJIa.

Pabota Bemonnena npu nojaepxkke POOU (rpanter NeNe 02-05-65012,

03-05-96752-p200310r_a).
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YK 519.6

MOAEJIUPOBAHUE JIEKTPOKAPIUOI' PAONYECKHUX
CUI'HAJIOB B CPEJIE MATLAB

Jlaoses J]. A.

Mopooeckuii 2ocyoapcmeennviti ynusepcumem um. H. I1. Ozapesa, Capanck,
e-mail:dmlad@mail.ru; laddmitry@yandex.ru

C tex nop, kak Yoisep B 1887 roay BnepBble 3aperucTpupoBai AIEKTPU-
YECKOE IoJIe cepana, a JUHTX0BEH B 1903 r. 3anucan nepByro 3IeKTPOKapAUO-
rpaMMy, HHTEPEC K U3YyUYEHHUIO HUKINYECKON 3JIEKTPUUECKON aKTUBHOCTH OJIHO-
r0 U3 BAXKHEUIIIMX YeTOBEYECKHUX OPraHOB HE 3aTyXaerT.

MHOTOKpaTHO CHNEUUATUCTHl (HPU3UOJIOTHUH U KIMHUYECKOW AIIEKTpOKap-
nuorpaduu MbITATKCh TOCTABUTH TOUKY B 3TOM, Kak Ka3aJlock, 0 KOHIIA ITpopa-
6oranHo# TeMe. Ho cdepa BHICOKMX TEXHOJOTHI, KOTOpasi CETOAHS BCE TIIyOxKe
IPOHUKAET B 00JaCTU MCCIIEIOBaHUS PA3IUUYHBIX OMOJIOTHMYECKUX IMPOLIECCOB U
JMarHOCTUKH 3a00J€BaHUil, OTKPHIBAET HOBBIE TOPU3OHTHI JUIS UCCIIEI0BATENEH.
[TosiBneHUE COBPEMEHHOM 3IIEKTPOPETUCTPUPYIOIIEH anmnaparypsl, HOBbIX OHO-
buznyecKux U MaTEMaTHUYECKUX METOJOB HCCIENOBAaHUS MPEJOCTaBISET BCE
HOBBIE JMArHOCTUYECKUE BO3MOXKHOCTHU JUISl PETMCTPALlMUA M aHAIM3a dJIEKTPU-
YECKOW aKTUBHOCTH CEepLia.

Ba)XHOCTbh, 3HAYMMOCTh U aKTYaJbHOCTh KJIMHUYECKOM 3JIEKTPOKapIuo-
rpa@uu TPyAHO MEPEOLICHUTh, MOTOMY YTO HCCIEAOBAHUS OHO3IEKTPUUECKOM
aKTUBHOCTHU cepAlla SBISIOTCS CEroJHs He3aMEHUMBIMHU B JIMarHOCTHKE Hapy-
HICHU pUTMa U MPOBOAMMOCTU, TUNEPTPOGUN KETYJOUKOB M TPECEepAUil,
UIIeMU4ecKoil 0oe3Hu cepana, nHpapkTa MUOKap/ia u Apyrux 3a001eBaHui.

AHanu3 OMORJIEKTPUUECKHUX MPOIIECCOB, MPOTEKAIOIINX B Cep/ille, BeaeT-
cs, TJIaBHBIM OOpa3oM, IpHU MOMOULIM 3JEKTPOKApAHOIpPaMMbl — 3alMCaHHOM
3NIeKTpoKapauorpagoM Ha OyMa)XHOM HJIM MHOM HOCHUTEJE KpPUBOH, KOTOpas
MIPEICTaBIACT COOON Pa3HOCTh OMOAIEKTPUUECKUX MOTEHIIMAIOB Pa0OTaOIIETO
cepana. IMeHHO opMa U KOJIUYECTBEHHBI COCTaB €€ KOMIIOHEHT MO3BOJISIIOT
JIMarHOCTUPOBAThH CEPACUYHYIO AEATENbHOCTS. [ 1]

Co3nmanve ameKBaTHONM MaTeMaTHYeCKOW MOJIETH, KOTOpas Obl MaKCH-
MajabHO IIOJIHO OMNMCHIBaJIAa OHOdHU3MYECKHE TPOoLEcChl (PYHKIMOHUPOBAHMS
cepAla, SIBISIETCS BaKHBIM HAINpaBJI€HUEM B 00JIACTU KapJIMOJIOTUU U KapJuo-
rpadguu. Ho CI0KHOCTH CTpOEHHUs 3TOr0 OpraHa 4yejaoBeKa MPHUBOAST K TOMY,
YTO CYIIECTBYIOIINE MOJIETU JAJEKH OT ACHCTBUTEIBHOCTA U UMEIOT MHOXKECT-
BO HEJIOCTaTKOB WJIM TPEOYIOT OIPOMHBIX BBIYMCIUTEIBHBIX MOIIHOCTEH ISt
MPOBEICHUSI PA3JINYHBIX SIKCIIEPUMEHTOB.

Jlpyrum HampaBjieHHEM MaTEeMaTHYECKOTO MOJIEIUPOBAHUS B 00JACTU
3JIEKTpOKapauorpapuu sBISIETCd CO3JaHHE CaMOM 3JIEKTPOKapIUOTPAMMBI.
OTOT MOAXOA MOXXHO CYMTAaTh YAAYHBIM M BEPHBIM, IOTOMY YTO IIPOBEIECHUE
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HAaTYPHBIX SKCIHEPUMEHTOB MOXKET OBbITh 3aTPYyJAHEHO MO PsAy OOBEKTUBHBIX
MPUYUH: HECOBEPIIECHCTBO PETUCTPUPYIOIIETO 00OPYOBAHUS WU €r0 HEXBaT-
Ka, 4aCTO€ OTCYTCTBHE BO3MOKHOCTH JJIUTEIIBHOTO MOHUTOPUPOBAHUSI.

[Tonmy4yeHHbie pe3yNbTaThl PU MOJOOHOM MOJX0JE MOXKHO CUUTATh AJCK-
BATHBIMHM PEAJIbHBIM JAHHBIM C HEKOTOPOM JOJIEN MOrPEIIHOCTH U NPUMEHATH
JUISl UCCIIEAOBAHUS.

B nanHOl cTathe paccMaTpUBAIOTCA JBA METOJA MOJEIUPOBAHUS SJIEK-
Tpokapauorpaduuecknx curtHanoB (OKC) craHmapTHBIX OTBEIEHUN C HCIOJb-
30BaHUEM CILUIAMHOB W JINHEWHO-KBAAPATUYHON MHTEPIOJISILIUH.

PaszpaboTtannsie anroputmbl peannzoBanbl B cucteMe MATLAB 6.0 Re-
lease 12 ¢upmbr The MathWorks, Inc.

Aneopumm cunmesa I1eKmMpoOKaApOUOCUZHATI08 HA OCHOBE TUHEIHO-
K8AOpamuyHoil UHMePnoaAuuU

HccnenoBanne DKI'-curnanoB Tpex CTaHIAPTHBIX OTBEAECHUU OT KOHEU-
HOCTEM OYeHb YacTO NMPHUMEHSETCS NpHU auarHoctupoBaHuu. [loaTomy ocoboe
BHUMAHHE CTOUT YJAEIUTh MOJEIHUPOBAHWIO MMEHHO TaKOr0 poja CHUTHAJIOB.
[TosryueHHBIE MOIETTM MOTYT HAalTH B IPAKTUKE IIMPOKOE IPUMEHEHUE, HAUNHAs
OT KaJMOpPOBKHU AJIEKTPOKapAUOrpaoB M 3aKaHUMBAsL UCCIEIOBAHUSMHU MOJIe-
Jeil Ha IpeaMeT BBIABIECHUS OCOOCHHOCTEW CHUTHAJIOB B OINPENEICHHBIX KIWHU-
YECKUX KapTuHax. [4]

T mopenupoBanuss OKC o4yeHp XOpOHIO NOAXOAWUT AJITOPUTM, OCHO-
BAaHHBIN HA JIMHEMHOMN U KBaJApaTHUHOU UHTEeprosaunu yuyactkoB DKC. [3]

B pamxkax storo anropurma OKC 3amaercst B BUAE MOCIEA0BATEIbHOCTH
OTPE3KOB M YYacTKOB mapaloii, Ha3blBaeMble nainee iemenmamu IKC, xoto-
pbI€ COOTBETCTBYIOT pE€AJIbHBIM CETMEHTaM M 3yOnam curnana (puc. 1).

Puc.1. Dnexrpokapauorpamma cepaeuHOTO IIUKIIA.
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C nenpto onucanus u3MeHeHUs (GOPMbI U OYEPEAHOCTH TOSIBICHUS dJie-
meHntoB DKC BBenem cucmemy xkoopounam (CK). MomeHT BpeMEeHU OTKJIOHE-
Husi nepBoro sneMenTa OKC or coOCTBEHHOW M3031EKTPUUECKON JTUHUU SIBJISI-
eTcst HauasoMm Habopa CK B TekymieMm kapauonukie. M3oanekTpuyueckas JMHUS
OKC sBasercs ochlo abcruce, cooTBeTcTByome sromy curHany CK. Takum
criocobom Qopmupyercst nuka IKC, OTHOCUTENBHO KOTOPBIX OMpPENESIOTCS
KOOPAWHATHI UICXOHBIX U KOHEYHBIX To4YeK 31eMeHToB DKC.

Kaxmpiit annement-otpe3ok DKC oHO3HAUYHO OmpeensaeTcss AByMs mapa-
MU KOOpAMHAT: (X;; yi) AJISI Hauajaa OTpe3Ka M (Xi+1; Yi+1) A5 KOHLA. YpaBHEHHE
JUTsI TIOJJOOHBIX DJIEMEHTOB B 00IIIEM BHJIE UMEET BU/I:

y:yi—i_u.('x_xi)’ (1)
Xivg X
rae x, < x<x,,.

Kaxnplii mapaboinueckuid 3J1EMEHT MOJIEIN CUTHAJIa MOKHO «3aKOJAUPO-
BaTh» TpeMsl mapaMu KoopAuHaT: (a;; by), (Xi; Vi) u (Xi+1; Yi+1). [lapaMeTpsl X;, y; 1
Xi+1, Yi+1 33JIaI0T UCXOAHYIO U KOHCUHYIO KOOPJAMHATHI 1apaboJibl, a a; u b; ompe-
NeJsitoT €€ 3kcTpeMyM. Toraa ypaBHeHue napadonndeckux anemeHToB JDKC 3a-
MHACBIBAETCS B CIEIYIOIIEM BUE:

Yi—a

m'('x_bi) : (2)

y=a+

rae x;, <x<ux,,.

Tak kak TOUYHOE yKa3aHUE JIBYX KOOPJMHAT TOYKU DKCTpeMyma mapabo-
auyeckoro 3ieMenTa DKC 10BOJIBHO 3aTPyAHUTENBHO (€r0 KpaeBble TOYKH MO-
T'YT HAXOAUTHCS HE HA U30JIMHUM U UX a0CIIUCCHI MOTYT OBITh HECUMMETPHYHBI-
MU OTHOCHUTEJIBHO a0CIMCChI 3KCTPEMYMA), TO YIIPOCTUM 3aJady MOJIb30BATEINIO.
Emy HeoOxoaumo Uisi MOCTPOCHHSI MOJENN CUTHajda CPOPMHUPOBATH MaTpPUILy
pa3MepHOCTH N x3, CTPOKM KOTOPOHM COJAEpXkaT TPHUILIETHI, COCTOSALIUE U3 Clie-
JYIOIINX 3J€MEHTOB:

— @; CO 3HAUYEHUEM PABHBIM HYIIIO, €CJIA 3JIEMEHT — OTPE30K, U CO 3HAUCHHU-
€M OpAMHAThI SKCTpeMyMa napadosibl, €CIIH 3JIEMEHT — napadona;

— KOHEYHas KOOpJWHATa i-r0 dJEMEHTA (X1, Vi+1), T. €. KOHEUHAs] KOOPIHU-
HaTa TEKYIIETo JIEMEHTA SBIISETCS UCXOAHOW KOOPIUHATON CIIEYIOIIETO
(HauaJgpbHOM TOYKOM OTCueTa OylneM CUHUTaTh TOYKY C KOOpJMHATaMU
(0; 0)).

[Tocne ¢popMupoBaHus TpUILIETa, KOTOPBIM OMHCHIBAECT MapaOOIMUECKH
AJIEMEHT, HEOOXOAMMO HaTu mapameTrp b; (cMm. ypaBuenue (2)). s storo He-

00X0oauMo peImINTh YKa3aHHOEC yPaBHCHHE OTHOCUTEIBHO b;, npuHSaB V =)V, 1
X =X,,;. B pesynprare B 0O0lleM clly4ae MOJY4ae€TCs MHOXXECTBO pEIICHUMN

{bl ,b, } Jlnst BBIOOpA HYKHOT'O 3HaYCHMs OyAEeM HCIIOJIb30BaTh CIIEAYIOLIUE yC-
JIOBUSL:
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max(b,, b,), ectu y, =y, ,, min(b,, b,), ectu y, 2 y,,,

bi| a<0: (3)

bi a0 .
20 min(b,, b)), ectu y,<y.,. max(b, b,), ecuu y, <y.,.

Takum oOpa3zoMm, BeIYHCIeHHE MapameTpoB dnemeHToB DKC crmocobom
JMHEHHO-KBAPATUIHON WHTEPIIOJIAINY BKIIIOUAET B ce0sl TpH dTarma:

— 3aJ]aHue KEJIAeMbIX MCXOJHBIX U KOHEUHBIX KOOPJAMHAT JIEMEHTOB, 3Ha-
YEeHUN OpAMHAT HKCTPEMYMOB IMapadoi u (HOpPMHUPOBAHHE IMOCIIETOBA-
TEJIbHOCTH TPUILIETOB;

— BBIYHCIICHHE IS KaXKIOTO 3JIEMEHTa IMapadosbl aOCITUCCHI €€ IKCTpeMy-
Ma;

— (opmupoBanue MHOXecTBa Touek 3nemMeHToB DKC. [3]

Hauano

¥o=0; =0

3

®dopmupoBanue
MAaTpHIbl TPUILIETOB
[Akie1 Xkl Yiirls

e ke N
Her 4 Ja
;=0 ¢
T N
Peluenue ypaBHeHus Tlonyuenue Touek
BTOPOH CTENEHN JIMHEITHOTO dIeMEHTa
OTHOCHMTEJIBHO b; DKC
Her
9
b= b=
max(by,b,),ecu y, 2y, min(b,b,),ecru y, 2 y,,;,
min(b,b,),ecnu y; <y, max(b,,b,),ecuuy, <y,
10

11—
Honyqune TOYCK /—
napaboIMIecKoro Koner
anementa DKC

Puc. 2. Cxema anropurma auHeiHO-kBagpaTuyHON nHTepnomnsuuu DKC.
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[ o.78 [ o

Puc. 3. Oxno monyns «JIuneitHo-kBagpaTuuHas uHTepnoasanus OKCy.

Anzopumm cunmesa 31eKmMpoOKAPOUOCUZHATIO8 C UCNOIb308AHUEM KyOuUe-
CKUX CNIAIHO08

Cucrema HayuHbIX U nHX)eHepHbIX pacueToB MATLAB 6.0 umeer B cBo-
€M COCTaBe MHOXXECTBO MAKETOB MPUKIAAHBIX MPOrpaMM U (YHKIUI, KOTOpbIE
o0ecneunBarOT pelIeHne Pa3INYHbIX crienuduueckux 3aaad. B wactHocTH, H7s
MHTEPIIONALMN W aNlpOKCUMAIlMU JTaHHBIX CYIIECTBYIOT CleAyromue 0a30BbIe
IPOrpaMMHBIE CPENICTBA:

— Spline Toolbox (coaepxut HAOOP GyHKUUN ISl pabOTHI CO CITAHAMU);
— PolyFun Toolbox (BkitouaeT B ce0st PyHKIMH IS alllIPOKCUMAIIANA U UH-
TEPHOJSALUUU JAHHBIX).
Jlia peanu3zanu MpejIoKEHHOTO alropuTMa OyJieM MCIOJB30BaTh Clie-

JTYIOILIKE MPEITOI0KEHUS:

— KOOpAMHATHI TOYEK, cocTaBisitonx Moaenb K[ '-curnana, onpenenstor-
Csl TI0JIb30BaTEIIEM;

— BpEMEHHasl COCTaBIIAIONIAs curHaja (adciucca ToYeK) J0JKHA MOHOTOH-
HO BO3pacTarh U HE UMETh Pa3pPHIBOB.
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['maBHBIM JTOCTOMHCTBOM PACCMATPUBAEMOTO aJlTOPUTMA SBJISETCS BO3-
MOYKHOCTh CHHTE3a MPOU3BOJIbHbIX DKI'-cHUrHanoB, T. €. BUA, MOCIEA0BATENb-
HOCTh U (hopma OTAebHBIX 2JIeMeHTOB DKC 3aBUCUT TONBKO OT JKEJIaHUS OJIb-
3oBaTes (OH OyKBaJbHO «PUCYET)» CUTHA).

BBox Touek OyaeM ocyiiecTBIsATh pu nomomu GyHkuuu ginput(...). U
€ro OKOHYaHueM OyJeM CUUTaTh LIETYOK JIEBOW KHONKOW MBIIIU 3a TpaHUIIeH
rpaduueckoit o6acTu.

Jns HaXOXKIOEHUsI TOYEK, MPUHAJICKANIUX CUTHATY, U OTIMYAOLIUXCS
MOCTOSIHCTBOM IIIara MO OCH BpPEeMEHW OyJeM HCHoJb30BaTh (YHKIIUIO
INTERPI.

PaccmaTtpuBaemas pyHKINS UMEET CIEAYIOINNA CHHTAKCHC:

Y; = interpl (x, y, Xj, ‘<meTom>")

Ota QyHKIMS CTPOUT MHTEPHOJUPYIONIYIO KPUBYIO YKa3aHHBIM METOIOM
JUIs. OJHOMEPHOTO MAacCHBa y, 33JJaHHOTO HA CETKE X; BBIXOJHOW MacCuB Y;
MOXKET ONPENEsAThCA Ha 0oJiee MENIKOM ceTke X;. JKCIEePUMEHTAIbHBIM MyTeM
OBLIIO YCTaHOBJIEHO, YTO HAWIYYIlIee Ka4eCTBO UHTEPIOJIAINH JOCTUTAETCS TPU
ucnonibzoBanuu Meroga PCHIP. OH peanusyeT KycO4HO-KyOUYECKYIO0 HHTEPIIO-
JSALUI0 MEeTOAOoM XepmuTa. XOpolee KadyeCTBO ITOJMYYEHHBIX PE3yJIbTaTOB
oOecrieuynBaeTcs 3a CYET CBOMCTB HUCIIOJIb3YEMOI0 METOIA:

— wuHTepnonupoBanHas QyHkius P(x) nmpeacTtasisieT co0oil pa3IuyHbIE Ky-

Ondeckue (PyHKIMM Ha MOAMHTEpBANAX X, < X < X, 5

— IIepBas IpOU3BOAHAs P'(x)HEIpepbIBHAS,

— BTOpasi Npou3BoAHasA P"(x) KyCOUHO-JIMHEHUHAS.

NMeHHO u3-3a 3TUX CBONCTB HamboJiee TOUYHO 00eCTIeUrBaETCS TTOCTPOE-
Hue JDKI'-curnana, Tak Kak OH UMEET B CBOEM COCTaBE y4acCTKHU U3JIOMOB (Ha-
npumep, QRS-xommnekc). UcnonszoBanne merona PCHIP He mpuBoauT k ux
CIVIAKMBAHUIO IO IPUYMHE OTCYTCTBUS HEMPEPBIBHOCTH BTOPOU MPOU3BOJHOM.
KpoMme 3TOoro, mcrnonab30BaHHBII METOJ HE NPUBOAUT K OCUMJUISILMUA CUTHAJIA
JIa’Ke MPU HECTIIAXKEHHOCTHU JAHHBIX. [2]

Takum o6pazom noctpoenue oanoro mukina IKI -curnana Ha ocHOBe pac-
CMOTPEHHOI'0 METO/Aa UMEET CIAEAYIOIIHNE ITallbl:

— (opmHupoBaHUE TOUYEK CUTHAA M0JIb30BATEIEM;

— mnpumenenue Qynkuuu INTERPI1(..., ‘PCHIP’) k momydeHHBIM pe3yib-
TaTaMm JJisl MOJIyYeHHUsS TOYEK CUTHaja Ha Oojee MEJIKOW paBHOMEpPHOM
CETKE.

OkHO Moaysia M cxema anroputma cuHre3a JDKC-cUrHaaoB Ha OCHOBE
TaOJIMYHON MHTEPNOISUUN U MPUMEHEHUS! KyOMUYECKUX CIUIAMHOB INPUBEIECHBI
Ha pUC. 4 U pUC. 5 COOTBETCTBEHHO.
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.} ToueyHOE KOHCTPYMpOBaHWe IKC

©akn Moo

=10l ]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Min T, cex | 0
Onp AMTL OCH HauaTh nocrpoeHue
MaxT. cex | 1
Min A, MB I 03
Max A, MB W DYMETHTE rpadHK 3aKkoHYHTL NOCTPOEHHE

Puc. 4. Oxno monyns «Todyeunoe koHcTpyupoBanue IKCy.

C Hauaio )

3agaHue Touek
OKC

II0JIB30BAaTCIIEM

Y

r3

DopMUpoBaHUE
0osee MenKon
BpPEMEHHOM
CETKU

'

— 4
IIpumenenue
GyHKIMH
INTERP1

Y
Konen

Puc.5. Cxema anroputma cunte3a DKC-curHaioB ¢ UCIONIb30BaHUEM KyOMUECKUX CIIAitHOB.
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YK 681.3.06

MOAYJIb PACITOSHABAHUSA PEUN B CUCTEME MATLAB

Jleonosuu A. A.
Kpacnospckuii 2ocyoapcmeennwiii mexnuueckuil ynusepcumem, Kpacnospck,
e-mail:leonal@mail.ru

B nocnennee Bpemsi Bce Oosblliee BHUMAHUE YEISIETCS CUCTEMaM BBOJA
pedeBoil HHpOpMalMM Ha €CTECTBEHHOM si3bike B DBM. D10 cBs3aHO ¢ BCceoO-
el KOMIbIOTepU3aIeii, KoTopas TpedyeT pa3paboTku 0oJiee MPOCTHIX U TPH-
BBIYHBIX JIJISl JTIOOOTO YeoBeKa CrocoO0B B3aUMOACUCTBUS ¢ MamuHou. OHa-
KO, pa3JIinuus B TPOU3HOUIEHUH OJTHUX M TEX YK€ CIIOB Pa3HBIMU JIFOJbMH, a TaK-
e B MOCTpoeHnH (hpa3 TpeOyIOT pelieHus paga npodaem, CBSI3aHHBIX C pa3pa-
00TKOI1 cucTeM pacro3HaBaHusi peud. HecMoTps Ha HanmuumMe pa3zHOOOpPa3HBIX
TEXHUYECKUX CPEJICTB, TTO3BOJISIONINX BBOJIUTH peueByio nHbopmanuio B DBM,
HEKOTOpPHBIE MPOOJIEMBI JO HACTOSAIIETO BpeMEHHU ellle He pemieHbl. Ceifuac k pa-
00TaM B 00JIaCTH paclio3HaBaHUsI PEUYM OTHOCSTCS Kak paOOThl, CBS3aHHBIC C
NPAKTUYECKU KPYIJIOCYTOYHBIM MCIOJB30BAaHUEM pPAcHO3HaBaTENEe H30IHPO-
BAHHBIX CJIOB B MPOMBIIUIEHHOCTH U TOCYJAPCTBEHHBIX YUPEKICHUSX, TAK U
Hay4HbIE MCCJIEOBaHUs, OPUEHTUPOBAHHBIC HA CO3aHUE YHUBEPCAIBHBIX pac-
MIO3HABATEJEN CIOKHBIX NPEANIOKEHUNH. B COOTBETCTBUM ¢ MHEHUSMHM CIIELIMA-
JIMCTOB B HACTOSIIIIEE BpeMsi HAMOOJIBIINI HHTEPEC MPEACTABISIOT Paclo3HaBa-
TEJU PAa3JIUYHON MOIIHOCTH, B YHUCIO KOTOPBIX BXOJSAT B MOPSAJIKE BO3PACTAHMS
WX BaXKHOCTU:

— Pacmo3HaBarenu CBSI3aHHBIX MMOCJIEIOBATEILHOCTEN CIOB U MU(PPOBBIX

CTpOK.
— JlemieBble pacno3HaBaTENW W30JIUMPOBAHHBIX CIJIOB, HCIOJb3YIOLINE
CHHTAaKCUYECKUU aHAJIU3.

— CucrteMbl OTPaHUYECHHOTO TOHUMAHUS PEUH.

— HccnenoBarenbCkue CUCTEMbl TOHUMAHUS PEYU.

PaccMoTpum mpoOriemMy co3maHusi MOAYJS pacno3HaBaTessl U30JIMPOBaH-
HBIX CJIOB, IMO3BOJISIIOLIETO MEPEBOUTH PYCCKYIO pE€UYb Ha BXOJI€ B TEKCT Ha BbI-
xojie. B xauectBe miardopmel it pa3paboTKu BbIOpaHa KOMIUIEKCHAsI CHCTEMa
MATLAB, npenocrapistomnas MUPOKUE BOZMOKHOCTH MO 00padOTKE PEUEBBIX
CUTHAJIOB U IIPOBEAECHUIO TPYJOEMKHX MATEMATUUECKUX BBIYUCIICHUIA.

Memoowt 00pabomKu peuesozo cuzHana

CyuiecTByeT MHOXECTBO MOJXOJIOB, HMCIOJIb3YEMBIX IPU MOCTPOCHUHU
pacnio3HaBareneit [1]. OgHUM U3 TaKuX SIBISETCS MOAXO0J, OCHOBAaHHBIM Ha 00-
paboTKe aKyCTUYECKUX CUTHAJIOB, KOTOPBIM OMUpPAETCs Ha CIEAYIOIIee MOJIoXKe-
HUE: MOCKOJIbKY peYb SBISETCA 0CO00M POPMOI CUTHANIA, TO K HEM TPUMEHUMBI
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o0mue meTonbl 00padoTKK (HampuMmep, aHalIM3 4acTOTHOro crnekrpa dypbe,
aHallM3 OCHOBHBIX COCTABJISIONIMX, MPOLEAYPHl CTATUCTHUYECKUX PEUICHUH |
JIpyrue MaTeMaTHUeCKUe METOJbI). DTH METOJbI UCMOIB3YIOTCS I TOTO, YTO-
Obl YCTaHOBUTH UACHTUYHOCTH BXOJHOT'O CHTHAJIa OJJHOMY U3 I1a0JIOHOB.

PeueBoii curnan siBiseTcss MPUMEPOM HECTALMOHAPHOTO Mpoliecca, B KO-
TOPOM HMH(POPMATUBHBIM SBJISIETCS caM (aKT HM3MEHEHUS €ro 4YacTOTHO-
BPEMEHHBIX XapaKTepucTHK. [IpuMeHseMoe ajs aHavM3a CUTHAJIOB Ipeodpaso-
BaHue Pyppe, Kak HEMpepbIBHOE, TaK U JAUCKPETHOE, MHOI/Ia OKa3bIBAETCsl He-
n0cTaTo4HO 3P GEeKTUBHBIM TpU 00pabOTKe CIIOKHBIX curHanoB. Hampumep,
®ypbe CHEKTphl sl CUTHAJIOB U3 JIBYX CUHYCOU[ C pa3HbIMHM 4acCTOTaMH, Iep-
BBIM U3 KOTOPBIX MPEICTABISIET CO00M CYMMY CHHYCOUJ, @ BTOPOIl — MOCIea0-
BaTEJIbHO CIEAYIOIINE IPYT 3a APYTOM CUHYCOH/IbI, HICHTUYHBI U OYIyT BBITIIS-
JIeTh KaK JBa MUKa Ha ABYX (pukcupoBaHHBIX yacTtoTax (cM. puc.l). Cnemosa-
TENBbHO, TpeobpazoBanue Dypre B CBOEM TPAIUIIMOHHOM BHUE HE MPUCTIOCO0-
JICHO JUIS aHallM3a HECTAIMOHAPHBIX CHUTHAJIOB, B TOM YHCJIE JIOKATN30BAaHHBIX
Ha HEKOTOPOM BPEMEHHOM HHTEpBaje, TaK Kak TepseTcs mHQopMaIus o Bpe-
MEHHBIX XapaKTepUCTHKAX CUTHAJIA.

sin(x)+sin(x™3) w0 - sin(x}), ®x=0 - sin(x™3)
2 - - 1
|:| | ]
-1 - - :
-10 -5 0 A 10
Ao 5 0 5 10
Magnitude FFT Magnitude FFT
100 - - 50 - -
a0 1 40 1
B0 1 a0 1
40 X 20 X
20 L, J | 10 L J it
a ; ; J a ; ; '
a 20 40 GO 80 100 a 20 40 B0 a0 100

Puc. 1. IIpumep HeuHpopmaTuBHOCTH NpeodpazoBaHus Pypoe.

J171s BBIMIOJTHEHUS aHAJIM3a TaKUX MPOILIECCOB TpeOyroTcs: Oa3ucHbIe PYyHK-
uHU, 00JIaJarolle CIOCOOHOCTBIO BBIABISATH B aHAIM3UPYEMOM CHUTHAJIE Kak
YaCTOTHBIE, TAK U €r0 BPEMEHHbIC XapaKTePUCTUKU. pyrumMu cioBaMu, camu
(GyHKUMU JOJKHBI 00J1a/1aTh CBOMCTBAMH YaCTOTHO-BPEMEHHOM JIOKAJIU3aI1H.
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Hcxons U3 3THX COOOpaKeHU YMECTHO MPUMEHUTh TaKOM MareMaruye-
CKHIl METOJ, KaK eetisiem-npeoopazosarnue. BeliBner-npeodpa3oBaHue CUTHa-
JIOB SIBJsIETCS 00OOIIEHUEM CIEKTpaibHOro aHanuza. [IpuMeHsieMbie aJis ATOi
nenu 06a3uckl ObUTM Ha3BaHbI BeMBieTaMH — (YHKUUSIMHU ABYX apryMEHTOB —
MacmTaba u casura. B ornumuume oT TpaauuuoHHOrO rnpeoOpa3zoBanus Dypbe,
BeliBIIeT-TIpeoOpa3zoBaHre 00ecIeurnBaeT IByMEpPHOE MPEeCTaBICHUE UCCIenye-
MOTO CHTHajia B YACTOTHOW OOJIACTH B IJIOCKOCTH YacCTOTA-MOJIOKEHUE. AHAJIO-
TOM YacTOTHI MPU 3TOM SIBJISIETCSE MacTad aprymenTa 0a3sucHo QyHkiuu (4a-
I€ BCETO — BPEMEHU), a MOJ0KEHUE XapaKTEPU3yETCs €€ CABUTOM. DTO MO3BO-
JISIET Pa3feNsTh KPyITHbIE U MEIKHUE OCOOCHHOCTH CUTHAJIOB, OJJHOBPEMEHHO JIO-
KaIN3ysd UX Ha BPEMEHHOW MIKane. VIHbIMM CI0BaMu, BEMBIIET-aHAIU3 MOXKHO
0XapaKTEPU30BATh KaK CIIEKTPAJIbHBIA aHAJIN3 JTOKAJIbHBIX BO3MYIIEHUM [2].

Benienem-ananusz

B Teopuu BeliBieT-aHaNM3a CyIIECTBYET MHOKECTBO HarpasiieHH. Ogi-
HUM W3 TaKuX SBISCTCS MHO2OMACUWMAOHbL (KpamHoMacumaobHblll) eeligiem-
ananu3, uest KOTOpOro COCTOUT B MPEACTABICHUHM CUTHAJIa MOCJIEA0BATENbHO-
CTBIO 00pa30B C pa3HOM CTENEHbIO JAETAM3AIMHU, YTO MO3BOJISIET BBISBIISTH JIO-
KaJIbHbIE 0COOCHHOCTH CUTHANIA U KJIIACCU(PUITUPOBATH UX TT0O HMHTEHCUBHOCTH.

MHuoroMacitabHbIl BEHBIET-aHAIN3 OCHOBBIBAETCS] HA PA3JIOKEHUU CHUT-
Haia 1o (QyHKIUSIM, 0O0pa3yroIIMM OpTOHOpMUpOBaHHBIA Oasuc [3]. JIroOyro
(GYHKIHUIO MOXKHO Pa3JIOkKUTh HAa HEKOTOPOM 3aJaHHOM YPOBHE pPa3pelIeHUS
(macwmTabe) j, B psad BUAA:

2M-1 Jmax 2M-1
J()= z Sjn,kqojn,k + z z djn,kwj,k : (1)
k=0 Jjzj, k=0
3,Z[€CI> Ql. k J5! I,Ujk — MaCIIITa6I/IpOBaHHBI€ N CMCIICHHBIC BCPCHUU CKEUJINHT -

(yskumu (MacmrabHON (QYHKUMH) @ U «MAaTEPUHCKOTO BEUBIETa» Y ; S, —
KOO GUIMEHTHI AINPOKCUMALNH; d |, JCTATU3UPYIOLINE KOI(DDHUINEHTHL.
MacmrabupoBanue u cMelieHne GyHKIUNA @ U iy HaXOAHUTCA CIeIyo-
M 00pa3oMm:
0 =2""p(2 x~k),
V=2 Q= k).

B cBoto ouepenb camu PyHKIIUU @ U | ONPEAeIstoTCs Tak:
2M -1

P(x) =2 > hp(2x —k),

w(x)=~2 ng¢(2x ~k),

rne g, = (_l)khZM—k—l’
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Hcnonb3yst cBOMCTBA OPTOrOHAIBHOCTA MAacIITAOHBIX (QYHKUMNA W 3aja-
Bas 3Ha4€HUS M MOXHO BBIUUCIIATh KOHKPETHBIE 3HAUYEHUs KO3((PUIIUEHTOB £, ,

ONpeeAIoIMe OpTOroHalbHble BelBIeThl. Hanpumep, 3anaB M=2 nonydaem
psaa kodhpuuneHToB 4, , onpenensomui Beisier Jobemu 4.

Takum 00pa3oM, OpTOrOHANIBHBIN BEUBJIET-aHAIN3 CBOJUTCS K HaXOXKJIE-
HUIO KOO((HUIMEHTOB alMPOKCUMAIMA S, U NETATU3UPYIOIHX KOI)PULIHEH-

TOB d;, B pas3ioxeHuu curana f(x) no gopmyse (1).

Ilakem Wavelet Toolbox cucmemovt MATLAB

[Taker pacuupenus cuctembl MATLAB 6.5 Wavelet Toolbox — oano u3
JY4YIIUX UHCTPYMEHTAIBHBIX CPEICTB ISl U3YyUYECHUS, CO3aHUSI U TIPUMEHEHUS
BEWBIIETOB M NPOBENCHUs BeWBieT-nipeoOpa3zoBanuid. Ilaker mnpenocrasiser
YHUKaQJIbHBIE CPEJCTBA Il pabOTHI C BEWBIETaMM, MPUYEM KaK B KOMAaHJIHOM
pexuMe, TaK U C TIOMOIIbIO CHEIUANBHBIX CPEICTB Tpaduueckoro nurepdeiica.
[To xonuyecTBY THUIOB BEWBIETOB U (DYHKIMM JJIsi 0OpaOOTKH CHUTHAIOB 3TOT
MAKET SIBISAETCS JYYIINM CPEIX MAaKETOB PACIIMPEHUS I CUCTEM KOMIIBIOTEP-
HOM MaTeMaTWKH B 3TOW 00JacTH (MaKeThl pacIIMPEHUs 110 BEHBIETaM €CTh U B
HOBBIX peanu3anusax cucreM Mathcad u Mathematica).

B maketr Wavelet Toolbox BxoasT:

— HWHCTPYMEHTAJIbHbIE CPEJCTBA JJIsl BEWBIIET-aHAJIN3a U CUHTE3a CUTHA-

JIOB U U300pakeHUI;

— MHOYECTBO Y€ BCTPOEHHBIX BEUBIIETOB Pa3HOTO THUIIA;

— BO3MOKHOCTbB 3aJJaHUSI CBOETO BEMBIIETA C 33/ IaHHBIMUA CBOMCTBAMHU;

— cpeacTBa 00pabOTKU CUTHAJIOB U M300paXKEHUI;

— CpeACTBa JIJIsl HEMPEPHIBHOTO U TUCKPETHOTO BEUBJIET-aHAIN3A;

— CpeJlICTBAa OYMCTKU CUTHAJIOB OT IIIyMa U CIEIUaIbHON 00padOTKu;

— MOUIHBIE CPEACTBA BU3YyaJIM3allMd BEUBIIETOB M BCEX OINEpALMIl C HU-

MU.

Hocmpoenue cucmembsbl pacno3HaeaHun

PaccmoTpum 00mIyro cxeMy MOJyJs paclo3HaBaHHS H30JMPOBAHHBIX
cioB (puc. 2).

IIpeaBaputenbHasa 00padoTka. BxonHoil curaan HeoOX0IMMO MOATOTO-
BUTH JJI JdaJibHEWend o0paboTku. Jlyis ynaneHus nryMoB OOBIYHO HCTIOIB3YET-
Csl XOPOIIIO M3BECTHBIN M3 TEXHUKU (PUIBTpAIlUU MPUEM — YJaJIE€HUE BBICOKO-
YACTOTHBIX COCTABJISIOIIMX M3 CreKTpa curHaia. [Ipu ucnosib3oBaHUM BeiiBIe-
TOB MOKHO OTPaHUYUTh YPOBEHb JACTAIM3UPYIOMUX KodpduimenToB. KpaTko-
BPEMEHHBIE OCOOCHHOCTH CUTHaJIa, & K HUM MOXHO OTHECTH U IITyMbI B BHJIEC
MHOECTBa TaKMX OCOOCHHOCTEH, CO3/Al0T ACTATU3UPYIOMINE KOIDPHUIIUESHTHI C
BBICOKMM COJICP’KaHHEM IITYMOBBIX KOMIIOHEHT, UMEIOIINX OOJIbIITNE CydaiiHbIe
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BBIOPOCHI 3HAUCHUM CUTHAJA. 3a/laB HEKOTOPBIN MOPOT ISl UX YPOBHS U CPE3aB
M0 YPOBHIO JETATU3HUPYIOMINE KOADPUIMUEHTHI, MOXXHO YMEHBIIUTh YPOBEHb
IIyMOB.

[vkTop
O6yu4eHue
y
MpepBaputensHas BoigeneHne
obpaboTka Npu3HaKkoB
\ 4
PeyeBoii basa 3HaHui
NpV3HaKoB
CUrHan
4 \ 4
MpenBaputenbHas CermenTaums BbigeneHue CpaBHeHue ¢
obpaboTka > > NpU3HaKoB 3TarnoHoM
Pacno3HaBaHue
4

Pacno3sHaHHOEe crioBo

Puc. 2. O0mas cxema CucTeMbl Paclio3HaBaHUS PEUU.

Jlnst aBToMatuyeckoro ynaaineHus mymoB B cucteMe MATLAB cymect-
ByeT pynkuus wden(X, TPTR,SORH ,SCAL ,N , wname’), koTopasi BO3Bpa-
[IA€T OYMIIECHHBIA OT IIyMa CUTHAJI, TTOJTYY€HHBIA OTPAHUYEHUEM BEMBIIET - KO-
s punmeHToB npeodpazoBaHusl BXOAHOTO CUrHaia X.
Crtpoka TPTR 3agaeTt nmpaBusiio BeIOOpa mopora:
— ‘heursure’ — sBpuctuyeckuii Bapuant anropurma lllteitna He-
CMEILEHHOW OLIEHKU PUCKA;
— ‘sqtwolog’ — [Ist ”HBEpCHOTO MOpora /2 *log(.) ;
— ‘minimaxi’ — JuIsi MUHUMaJIbHOT0/MaKCUMAJILHOTO TOPOra.
SORH (‘s’ wnmu ‘h’) — st THOKOTO WM JKECTKOTO TIOpOTa COOTBETCT-
BEHHO.
Crpoxka SCAL omnpenenser MyJbTHUILNIMKAaTUBHOE ITOPOTOBOE INEpemac-
mrabupoBanue (eciu mryMm BHe mipeaenos [0,1] win He «Oembiiiy).
N — ypOB€Hb BEMBIIET-PA3I0KEHUS CUTHAIIA.
’wname’ — CTpPOKa ¢ IMEHEM OPTOTrOHAIBHOTO BEMBJIETA.
[IpoBeneHo wuccieaoBaHuEe, NPUMEHSS I yAAJICHUS IIYMOB [IaHHYIO
GyHKUMIO € pa3iuyHbIMM mapamerpamu. MccinenoBanoch  aMIUTMTYJHO-
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BOJIHOBOE NPEACTaBIICHHE OT(PUIBTPOBAHHBIX CHUTHAJIOB. B skcnepumeHTax
IIPUMEHSUIOCH 4 TUIIa OPTOTrOHAJIBHBIX BelBIIeTOB: Cumitera-8, Cumnera-2, [o-
oemu-8, Jlobemmu-4.

Pesynbrarhl mokasanu, yTo Hawilydiias (UiIbTpalus AOCTUTAETCS MpU-
MEHEHHEM THMOKOro HWHBEpPCHOro mopora. Jlydiiei ke BeiBiaeT-(QyHKIuen u3
TECTUPYEMBIX siBIIsieTcs BelBieT [Jobemn-4 npu 8 ypoBHSAX BEUBIET - pa3ioxke-
HUSL.

CermenTanusi. CerMeHTalds peYeBOro CHTHaja IMOAPAa3yMEBAaeT BbIje-
JICHUE YY9aCTKOB CHUTHAJIa, COOTBETCTBYIOIIUX OTAEIBHBIM CTPYKTYPHBIM €UHU-
11aM pedeBoro curHaiga. Ecnu B KauecTBe TaKuX €IMHUII paccCMaTpHuBaTh (hoHe-
MBI, TO 33Jja4a CETMEHTAIIMH CBOJAUTCS K OOHapyXEHHIO MEX(POHEMHBIX Mepe-
X0JI0B. B pamkax TpaJIMIIMOHHBIX MOJIX0JI0B PELIEHUE ITOW 3a7a4d BECbMa Mpo-
onematnuHo. OAHAKO BEHBIET-NIPEOOpPa30BaHUE MO3BOJSET PELIUTH 3Ty MpO-
Osiemy 1o KpaiiHeil mepe st (POHEM, COOTBETCTBYIOIIUX CPABHUTEIBHO MPOTSI-
KEHHBIM KBAa3UCTAI[MOHAPHBIM y4acTKaM peyeBOro curHana. Jleno B Tom, 4To Ha
MeX(OHEMHBIX NEPEX0JAaX CHUTHAJ MPETEPHeBAET 3HAYUTENIbHbIE H3MEHEHUS
Cpa3y Ha MHOTHX MacliTabax MCCIEAOBaHUS, U, COOTBETCTBEHHO, XapaKTepU3y-
€TCsl BO3pacTaHUeM BEUBIIET - KO3 (UIIMEHTOB /JI1 MHOTUX YPOBHEH AeTaiu3a-
I[MH, B TO BpEeMsl, KaK Ha CTAallMOHAPHBIX y4yacTKaX pOHEM BEUBIET - KO Puiu-
CHTBhl OKa3bIBAIOTCSl CIPYNIUPOBAHHBIMU BOJU3M OMpPENETIECHHBIX MacHITaOoB.
Takum oOpa3om, OTbICKaHHE MEK(GOHEMHBIX TPaHHUI] MOXKET OBITh CBEICHO K
OTHICKAHUIO MOMEHTOB YBEJIMUEHUS BEUBIECT-KOA(PPUIIMEHTOB HA 3HAYUTEITHHOM
KOJIMYECTBE ypoBHEH MmacmTabupoBanus. OcHOBBIBasCh Ha paboTax [4,5] Obu1
IOCTPOEH KOMIUIEKCHBII aJITOPUTM, OCYILECTBISIOINNA 3Ty MPOLEAYPY.

BbiesieHne npu3HakoB. B xauecTBe NpHU3HAKOB, XapaKTEPU3YIOIIUX pe-
YeBOW CHTHAJ, a UMEHHO BBIJICJICHHBIE B pe3yJbTaTe CerMEHTAalHu (HOHEMBI,
BbIOpaHbl KO3(PPUIMEHTHI JeTaNIU3aUU OPTOrOHAIBHOTO BEUBIIET - MTpeol0pa3o-
BaHUS KaX/10I'0 U3 CETMEHTOB.

Oynkuus wavedec cucrembl MATLAB BbINOTHAET MHOTOYpOBHEBBIN
OJIHOMEpHBIN BeliBneT-aHanu3. Ee Bapuant [C,L]=wavedec(X,N, 'wname’) BO3-
BpalllaeT BEKTOPhl BEHBJIET-pa3lioKeHUs] curHana X Ha ypoBHE N, UCHOJIb3ys
BeliBieT  wname. Jlanee, nmnpumeHss — QyHkuuio detcoef B  BUIE
DCELL=detcoef(C,L, cells’), momydaeM MacCUB JETATUIUPYIOMINX KOIPPUIIU-
€HTOB Ha BCEX YPOBHSX pa3ioxkeHus ot 1 mo V.

B mpouiecce npenBaputensHOTO 00yueHUs co3gaeTcs: 0a3a 3HaHHM ITaNo-
HOB — (oHeM. B kauecTBe BeiiBner-6a3uca ObLT UCHOAb30BaH BeiiBieT [{o0e-
mu-8. ba3a 3HaHWil opraHn3oBaHa B Buue mat-(aiiyia, XpaHIIIETo ACTATN3H-
pyrormre KodhOUIMEHTHI U 3arPy)aeMoro B pabodyto 00JIacTh MPU KaKIOM Ce-
aHce paboThI C pacro3HABATEIIEM.

CpaBHeHue ¢ 3Ta10HOM. B x0/1€ nporecca pacno3HaBaHus OCYIIECTBIIS-
€TCsl PUHATHE PELIECHUS O COOTBETCTBUM JJAHHOTO CETMEHTa PEUYeBOr0 CUTHAJIA
3TaIoHy (poHeMbl U3 0a3bl. B HacTosIee BpeMs HauboJiee yCIEelHbIE alropuT-
MbI COOTBETCTBHS UCIOJIB3YIOT B KAYE€CTBE OCHOBHOI'O MHCTPYMEHTA JUHAMUYE-
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CKO€ IPOTpaMMHUpPOBaHUE. AJNTOPUTM JUHAMHYECKOIO MPOTPaMMHUPOBAHUSA SB-
asieTcst 3P(EKTUBHON BBIYMCIUTEIBHON MPOLEIYPON ONPEAETIeHHs] ONTUMAb-
HOW TPAEKTOPUHM B MHOKECTBE KOHEUHBIX COCTOSIHUM. Tak»e NaHHBIA alrOpUTM
MOJKET OBITh MCIIOJIB30BaH JJIsl HAXOXKIAECHHSI HAaWIy4Ilero BO3MOXKHOIO BPEMEH-
HOT'O BBIPaBHUBAHMS MEXJy 00pa3lioM HEU3BECTHOI'O BBICKA3bIBAHMS U ITaJIOH-
HbIM 00pasuoM [1]. Ilpu pazpaboTke cucreMbl NpUMEHEH anroputMm BurtepOwu,
ABJISIIOLIUNCS PA3HOBUIHOCTBIO JUHAMWYECKOTO IPOIPAMMUPOBAHUS.

Yucnennvie IKcCnepumernmol no pacno3HaéarHuIo peuu

Ha navansHoM sTane Obuta coznana b3 atanonos, comepxaras 5 GoHeM:
A, O, VY, K, P. beun npoBeieHbI 3KCIEPUMEHTHI 110 OLIEHKE Ka4eCTBA Pacro3Ha-
BaHUs U30JIMPOBAHHBIX CJIOB. KOHTPOIbHBIE CIIOBA MPOU3HOCUIIUCH TEM K€ JTUK-
TOPOM, KOTOPbII MPOU3BOAMI 00yueHHne cuctembl. CpeHuil K03pUUUEHT pac-
MO3HABaHUs cocTaBua 82%.

[TomydeHnHble pe3ynbTaThl YCTYHArOT pe3ysbTaraM, 3asBICHHBIM B YXKe
UMEIONINXCS CHUCTEMaX, OJIHAKO, B JAHHOM CIIy4ae SKCIIEPUMEHTHl HOCHIIU
IpeIBapUTENbHBIA XapakTep. B yacTHOCTH, HE poBoAMIacs paboTa MO OINTH-
MU3allMU [PU3HAKOB, MOJYYEHHBIX HAa OCHOBE BeEilBIEeTOB. B Hacrosmmii mo-
MEHT B 9TUX HaIpPaBJIECHUSX MPOBOAATCS uccienoBanus. [IpeasapurenbHble pe-
3yJlbTaThl, ONUCAHHBIE B ITOW CTaThe, JAIOT OCHOBAHUS IOJlaraTh, YTO IOCIE
IOPOBEJCHUS ONTHUMM3ALMM TOYHOCTh pPAClO3HABAaHUS OYJET CYyIIECTBEHHO
yJIy4dll€Ha, ¥ IPEBBICUT TOYHOCTh YXKE CYLIECTBYIOLUX CUCTEM paclO3HABAHUS.
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Beeoenue

BuyTpeHnHuil nopsok B CTPOCHUHM OCAIOYHBIX TOJIL ObUT MOJAMEYEH HE
cpazy. CHauana reoJIorM BBIYJICHSUIA JIMTOJIOTMYECKH Pa3HbIE MAYKU TOPHBIX
MOPOJl Y OTMEYAJIM, YTO B IPAHULAX BBLACISIEMBIX MOAPA3AECIECHUN YaCTO MO-
BTOpSIETCSI OTpaHUYCHHBI HAOOp TOPHBIX MOpPOJ. B Hacrosiiee BpeMs Takoii
(bakT MUPOKO U3BECTEH U HOCUT Ha3BaHUE (MMEHYETCs) IEPUOIUIECKOM MTOBTO-
psemMocTtu. CrienyeTr 3aMEeTUTh, YTO OOJILITUHCTBO T'€0JOTOB BEAYIYIO POJIb OT-
BOJSIT KPYIHBIM IIHMKJaM, ToJjiarasi, 4T0 MMEHHO 3THU €IUHMIBI OTBEYAIOT 3a
CTPYKTypHO-(panmanbHbiid 001Uk Oacceitna cequmentanuu. Cama e celuMeH-
TallMOHHAS [IUKJIMYHOCTh B 3TOM CJIy4a€ BBICTYINAET B POJU MEIKUX SYEEK U3
KOTOPBIX, COOCTBEHHO, U BBICTPOCH Makpouuki. OJHAKO pacCMOTpPEHHE 3Jie-
MEHTAPHBIX CEJUMEHTAIIMOHHBIX IUKJIOB IMO3BOJISIET BBISIBUTH UX KOHKPETHBIC
MOP(OJTOrUYECKHUE pa3Inyus, pa3padoTaTh CXEMbI, YBSA3bIBAIOIINE [IUKINYECKOE
CTPOEHHUE Pa3pe30B ¢ OCOOCHHOCTSMHU MPOTEKAHUS MPOLECCOB CEAMMEHTOTEHE3A
U (aruranbHbIM O0JIMKOM 00BEKTOB HcciefoBaHus. ClenoBaTelbHO, U3YUCHHUE
CTPOEHHUS OCAJOYHBIX TOJII BKJIIOYAET B ceOs JIBE B3aMMOCBS3aHHBIC 3aa4uM:
pacuJ€HEHHUEe pa3pe30B MO KOMIUIEKCY IMPU3HAKOB U BBIABICHUE B CTPOCHUU
CKPBITBIX MEpUOANYHOCTEN [1]. DTH 3a1aun UMEIOT BaXKHOE 3HAYEHUE IS TTPaK-
TUKH, TaK KaK UX COBMECTHOE PEIICHUE MO3BOJIAECT 00JIee TOYHO PEKOHCTPYHUPO-
BaTh XOJI OCaJKOHAKOILJICHUS (BOCCTAHOBUTH TUIl (allii) U OTOUTH TPAHUIIBI
AJIEMEHTAPHBIX ITUKIIOB JJI MOCIEAyIONIe Koppemsiuu. B nanHoit padore moa
ompeeneHrueM «Qarus MOHUMAOTCS 00CTAaHOBKH OCAJIKOHAKOIUICHUS (COBpe-
MEHHbIE UJI JPEBHHUE), OBEILIECTBICHHBIE B OCAJKE UIIM TOPHOU mopoje [2].

[Ipu npoBeneHUH JTUTOIOTO-(PAIMaTIBLHOTO aHAIN3a U3YyYaeMbIX I'€0JI0TH-
YECKUX OTJIOKEHUN OOBIYHO MCMOJIb3YyIOT Ka4eCTBEHHOE U KOJWYECTBEHHOE
ONMCAaHUE TEHETUUYECKUX MOJICIICH.

JIJ1s1 KaYeCTBEHHOTO OMMCAHMS PA3JIMYHBIX JTUTOJIOTO-(haluaIbHbIX yCIO-
BUW MOXKHO MPUMEHATH: 1) (popmanu3oBaHHBIE AIEKTPOMETPUUECKUE MOJEIH
dauuit MypomiuieBa B.C. [3] ¢ npenenaMu M3MEHEHHMS OTHOCHUTEIIBHOTO Mapa-
METpa METOJIa COOCTBEHHBIX MOTEHIIUAJIOB (Oly) VISl TEPPUTEHHOTO pa3pesa; 2)
MOHSATUE PJIEMEHTAPHBIX IIUKIUTOB [4].
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KonuuecTBeHHBIN MOIX0A BKIOUYAET B ¢e0s KO3 PUIIMEHTHI HEOTHOPO,I-
HOCTH TOPHBIX MOPOJ [, 6] M1 pa3nUYHbIX YCIOBUW OCAAKOHAKOIUICHUS: CPE-
HsI. MOIIIHOCTh IUTACTOB /j, YACTOTA CMEHBI JINTOTUIIOB, PE3KOCTh MEpPeXoa Ol
HOTO JIMTOTHUIIA B JPYTOW, CTENEHb MECYAHUCTOCTH OOBEKTa, CpeaHEN BepTu-
KaJIbHOM pacUI€HEHHOCTH O0BEKTa, XapaKTepPU3YIOIIETr0 CPEIHIO YacTOTy ye-
peaoBaHus MO ITyOMHE CJIOEB C pa3HbIMU CBOMCTBaMHU, KOA(DPUIIMEHT cpeaHei
BEPTUKAILHON OTHOCUTEIHHOM U3MEHYUBOCTH, KOI(PPUIIUEHT HEOTHOPOTHOCTH,
npeioKeHHbId AXusipoBbsiM A. B. [6].

Heckonbko 000COOJEHHO HAXOMUTCS METOA IOCTPOCHHS T'€0JIOro-
cratuctuaeckoro paszpesa (I'CP) [7], mpenHa3HaueHHBIN i BBISBICHUS PUT-
MUYHOCTH CTPOEHHS I'€OJJOTMYECKHX Pa3pe30B (a, CIEeI0BATENbHO, U MPOBE/E-
HUE JIUTOJIOTO-(DaMaIbHOTO aHAIM3a M3y9aeMbIX T'€OJIOTHUECKUX OTIIOKCHHH )
U UX KOPPENSIHH MEXIy co00il. Takke MOXHO OTMETUTh METOJ BBISBICHHUS
CKPBITBIX IEPUOANYHOCTEN [8, 1], mpU3BaHHBIN pelIaTh aHAJTOTUYHBIE 33/1a4N.

BrimenpuBeieHHbIE KAYECTBEHHBIE U KOJUYECTBEHHBIC MOIXOJbI K pac-
YJIEHEHHIO T€0JIOTMYECKUX Pa3pe30B Mo (panuaibHbIM OCOOEHHOCTSIM JOCTaTOY-
HO HAJIE)KHO PELIAIOT JAaHHYIO 3a]1ayy B YCIIOBHSX, KOI/la B TE€OJOTHUYECKOM pa3-
pe3e HUMEIOTCSl BbLACP)KAHHBIE IUIACTBI-HEKOJUIEKTOPHI (IJIMHBI, W3BECTHSIKH),
YETKOE pa3JejeHUE MOPOJ IO JIMTOTUIIAM M I0CTaTOYHAs MOUIHOCTh NECYAHBIX
OTJIOKEeHHUI. B ocTanbHbIX ciy4asix (OTCYTCTBHUE JOCTATOYHO MOIIHBIX TJIUHU-
CTBIX MEPEMBIUEK MEXY MECUaHbIMHU TEJIaMH, YAaCTOE IEepeclauBaHuE MIIACTOB
Pa3JIMYHON JINTOJIOTUH, HESIBHO BBIPAYKEHHBIC TPAHULIBI MEK]ly PA3JIMYHBIMU JIU-
TOTUIAMH U T. J.) PEIICHHUE 3aJ]a4l BbI3BIBAET OINPEJCICHHBIC TPYAHOCTH, UTO
TpeOyeT MOMCKa HOBBIX CIIOCOOOB pEIICHUs JaHHOW 3aJauH.

Beiienem-ananusz oannvix zeodmsuuecxux UCCNIe008AHUIL CKBANCUH

B nocnennee Bpemsi Bce Oojiee MIUPOKOE MPUMEHEHHE HAXOAST METOJIbI
CHUHEPIreTUKH, AIOIINE BO3MOXKXHOCTh OMUCATh MPOIIECCHI B CIOKHBIX CUCTEMaXx
Pa3IMYHON MPUPOBI C MOMOIIBIO HEKOTOPBIX YHUBEPCAIBHBIX MPEACTaBICHUN
u mojaenei [9, 10]. Tak, ucciegoBanusi NOCAEIHUX JIET ITOKA3bIBAOT, UTO SIBJIC-
HUSL B CUCTEMAX CO CIIOXHOW HEyMOPSI0YEHHOU CTPYKTYpOMl 4acTo oOHapyx u-
BalOT MAacCIITa0HYI0 WHBAPUAHTHOCTH ((PPaKTaNIbHOCTH) MPOCTPAHCTBEHHBIX H
BpeMEHHBIX CBOMCTB. CooOpaxkeHus o ¢ppakTaibHOM (caMomoJj00HOM) XapaKTe-
pe npupoaHbIX 00beKTOB [11—13] MO3BOJIAIOT OOBSICHUTH MOBBIIIIEHHOE BHUMA-
HUE K CPaBHUTEIILHO HOBOMY METOTy 00paOOTKN BPEMEHHBIX PSIOB 3aMEPOB —
BeiBIeT - aHanu3y (wavelet) [14, 15], KOTOpbIi B psie Cay4yaeB OKa3bIBACTCS
3G(OEKTUBHBIM TP aHAIW3€ CUTHAIOB C HW3MEHSIONMMUCS YacTOTHO-
BPEMEHHBIMH XapakTtepuctukamu [14,1 6].

[lonsatue BeliBneT ObUT BBEeACH B HayudHbld 000poT I'poccmanom (A.
Grossman) u Mopie (J. Morle) B cepenune 80-x IT. B CBSI3U ¢ HEOOXOIUMOCTHIO
aHalli3a CBOMCTB CEUCMUYECKUX M aKyCTMYECKUX CUTHAIOB [17], sBisrommxcs
[0 CBOEH Mpupojie HecTallMOHapHbIMU. B HacTosiee Bpemst nudpoBoil aHaius
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CUTHAJIOB, OCHOBaHHBIN Ha BEUBIIET-IPEOOPa30BaHNU, HAUMHAET IPUMEHSATHCS B
3ajlayax pacro3HaBaHUs O0Opa30B U CXKAaTUS BUACOU300paKEHHM, caMOM pas-
JUYHOU MPUPOJbl (CHUMKM MHHEpAJOB, CIYTHUKOBBIE M300pa)K€HUsI 00JIaKOB
WM MTOBEPXHOCTEHN MIIAHET, rajJaKTUK, CHUMKHU Pa3JIMYHBIX TYpOYJIEHTHBIX MpO-
LIECCOB U T. J1.); TP 00pabOTKE M CUHTE3€ Pa3IMUHbIX CUTHAJIOB, HAIIPUMEp, pe-
YEeBBIX, BUOPOAKYCTUYECKUX, CEICMOCUTHAJIOB; JIJIi U3y4YE€HHs] CBOWCTB TypOy-
JICHTHBIX OJIeH, 1S pereHust nuddepeHanbHbIX YpaBHEHUH U T. 1.

MHorue TpyHOCTH, BOZHUKAIOIME MPU aHAIU3E MPOLECCOB C NOMOIIBIO
npeodpazoBanusi Oypbe, CBA3aHbI C TEM, UTO «apPXUTEKTYpa» peallbHbIX CUTHAa-
JIOB HE MOXET OBbITh aJ€KBAaTHBIM 00pa30M OMKCaHa C MOMOIIbI0 OECKOHEYHBIX
TapMOHHK. DTO 00CTOATENBCTBO JieTaeT nmpeodpazoBanue dOypbe mI0XUM METO-
JIOM JUISL UCCIIEIOBAHUSI UPPETYISIPHBIX (QYHKIUH, T. €. (PYHKIIHM, YaCTOTHBIE U
MacIITa0Hble XapaKTEPUCTUKH KOTOPBIX HBOJIOLMOHUPYIOT BO BPEMEHH, MpH-
YeM OYE€Hb BaXXHO JIOKAJU30BaTh MOMEHTBI, COOTBETCTBYIOIIME H3MEHEHUIO
ATUX XapaKTePUCTUK (MOMEHTHI pasnanok). Hanpumep, npeodbpazoBanue Oypbe
HE OTJIMYAET CUTHaJ, NPEJCTaBISAIOMNNA cO00 CyMMy JABYX CHHYCOMJI, OT CHTI-
Haja, COCTOSIIEr0 M3 TEX K€ CHHYCOMJ, HO BKJIIOYAIOIIMXCS MOCIIEN0BATEb-
Ho [14].

TepMUH «BEHBIET» MPOUCXOAUT OT AHTIIMICKOTO cioBa «wavelety, Oyk-
BaJIbHBIN MEPEBOJI KOTOPOro0 03HAYAET «MaJIeHbKasi BOJIHA» (MOKHO BCIIOMHUTb
cioBa booklet, starlet). XopomumM aHaaorom B pyCCKOM SI3bIKE SIBIISETCS CIIOBO
«Bcruieck». [lepexon oT cioBa «BoJIHa» (Wave) K CIOBY «BCIUIeCK» (wavelet)
OoTpaxkaeT CyTb IHepexoja oT mnpeoOpa3oBaHus @Dyppe K  BeiBieT-
npeoOpazoBanuto [14]. Jpyrumu cioBaMu, OCHOBHOE 3/I€Ch TO, YTO BEHBIIET-
peoOpazoBaHue HE MPOCTO «PEXKET» HCCIEAYEMbIi OOBEKT Ha KyCKHU, a BbIJIE-
JSIET U3 HEer0 KOMITOHEHTHI Pa3HbIX MAcIITa00B M YTO Ka)KJblii KOMIIOHEHT aHa-
JU3UPYETCSl C TOM CTENEHbIO AETATIbHOCTH, KOTOpPas COOTBETCTBYET €ro Mac-
mrtaly. C 3TUM CBOWCTBOM BEHBJIET-aHAJIM3a Mbl BCTPEYAEMCSl HE TOJIBKO IpPH
WCCIEJOBAHUH BpPEMEHHBIX psAnoB. Hampumep, paccmarpuBas MccakmeBckuii
co0op u3aaneKa, Mbl HE YBUJIUM YKpalIEHUH €ro CTEeH, 3aTO CMOKEM OLICHHUTD
00IIyI0 KOMIO3UIIMIO, T. €. KPYIHOMACIITA0OHYIO0 CTPYKTYpY coopykeHus. Ha-
000pOT, MPUOJIM3UBIINCH K HEMY BIUIOTHYIO, Mbl CMOKEM Pa3TisAeTh B IETaISIX
BCE YKpAallleHUs, HO MOTEepseM IpH 3TOM ollyleHue (opMbl camoro cooo-
pa[18].

JlaHHOE 00CTOSTENBCTBO ONPEEIISAET aKTyaIbHOCTh TEMbI UCCIIE0BAHU:
OLICHUTh BO3MOXKHOCTH NPUMEHEHHUS BeHBJeT-aHaIM3a B 3a7adax o00paboTKH
TaHHBIX Teodusndeckux uccnegopanuii ckBaxxud (I'MC) ¢ nenbro pacwieHeHUs
TE0JIOTMYECKOI0 pa3pe3a Ha YYACTKU C Pa3IMYHBIMHU YCIOBUSMH OCaJKOHAKOII-
JICHUS.

J{nst Toro 4ToOBI BOCIIOJIB30BAThCSI BEUBIIET — aHAIM30M PAacCMAaTPUBAEM
nuarpammbl MeTozi0B ['MIC B Buae OAHOMEPHONW AMCKPETHOW YMCIIOBOM IOCTE-
JIOBATEJIBHOCTU (BPEMEHHOM psfl), T. €. Kak pa3 B To (popme, B KaKOil OHU IpH-
CYTCTBYIOT B 0a3e AaHHBIX npH mudpoBoi peructpauuu [19]. ns onpenenen-
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HOCTH OyJieM TOBOPHUTH O (YHKIIMSIX, 3aBUCAIIUX OT BPEMEHH, BPEMECHHBIX Psi-
JaxX M, COOTBETCTBEHHO, 0 YacToTax. OqHaKo, 63 HapyIeHus: OOITHOCTH, He3a-
BHCHUMasi KOOPJMHATA MOXET OBITh MPOCTPAHCTBEHHOU (C COOTBETCTBYIOIIUMHM
BOJIHOBBIMU YUCJIAMH) U JHO00M IpyTroit.

OmHoMepHOE HeNpephIBHOE BelBIIeT-peoOpa3zoBanue Gpynkuuu f(t), Ko-
TOpas MPUHAUICKUT MPOCTPAHCTBY L’(R) (T. €. ompejelicHa Ha BCel JCHCTBH-

TEIHHOW OCH U UMEET KOHEYHYIO HOPMY ), UMeeT ciaeayromuii Bus [ 14-18]:
“1/2 o « 1—b 0 .
Wy rlaby=la [ raow (=t = [* raye,@a. (1)

[Tapametpsl @ 1 b obecreynBaIOT, COOTBETCTBEHHO, PACcTsKEHUE/CKATHE
U CIBUI Oa3MCHOrO BEWBIIETAa, MO3BOJSIS TMOJHOCTHIO CKOHCTPYHUPOBATh MpO-
CTPaHCTBO L°(R).

PesynpTaTom npeoOpa3oBanus (1) siBisiercsa 1ByMepHBId Habop Ko3pdu-
[MEHTOB (€ro BU3YaJIU3UPYIOT IMyTEM MPOEKTUPOBAHUS 3HAUEHUI KOdDPuineH-
TOB Ha TUIOCKOCTh @ b ¥ COMOCTaBlIeHUs BeTUYHHE KOA(DPUIIMEHTOB HEKOMU I1Be-
TOBOM raMmal (cMm.puc.4a,0), B KOTOpOM, Kak U B KodduireHTax nmpeodpa3oBa-
Hust Oypre, 3aknrodeHa nHGOpMAIUS O YaCTOTHBIX XapaKTEPUCTHKAX CUTHAIA
(6naronmaps mapamertpy a). bonee Toro, coxpansiercst nuHdpopmalus U O oBejie-
HUU CUTHaJIa BO BpeMeHH (Onaromaps mapaMerpy 0), 4TO BBITOJHO OTIUYAET
BEUBIIET-pa3jioKeHne oT nmpeodpazoBanusi Dypee. [InaToit 3a 3TO ABISIETCS He-
KOTOPOE€ YXYIUIEHUE pa3pelieHus Mo 4acToTe, TaK Kak J000i BEUBIIET, B OTIU-
Yyye OT CHHYCOW[bI, B YaCTOTHOM MPOCTPAHCTBE HE MpPEACTaBIsIET COOOH 4 -
¢bysakun. OIHAKO 3TOT HEJOCTATOK BO MHOTOM KOMIIEHCHPYETCS TJIaAKOCTHIO
HaOopa BelBieT- Ko3(hduimeHToB, koropas B Dypbe-aHaNU3€ JTOCTUTAETCS
JIVIIb TPUMEHEHUEM UCKYCCTBEHHBIX ONEpaIlnid.

CymiecTByeT 3HaUMTeNbHAsI CBOOOJIA MPU BbIOOpE (DYHKIIMH, TTOPOXKIAL0-
et 6azuc BeuBieT-peoOpazoBaHus (0a3UCHOIO BEWBIIETA), UTO SBIISIETCS OJ1-
HUM U3 JOCTOMHCTB, TOCKOJIbKY MOXHO BBIOpAaTh BEUMBIIET, MO3BOJISIONIUN Hau-
Jy4dmuM o0pa3oM pelIuTh MOCTaBICHHYIO 3a1auy. MmeeTcss MHOXKECTBO (PyHK-
U1, UCIIOJIb3YEMBIX I TOCTPOCHUS 0a31COB BEHBIET-IIPEOOpa3OBaHU.

Paznuunbie mpuMepbl MaTEPUHCKHUX BEUBIETOB, (POPMUPYIOMIMX Oa3uc
¥, (1) mpuBeneHsl B [14—18]. Haubombiiei nomyaspHOCTbIO OJIb3YIOTCS (DYHK-

MM Ha OCHOBE NMPOM3BOJHBIX (pyHkimu ['aycca — WAVE-BeiiBner, MHAT-
BeiiBieT. Ha ocHoBe (yHkiumii I'aycca CcTpoWTCS TakkKe XOpOIIO H3BECTHBIM
DOG — getiBiier (Difference of Gaussians) [16]. Yacto B mOpHIIOKEHUSX
UCIIONB3YIOT BEUWBIET Mopie — 93TO IJIOCKash BOJHA, MOAYJIMPOBAaHHAs rayc-
CHaHOW €IVMHWUYHON mupuHbl. OCHOBOW I IOCTPOEHHSI OPTOTOHAIBHBIX JHUC-
KpeTHBIX 0a3ucoB sBisr0TCs — LMB-BeiiBner, npemioxennsiil Jlemapoe, Meii-
epoM u batiom (Lemarie, Meyer, Battle) u onun u3 BeitBnetoB Jlo6eun [14].
Cnocobvl  npedcmasnenusi  pe3yibmamos  eueiem-npeoopa3oeanusl.
Beiisner-ciektp W(a,b) npencrasnsieT co00il HEKOTOPYIO MOBEPXHOCTH B TPEX-
MEPHOM MPOCTPAHCTBE, CIIOCOOBI BU3YyaTU3allMUd KOTOPOM MOTYT OBITH pa3iuy-
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Hbl. OOBIYHO ISl aHAIHM3a YaCTOTHO-BPEMEHHOTO COCTaBa MCCIIEyeMOTO CHI-
HaJla UCTOJIb3YIOT:

1) xapTy npoekuumii u30ypoBHeW WM M30MMHUN (yHkuuu W(a,b) Ha
IUIOCKOCTH (a,D), NO3BOJIAIOIIMX MPOaHATIM3UPOBATh U3MEHEHNE UHTEHCUBHOCTH
aMIUIUTY]l BEWBIET-NpeoOpa3oBaHUsl Ha pPa3IMYHbIX YACTOTHBIX MacuITadax U
BO BPEMEHU;

2) KapThl JIMHUN JIOKATbHBIX IKCTPEMYMOB JaHHBIX TOBEPXHOCTEH, Ha3bI-
BaeMBbIX CKeJeToHaMHU (sceleton), 4eTKO BBISBISIONIMX CTPYKTYpPY CUTHAIIA;

3) 3aBucuMOCTU KOA(h(DUIIMEHTOB BEHMBIET MpeoOpa3oBaHus Jisi BHIOpaH-
HOTO MacITada mpeoOpa3oBaHus OT BPEMEHHU.

[TpumMepsl UCXOAHOTO CUTHANIA U TIPEJCTaBICHUS PE3yJIbTaTOB €0 BEWB-
JIeT peoOpa3oBaHus MpeICTaBIeHbI Ha puc.la,0.

T'eonozuueckas xapaxmepucmura uzyuaemvlx OMa0HCeHUIl 20pHbIX NOPOO
(rumomunur)

B ananu3 ObuIK BKJIIOYEHBI CKBaXXUHBI SV MecToposkaeHuss — rmaacT bBg.

Bo Bpemst ¢opMupoBaHusi 3TOro IuUlacTa CEIMMEHTALMOHHBIN OacceiH
MPECTaBIIsT cOOOM MEKOBOJHBIN Mopcko mienbd. JInTonoruuecku Mopckue
(danuu npeacTaBieHbl Pa3sHOOOPA3HBIM KOMIUIEKCOM I1€CYaHO-aJIeBPUTOBBIX,
TJIMHUCTBIX U KapOoHaTHBIX nopod. Cpenn MOpckux (auuid BBIAETSAIOTCS KOM-
TUIEKCHI TPUOPEKHO-MOPCKUX (Pariuii, METKOBOAHON YacTH mieabda U OTKPHITO-
r0 AIMKOHTUHEHTAJIbHOI'O0 MOPCKOro OaccelHa.

Ycemubesvie 6apbl — 3T0 necyaHble Tela B YCTbE PEKU, BBIMTYKJIOW CTOPO-
HOU oOpalieHHbIe K MOpI0. B OTIIOKEHUSX MaHHOW TpymIbl ¢anuid pasmep 3e-
pPEH MEeCUaHUKOB MOXKET YBEJIMUMBATHCS KaK BBEPX MO paspesy (Imepuoa perpec-
CHUH MODsI, OCAaJIKH YCThEBOTO 0Oapa MEpEeKpHIBAIOTCS TIUHUCTHIMU MOPOJAMHU
KOHTHHEHTAJHHOTO MPOUCXOXKICHHUS, OOOTAIICHHBIMU OPTaHHMYECKUM BEIIECT-
BOM), TaK ¥ BHHU3 10 pa3pe3y (B MEepPHOJ TPAHCTPECCUN MOPSI, OCATIKU YCTHEBOTO
0apa mepeKpbIBAIOTCS TIIMHAMU MOPCKOro mIpoucxoxiaeHus). CrenoBareiabHo,
JAHHBIE OTJIOKEHHUSI MOTYT OTHOCUTBHCA KaK K MPOIMKIUTAM, TaK U K PEIUKIIU-
taM. CpeJiHsis MOLIHOCTb IUIACTOB OKOJIO Tpex MeTpoB. Koaddunment necuanu-
croctu u3MeHsercs B npeaenax ot 0,7 go 0,85. CoptupoBka xopomias v cpei-
Hss1. CTeneHb pacuJIEHEHHOCTH Maiasl.

Ipubpescro-mopckue ayuu MONB3YIOTCA IMUPOKUM PACIIPOCTPAHEHUEM,
pPETMOHANIBHO MPOCIIEKHUBAIOTCS MIMPOKOM MOJIOCOM BAOIb APEBHUX OEPETOBBIX
JUHUHA BEPXHEIOPCKOro OacceriHa. B coctaBe mpuOpeKHO-MOPCKUX OTIIOKEHUIN
BBIIEIISIOTCS (halluu BIOJILOEPEroBbIX 0apOB, MPUOPEKHBIX U JOHHBIX MOPCKUX
TEUYEeHUH, (halluyu MEIKOBOJHOMOPCKOTO Ienbda u T. 1. Yacto BcTpeyaemont a-
UeH SBISIIOTCS 800abbepecogble Oapwi. [IpeacTaBieHsbl ecyaHO-aJeBPUTOBBIMU
MOpOJIaMH, TOPOJABl M3BECTKOBHCTHIC, TMPUYEM C YBEIUYCHHEM TIUHUCTOCTH
BO3pacTaeT cojepxaHue kapooHaToB. bapoBbie Tena MpeaCTaBICHbI KaK PEIUK-
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JUTaMH, TaK U NpouukiauTaMu. CTpyKTYpbl B OCHOBHOM MaKpOCJIOUCThIE, CPeI-
HsIsl MOIIIHOCTH 1J1acTOB Oosiee 3—4 METpoB.

Dayus npubpedsxicHvlx 00HHbIX medenuu. Kak u3BECTHO, MOPCKHUE TEUEHUS
SIBJIIOTCS IIUPOKO pacnpocTpaHeHHOU (Gopmoil nBUXKEeHUsT BOAHBIX Macc. B 30-
HE UX JIeHCTBUS HAOJIOAAETCS TTOJIOCOBUIHBIN XapaKTep paclpoCTpaHEHus Tec-
YaHBIX OCAJKOB, JMH30BUJHOE 3aJieTaHUE B pa3pe3e I'pyOO3EPHUCTHIX MOPOJ,
cBoeoOpa3Hasi OpUEHTUPOBKA OCTAaTKOB (hayHbI U T. 1. [lecuansbie ocaaku, cdop-
MHUPOBaHHBIE B IPOMOMHAX PA3PBIBHBIX TEUCHUI OJHOHAIIPABICHHBIMHU BOJIHBI-
MU MOTOKAaMH, 110 CBOUM T'HAPOJIMHAMUYECKHM YCIOBUSIM 00pa3oBaHus, JUTO-
JIOTUYECKOMY COCTaBY, XapaKTepy 3aJE€raHusi ¥ CMEHE MOpOJ 110 pa3pesy Iecya-
HOro Tena ONMM3KM K OTJIOXKEHHSAM (auuil pyclOBBIX OTMeNeld OrpaHHYeHHO-
MEaHJAPUPYIOLUINX PeK U ACNbTOBBIX KaHaioB. OTioxkeHus 3Toi danuu Ha 60-
80% coCTOAT M3 MeCYaHbIX MOPOJ CPEAHE- U MEIKO3EPHUCTHIX, XOPOLIO OKa-
TaHHBIX C KOCOCJIOUCTOM CTpYykTypoiu. KospduuneHT necuaHucTocTd U3MeEHs -
ercst ot 0,5 mo 0,6 (s paruu roaoBHBIX Yacteit Teuenuid) wim ao 0,7 (s da-
1y npomMouH). CpellHss MOIHOCTh IJIACTOB U3MEHsieTcs B oT 1,8 10 3 MeTpos,
MPUYEM IS IPOMOUH Pa3pbIBHBIX TEUECHHI CPEIHSS MOIIHOCTH ILIACTOB BO3-
pactaet. HukHue ¥ BepXHHUE CIIOM Pa3pbIBHBIX TEUEHUMN MpeCTaBIEHBI OoJiee
MEJIKO3epHUCTRIMU TopojamMu. [lo kimaccudukanmu saeMEHTapHBIX IUKIUTOB
OTHOCATCA K PENPOLUKIUTAM.

Dayus necyano-anespumMosbIX 0CA0K08 MeIK0BOOH020 MOPCKO20 bacceli-
Ha 00BeANHSET OTJIOKEHUS, (POPMHUPOBAHME KOTOPBIX MPOUCXOAUIIO B IIpEaesIax
MEJIKOBOJHOM 11eNb(POBON YacTH MOPCKOT0 OacceliHa, HO Ha 3HAYMTENIbHO Y/a-
JeHHBIX OT Oepera yuactkax. [lo ruaponnHaMudecKkuM ycaoBHUsIM (GOPMUPOBa-
HUS 0CAJIKOB 3TOM (palvy pa3aIuvaroTCs JIBE€ 30HBI: a) 30HA CIIOKOHHOTO OCaxie-
HUSl TEPPUTCHHOTO MaTepuaja U 0) 30Ha MOABMKHOTO MEIKOBOJbA. J1Jis 30HBI
CTAOMJIBHOTO OCaXJCHHSI XapaKTEPHbI TOPU30HTAIBHO-CIOUCTHIE MEIKO3EPHU-
CThI€ MECUYAHUKU U AJIEBPOJIMTHI, & TAKXKE MNEPECIauBaHUE aprUUINTOB U aJIEB-
posuTOB. B 30HE MOJBUKHOTO MEJIKOBO/IbSI Pa3BUTHI NIECYAHO-aJIEBPUTOBBIE T10-
POJIbI C KOCOU CIOUCTOCThIO. [lecuaHuku OOBIYHO MEJIKO3EPHUCThIE, KapOOHAT-
Hble, rUuHUCTBIE. CTENeHb COPTUPOBKHU Xopomas u cpeasss. KoaudecTBo 1e-
MeHTa He Bennko. CpeAHsisi MOITHOCTh TUIACTOB 1Sl (paruu rpeOHed mTopMo-
BBIX BOJIH OKOJIO 2-3 MeTpoB. Ko3ppuireHT necuaHucTocTu He BEIUK — OKO-
70 0,3.

Iniunet  Menko800H020 OMKPBLIMO20 wenbga  TPENCTaBICHbBI
TOHKOAUCIIEPCHBIM MaTepuaioM, XapaKTepU3YyIOTCS HU3KUMHA
conpotuBieHUsIMHU (10 3 OMM) U HU3KOW paJiMOaKTUBHOCTHIO A0 6-8 MkP/dac.
Kosdounuent necuanucroctn wmensbine 0,3, TpaHHIBl IJIACTOB Pa3MbITHI.
Pa3smep 3epHa ymeHblIaeTcs BHM3 IO pas3pe3y. OTIOXKEHHS OTHOCATCA K
peuukintam. Kosddunuentst pacunenennoctu o ['MC Huzkue.
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Ilpakmuueckaa peanuzayusn geiigiem-npeoopazosanusn oannvix 'HC

B nmanHO#l paboTe MCMONb30BajCs KOMIUIEKCHBINA T'ayCCOBCKHI BEHBIIET,
peanm3oBanHbll B nakete MATLAB. JlaHHBIM KOMITJIEKCHBINA BEUBJIET SIBJISACTCS
POrPECCUBHBIM (TaK HAa3bIBAIOTCS BEWBIIETHI, UMEIOIINE HyJEeBble KOd(Dpuiu-
eHThl Dypbe Mpu OTpULIATENHHBIX 3HAYEHUSX BOJHOBBIX 4Hcel). OHU XOpOUIOo
MPUCTIOCOOJICHBI ISl aHAJIW3a CUTHAJIOB, NI KOTOPBIX Ba)KEH MPHUHIUI TMPHU-
YUHHOCTH, T. €. 3TU BEHBJIETHI COXPAHSIIOT HANPABIECHNUE BPEMEHHU U HE CO3/IA0T
napa3uTHON UHTepdEepeHIIn MeXIy TpouibiM 1 Oyayumm [14]. Ilpu ucnomns-
30BaHMM KOMILJIEKCHOI'O aHAJIM3UPYIOIIETO BEWBIIETa B PE3YJbTATE BEHBIIET-
npeoOpazoBaHus MONYYAIOTCS JABYMEPHBIE MAaCCHUBBI 3HAYCHHM MOIYJs KO3(-
bureHToB u ¢hasml:

W (a,b) =|W (a,b) exp[i®(a,b)].

Ha puc. la, 0 npuBeneHsl pe3yiabTaThl BeWBIET-NpeoOpa3oBaHUs gua-
rpaMM MeTo/la TOTEHIMAJOB COOCTBEHHOH MOJIIPU3ALUMU [0 HECKOJbKUM
CKBaXHWHAM, TAe (a) — aHaIM3UpyeMmbld (UCXOMHBIN) curHam, (0) BEHBIET-
cnektp; (B) 3aBucuMocTh C(a=const,b); (r) ckeneron. Ilpu anammze
npeanoyTeHnue oTaaBanoch (ase BeliBneT-npeoOpazoBanus. Kak BuaHo wu3
puc.la,0 TMHUKM MaKCUMAaNbHBIX CIEKTPOB MU (GEPEHIUPYIOT KPUBYIO METOJA
CII, BeinessAs HA HEW pa3IMYHbIE YYACTKH, KOTOPBIE XapaKTEPU3YIOTCS Pa3HBIMU
JUTOJNIOTO-(panuaibHbIMU O0COOEHHOCTSIMHU. ConocraBienue JTAHHOTO
pacwieHEHHUsI TeOJIOTMYECKOro pas3pe3a C JaHHBIMA KAueCTBEHHOrO U
KOJIMYECTBEHHOTO BBIACIICHUSI YYAaCTKOB T€OJOTMUYECKOTO pa3pe3a C pa3HbIMU
JUTONOTO-(halMaIbHBIMU YCIOBUSIMHU MOKA3aJI0 UX XOPOIIYIO CXOAUMOCTb.

Ha puc. 2, a npuBeaeHa KOppeALMOHHAS CXEMa B IIMPOTHOM HallpaBJie-
HUU, a Ha pUC. 2, 0 — B MepuauoHaabHOM. CpaBHEHHE C YK€ MPOBEICHHOM
CTaHAAPTHOM KOPpEJSLKEH IM0KA3aJ10, YTO JAaHHAs CXEMa He SIBJIAETCS OYEBU-
HOW.
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Puc. 1. IIpumepsl mpencTaBiaeHNs BEUBIET-CIIEKTPOB aHAIU3UPYEMBIX CUTHAJIOB:

(a) (ckB.64); (6) (cxB.11)
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Puc.2. KoppensiimonHas cxema u3y4aeMbIX OTJIOKEHUN

3aknrouenue
[TpoBeneHHbIC HCCIIEOBAHUS MOATBEPAMIN 11€JI€CO00PA3HOCTh HCIIONb-

30BaHUA Bei/'IBneT-npe06pa303aHm1 JaHHBIX I'NC ckBaxxun JJI1 pCHICHUA 3a/1a9n
PACHIICHCHUA U KOPPCIIIIUN I'COJIOTHICCKUX Pa3pe30B.
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C/KATHUE I/IBQBPA)KEHI/Iﬁ HA OCHOBE _
KOPPEJIALIMOHHOU TEOPUU CTYUYAUHDBIX ITOJIEU

Hecmepos A. IO.

Camapckas eocyoapcmeennasn axademusi nymeti cooowenus, Camapa
e-mail: nesterov_andrew@mail.ru

AleopumM cmoxacmuuecKozo cxrcamusa U 60CCmMaAHOB/1eHuA u306paofcenuﬁ

3HauYUTENBHOE COKpalleHue pasmepa rpaduyeckoro ¢aina (mo cpaBHe-
HUIO C UCXOAHBIM PACTPOBBIM MPEJCTaBICHUEM B BUJE MaTpHUIlbl Koddduiren-
TOB) JIOCTUTaeTcs Oyarojaps TOMY, YTO YaCTUYHas MOTEps NEPBOHAYATILHOM
uHpopManu He sABJsAeTCs (aTabHOM, TO €CTh 000N CIOCO0 CXKATHsS BOILIO-
IIA€T HEKUI KOMIIPOMHUCC MEXIY CTENEHBIO CXKAaTUSl M KaueCTBOM BOCCTaHOB-
JIEHHOTO U300pakeHus. TeopeTuuecku COBEPIIEHHO SICHO, YTO IIIyOUHY CKaTus
BCEIICJIO ONPEACIISIET aJeKBAaTHOCTh MPEACTABIEHUS ChIPBIX JAHHBIX B paMKax
TOM WJIA MHOM BEPOATHOCTHOU MoAenH. Tak, u3ydas OTHOCHUTEIIbHBIE IIPEUMY-
miectBa anroputMoB LZW (ocnoBa ¢opmata GIF) u JPEG st paznuunbix o0-
pa3LoB, JETKO 3aMETUTh, YTO UX JIEMCTBEHHOCTh HANPAMYIO CBSI3aHA CO CTaTH-
CTUYECKUMU CBOMCTBAMH KaXK/10I0 KOHKPETHOT'O M300paKEeHHUS.

Tem He MeHee, cToXacTHYecKasi CTOPOHA Jelia JIM0O BOBCE UTHOPUPYETCA
HAJIMYHBIMU QJITOPUTMaMH, JIMOO COOTBETCTBYIOLIME MOCTPOCHUSI CBOIATCA K
MOJAU(PUKALUSIM OOBIYHOM aBTOPETPECCHM C IMOCIEAYIOIMM MOJIEIUPOBAHUEM
pacrpesneneHus omuoku npeackazanus [3, 14]. OnHako ¥ BO BTOPOM cllydae 3a
CaMbIMH H3OLIPEHHBIMU CXEMAaMH B3BELIMBAHUS NPEIUKTOPOB CKPHIBAECTCS He-
3aTeiyiuBasl peKOMEHalUsl YINOoAOOISITh TEKYIIUA MUKCENb MPEIbIIyIINM, CO-
BEPILICHHO HENPUTOJHAs JUIsl KOHTYPHBIX MEPEMNaioB IPKOCTU, KOTOPbIE KaK pa3
Y COCTAaBJIIOT OCHOBY 3pUTEIBHOIO BOCIIPUSATHSI.

[Mpennaraemsriii anroput™m SCORE paccmatpuBaeT nr060e n3o0paxeHue
KaK peaau3aluio AByMEPHOTO ciy4ailHOro nojsi. OH crnocoO€H SIBHO YUUTHIBATh
AMIIMPUYECKUE KOPPEISLMOHHBIE XAPAaKTEPUCTUKU TAaKOro MOJs H, CIeoBa-
TEJNBbHO, MTPOU3BOIUTH ONTUMAIBHYIO (B CPEAHEKBAAPATUIECKOM CMBICIE) 00pa-
00TKy. UTOOBI yOEAUTHCS B IOCTOMHCTBAX HOBOI'O aJITOPUTMA, COKMEM IOJIYTO-
HOBOE u3o0paxkeHnue Lenna, yacto ucnosibzyeMoe B MOJ0OHBIX TecTax, 10 10%
OT UCXOJHOTO pa3zMepa BocbMuOUTOBOro bmp-daiina. Ha yBenuuenHom B 6 pas
¢dbparmente OpocaroTcs B IJ1a3a octaBieHHble MeToJoM JPEG uckaxenus, Toraa
kak SCORE ux He BHOCHT (puc. 1).

MareMatruyeckre OCHOBaHUS aIropuTMa c(pOpMyITHUPOBAHbBI HIXKE.
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r F

JPEG SCORE

compression compression

Puc. 1. CpaBuenue anropurmoB SCORE u JPEG.
Mamemamuueckoe 060cHO8aHUA ajnrzopumma

3amavya BOCCTaHOBJICHUS 3aBUCUMOCTEN (MACHTU(HUKAIINN) HA OCHOBE BbI-
OOpOYHBIX HAOIIOJCHUHN 3aKITFOYAeTCsl B TOM, YTOOBI, pacroiaras HEKOTOPBIM
KOJIMYECTBOM (TaOJuIlel) pa3IuuHbIX HAOOPOB yucen (X1, X2, ... Xp, V), TO €CTh
BBIOOPKOM, T/I€ X1, X2, ... X, PACCMAaTPUBAIOTCS KaK 3HAUEHHS BXOAHBIX (MM He-
3aBHCHUMBIX ) TIEPEMEHHBIX, a Y — KaK 3HA4CHUs BBIXOJAHOM (3aBUCUMOM), TIpe/I-
CKa3bIBaTh BEJIMYMHY BBIXOJA ) C MPUEMIIEMOM TOYHOCTHIO MPU MPOU3BOJIHHOM
(He mpeJCTaBICHHOM B BRIOOPKE) 3HAYEHUU BXOJIHOTO HA00pA X1, X7, ... Xy.

PaccmarpuBasi COBOKYIMTHOCTH 3HAY€HUW HE3aBUCHUMBIX TMEPEMEHHBIX X,
X2, ... Xy, A 3ABUCUMOM IIEPEMEHHOM ) KAK peau3aliy CUCTEMBI CIIyYalHbIX Be-
anuvH Xy, X5, ... X, Y, Mbl BBIHYXK/JEHBI IPU3HATH YCIOBHOE MAaTEMATUYECKOE
oxuganue M(Y/X,, Xz, ... X)) HaWIydIInM CpeIHEKBAAPATHUYECKUM MPOTHO30M
BBIXOJIHOW MEPEMEHHOM MO BXOJHBIM [16]. TiiarenbHOEe pacCMOTpEHHUE CYIIECT-
BYIOIIUX METOM0B waeHTudukanuu [1, 2, 4-9, 11-13, 15, 17-22] npuBoaut k
3aKJTFOYCHUIO, YTO TOIy4YaTh COJEpKATCIbHBIC PE3yIbTaThl HEBO3MOXKHO 03
JOTIOJTHUTENBHOW MH(OPMAIIUU O COBMECTHOM pAaCIpEesIeHUH U, B YaCTHOCTH,
00 YCIIOBHOM MAaTeMaTHUY€CKOM OKHUJAHWUU BBIXOJHOW MEPEeMEHHOW MO BXO/I-
HbIM. OHako Takas uHGOpMaIUs He 0053aTeNIbHO JTOJDKHA OBITh TPAJAUIIMOHHO
JNETEPMUHUPOBAHHOIO XapakTepa, KakK, CKaXeM, NPUHAAJIEKHOCTb HCKOMOM
bynkuuu M(Y/X) onpeneneHHOMY apaMETPUUECKOMY CEMENCTBY, TIAIKOCTh U
T. 1. [To00HbBIE anpUOPHBIE TUTIOTE3BI €/1Ba T 00OCHOBAHBI.
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BmecTo storo mpemsiaraercs MmoCTyiaupoBaTh (QyHKHUIO Y = u(x) =
M(Y/X)|x - » KaK peanuzaiiuio HeKoToporo ciydaitnoro nosst U(x). CoBMecTHOE
pacnpenenenue (X,Y) nomydaercs HajloxkeHueMm Ha u(x) Oemnoro myma E(x) c
M(E(x)) = 0 u D(E(x)) = ¢°(x). CTporo, IIOTHOCTh BEPOSTHOCTH f{x, V) COBMe-
CTHOT'O pachupe/ielIeHus] €CTh MPOU3BEICHNUE TNIOTHOCTH paclpeiesieHns abcIuc-
Chbl @(X) ¥ IJIOTHOCTH MIyMa @.(y) (TmocieaHsisl, Kak BUAHO U3 0003HAYEHUS, MO-
JKeT 3aBHCETh OT 3HAYEHHS a0CImCchl), T. €. flx, 1) = p(x) w(y), Tae Jp(x)dx = 1
u [w,(v)dy = 1 115 Beex x.

Teneps uccienyem 3azgady ONTUMAIBHOIO NPEACKA3aHUS CIIyYallHOM Be-
muuansabl Uy = U(xy), THHEWHOTO TO Ciy4YalWHbIM BenmuuuHaM Y = Y(xy), ¥, =
Y(x2), ..., ¥, = Y(x,). 3anuiem CTaTHCTUKY

U =YY, (1)

M HalJeM ci, Cs, ... C,, MUHAME3HpPYS KpuTepuit Q = M(Uy— UY’ = M(Uy —
YY)’ Umeem 8Q/0c; = M(Yr(Yci Y — Us)), oTkyma

Ser M(Y:Y) = M(Uy'Y). )

3ametumM, uto Y; = U; + E;, mosTOMy €ciid Bce ol = M(E,-z) > (), TO MaT-

puna c snemeHTamMu M(Y;Y;) MOJOKHUTENBHO ONpeNeNeHa, CIeI0BAaTEbHO, He-

BbIpOXkAeHa. Takum oOpaszom, pemenue CJIAY (2) Bcerna cyiiecTByeT U €uH-

cTBeHHO. [Ipu mpakTUyecKkux pacuerax cliydailHble BETUUYUHBI Y; B BHIPAXKCHUU
(1) cnemyeT 3aMEHUTH BHIOOPOYHBIMU 3HAYCHUSIMH ;.

[TporeMoHCTpHUpPYEM JTOCTOMHCTBA MPEITIOKEHHOTO METO/Ja C MOMOIIBIO
BBIYHMCIIUTEILHOTO JKCIEpUMEHTa. {1 3TOro CreHepupyeM peau3aiuio u(x)
(cranmonapHoro) ciydvaitHoro mporecca U(x), BbiOepeM ciydailHbIM 00pa3om
TOYKH X1, X2, ... X, HA 3aJ]aHHOM OTpe3Ke OCcH a0CIUCC, a 3aTEM IOTOYEYHO BOC-
CTAaHOBUM KPHBYIO u(X) TIO BBIOOPKE (X1, V1), (X2, 12), ... (X, ) C IOMOIIBIO TIA-
pamMeTpuuecKord UACHTU(HUKAINN U HOBBIM MeToAoM. [IpemmyiecTBa mocinen-
HEro Hayuio (puc. 2).

Heo06xoammo OTMETHTH, YTO XOTSI MAaTpUlLla CUCTEMBI (2) HEBBIPOXKIECHA,
npu OosbIIMX 00beMax BBIOOPKHM OHAa OKa3bIBaeTCs IUIOXO OOyclIOBIEHHOW. B
CBSI3U C 3TUM pa3pab0TaH HOBATOPCKHI METOJ pelIeHHs MOAOOHBIX CUCTEM ITy-
TE€M KBAa3MOPTOTOHAIU3ALUU, TPEBOCXOASIINNA CYIIECTBYIOIINE IO TOYHOCTH Ha
MHOT0 TTOpsiAKOB [10].

KoneuHo, mn4 onpenenenus cj, ¢, ... ¢, Heooxonumo 3HaTh M(Y;Y;). Ec-
JU TaKyr WHOOPMAIUIO HEJb3sl MOJYYUTh W3 BHECTATUCTHYECKUX COOOpaxe-
HUM (KaK 9TO OBLIO CAENIAaHO B BBIYMCIUTEILHOM IMPUMEPE), KOPPEISIUU MPU-
JIETCSl OTICHUBATH IO TOW K€ KOHEYHOU BhIOOpKEe. B obmiem cirydae atoro cre-
JaTh HEBO3MOXXHO. Pa3zyMHO, OJfHaKO, MOMYCTHTh HE3aBUCUMOCTH BTOPBIX MO-
MEHTOB OT Hayaja OTcYeTa (Y4TO PAaBHOCHIIBHO THUIIOTE3€ O CTAIMOHAPHOCTH
ciy4aiinoro mponecca U(x) B IIMPOKOM CMBICTIE ILTIOC TOXKAECTBO 6 (X) = 0° I
Bcex x). Torma xoppensuuu OyIyT 3aBUCETh TOJBKO OT MOJYJsSl Pa3HOCTH abc-
ITUCC, W JIJIS1 OTIMCAHMS BCEH CUCTEMBI IOCTATOYHO 3HATH

R(Ax) = M(U(x)-U(x + 4x)).
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2 T T T T T T T T T

1] 10 20 30 40 50 a0 10 a0 20 100

Puc. 2. CrinourHast nunust — rpaduk u(x), KpyKKH — dKCHEPUMEHTAIbHbIE TOYKHU IITPUX-
MyHKTUP — MapaMeTpUuecKas MHTEPIOJIALIMS MoJuHOMOM Jlarpanxa,
JKUPHBIA YHKTUP — UHTEPIOJISILIUSA HOBBIM METOIOM.

Ota GyHKIUS OTIMYAETCS OT COOTBETCTBYIOLIEH MM CIy4ailHOro Mmpo-
necca Y(X) OTCYTCTBHEM IHKa BBICOTHI o° B Hyse. MeTombl oneHuBaHus R(Ax)
(mpy HEKOTOPBIX MPEANOIOKEHUAX O IPUPOAE ciydarHoro npouecca U(x)) xo-
poio u3BecTHbl. OTHAKO OCHOBHBIMHU YCJIOBHSIMU Kau€CTBEHHOI'O OLICHUBAHUS
R(Ax) sBisieTcss HE TOJIBKO «TYCTOTa» TOYEK Ha ocu abcuucc (MOBBIIIEHUE UX
KOHLEHTpalMil Ha €UHUILY JUIMHBI BIIOJIHE €CTECTBEHHO MPU YBEIUYEHUU O0b-
eMa BBIOOPKH), HO U JIOCTATOYHO IIMPOKUH (110 CPAaBHEHHUIO C MHTEPBAJIOM KOp-
pensiiuu) pazdopoc 3Tux Touek nmo ocu. KoHeuHo, pa3Mep HHTepBaja KOppess-
nuu (T. €. paccTrosiHue Ax, Ipu KOTOpPOM 3HaueHue R(Ax) «OIu3Ko» K HYJIIO)
MOHO MOHUMATh PAa3JIUYHO, OJHAKO SCHO, YTO B MPUJIOKEHUSAX €1Ba JIM IPU-
JIETCSl CTAKMBAThCSA C CUJIBHO KOJEOINIONMICHCS PETYJISIPHONW COCTaBIISAIONICH;
CKOpee, OHa OKa)KeTCsl KyCKOM MOHOTOHHO Bo3pacTatoleil (yOpIBarolei), cier-
Ka M30THYTOM JMHUHU. JIpyruMH CJIOBamH, HKCIEPUMEHTAJIbHBIE TOUYKH OYIIyT
MOKPHIBaTh HE3HAUUTENbHBIN (B CPABHEHUU C MHTEPBAJIOM KOppPEISALMU) yya-
CTOK OCH a0CIIMCC U PACCUUTHIBATh Ha XOPOIIYIO OLIEHKY R(AX) HE cleayer.

WHTYUTUBHO $SCHO, YTO Ha MaJbIX OTpe3Kax Ax CBOMCTBa CIly4ailHOro
npolecca onpenenstorcs nopeaenueMm R(4x) Bonusu Hyns. Paccmorpum pyHK-
LU0

d(4x) = M(U(x + Ax) — U(x))*.
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[TocnenHss XOpoIo OLEHUBAETCA U MpU MajioM pa3zopoce Touek. Ecnu mporecc
U(x) cTaniuoHapeH B MIUPOKOM CMBICIIE, TO
d(4x) = M(U(x + Ax) — U(x))* =
= M(U(x + 4x))* + M(U(x))* — 2-M(U(x + 4x)- U(x))* =
= 2:R(0) — 2-R(4x),
OTKY/1a
R(4x) = R(0) — 0.5-d(4x).

CobcTBeHHO, TTpo0IeMa 3aKII0YaeTCs B HEBO3MOXKHOCTH O1leHUTh R(0) =
M(U(x))* mo KopoTKoii BbIGOpKe. OXHAKO OT 3TOr0 HEYyIOGHOTO MOCTOSHHOTO
cllaraéMoro MOKHO M30aBUTBHCS, OTKA3aBIIMCh OT O€3yCIOBHOW MUHUMHU3AINH
(O ¥ OrpaHMYMBLINCH CYOONITUMAIBHBIM CllydaeM C yciaoBueM y ¢; = 1 (kcraTw,
OOBIYHBIM JTsI HeTIapaMeTpUIecKux oreHokK). [Toctpoum dynkmuto Jlarpanxa:

L=MU— Zci'Yi)z +A(1—Xa)
[IepBoe cnaraeMoe nepenuieM Kak
MUy — Y cr Yi)z =M(Uydci— zci'Yi)z =
= M(Ter( Up— Y))’ = Yy crerM(Up— Y (Up— Yy) =
=0.5YY crcp(M(Uy — Y)° + M(Uy— Y;)> — M(Y; — Y))%).
O603HaUNM
Vi =M(Uy— Y’ + M(Uy— Y’ — M(Y; — Y))",
c=(c,cy ... cn)T, e=(1,1,... 1)T.
Torna, B BEKTOpPHOM BUJIE,
L=0.5¢c"Vec+A1(01—ce),
riae V' — cuMMeTpudHas KBaapaTHas MaTpuua c anemeHTamu V. Heobxonumoe
YCIIOBHE 3KCTpEMYyMa:
OL/Oc = V-c + Are i V-c = A-e. 3)

[Tockonbky V' ecThb KOppENALMOHHAS MATpUla JIMHEMHO HE3ABUCHUMBIX
ciaydaiHbix BenmunH Y; — Uy (i = 1, 2, ... n), TO OHA MOJIOKUTEIHHO OINpeee-
Ha. 13 3TOTO BBITEKAET, YTO, BO-TIEPBBIX, ) HEBBIPOKIAEHA U PEIICHUE CUCTEMBI
(3) Bcerna cymiecTByeT (M €IMHCTBEHHO) B BUJIE

c=2Ve,
BO-BTOPBIX, YTO yKa3aHHOE pEIIeHUE JEUCTBUTENIbHO €CTh TOYKa YCJIOBHOTO
muHEMyMa GyEKmun Q. 3ametuM, uto 1 = e’¢c = 1-e’- Ve, otkyna
A=1/e"VienQ=c"Ve=c"te=rc"e=1=1/k"V"e.

[Tpu mpakTUYECKUX pacueTrax MOKHO 00OUTHCH O6€3 00paIlieH!s MaTPHUIIbI
V, pemias BHavane cuctemy V-c = e (0e3 BCSIKOTo A), a 3aTeM HOPMHUPYSI € K ) ¢
= 1 nomHOXXeHHEM Ha 1/} ¢;. DIeMeHThI MaTPHUIIBI } TPOCTO BBIPAKAIOTCS Yepes
byHKIH0 d(A4X):

Vi=M(Uy— Y’ + M(Up— Y’ — M(Y; — Y))’
PaBHOCHJIBHO
Vi =2-d(xo—x)) + 2:0° u Vi = d(xg — x;) + d(xo — x;) — d(x;— x;) ecru i #}.

NMeHHO B TaKOM BHJI€ aJITOPUTM HCIIOJB30BANICS ISl CKATUsS (pailioB

pacTpoBoi rpaduKy.
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Hmepayuonnwiii npoyecc

[Ipennaraemsplii aITOPUTM NPEAHA3HAYEH U1 YMCIEHHOTO PEIIEHUS CUC-
TEM JINHEHHBIX allreOpandyeckux ypaBHEHUH 00IIero BUja:

all.xl +a12'.X2 +-.-+a1n.x :Cl

n

n

, wm A-x=c,

---------------------------------------------

a, X, +a,, x,+...+a, x,=c,

rne A= (al.j) — MaTpuIla pa3MepoM mXn, X U ¢ — BEKTOP-CTOJNOIBI, m HE
o0s3arenpbHO coBmamgaer ¢ n. O0o03HAUNM bl.j =a
bi,n+1

IIMPEHHON MAaTPUIIEH CUCTEMBbI) MU PACCMOTPUM CIICIYIONIYIO CUCTEMY ypaBHe-
HUWU:

, i=L...m, j=1,...n;

i

=c,, i =1,...m (Tak 4yTO MaTpuna B pa3mepoMm mx(n +1) ABJISIETCS pac-

by, +b,-y, +...+b, -y, +b1,n+1‘yn+1 =0

by -y, +by -y, +~°-+b2n'yn+b2,n+1'yn+1 =0
] , wm B-y=0.

b, vw+b,, y,+...+b, -y +b

m,n+1 ) y n+l =
Ecnu nocnenusis OyAeT pelieHa OTHOCUTENBHO V', TO (4aCTHOE) pEeIICHHE
CHUCTEMBI A - X = ¢ MOXHO HAWTH Kak

y.
X, =———,i=1...m
yn+l
PaBenctBo B-y=0 O3HayaeT OPTOrOHAJIBHOCTH BEKTOpA

T 7 .
yz(yl,yz,...yn,ym) Kaxaomy us b, :(bil,bl.z,...bm,bl.’,m) , i=1,...m.
UToOBI yIOBICTBOPUTH 3TOMY YCIOBHIO, UCIIOIB3YETCS IIeTOYKa Ipeodpa3oBa-

HUU TUIIA
T
, v -u
u=u——
\VRERY

.v’
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10CJIe Yero u' OPTOTOHAJCH K V H H u'HSHuH (mo EBkmumoBoit Hopme). Bo3b-

o T
MeM Mpou3BONIBHEIH BekTop y'* = (yl(o), y L9, yfﬁ)l) 3a OTIPABHYIO TOUKY
(HauanpHOE MpubIIKeHue). Toraa
. . bl -yt
-1 .
y =yt L - b, i=1...m, (1)
b, -b,

npu4eM H y('”)H SH y(’"_”HS SH y(l)HSH y(O)H. bonee Toro, cTporo BBINOJHSAET-

0) _

s H y(m)H -<H y@|, Tak xax B mpoTuBHOM ciydae yxe B-y'” =0. Iocnennee

HEPaBEHCTBO O3HAYAeT MOCTOSHHOE yMeHbIIeHne nmpoeknnu y") Ha nuHeiiHOE
HIOJIITPOCTPAHCTBO, MOPOXKICHHOE CTPOKAMU MATPHIIBI B, UYTO CBHIETEIIBCTBYET
B 10113y cxoxumocTu y") K pereHuio.

Bo3HuKaeT ecTeCTBEHHBIN BONPOC: MOYEMY K€ CTOJIb MPO3PAYHAS UTEPA-
TUBHAsl MPOIleaypa 10 cUX Mop He BocTpeOdoBaHa [1]? BeposiTHee Bcero, ee OT-
BEPIJIN 10 PUYMHE HEJOIYCTUMO HU3KOM CKOPOCTH CXOAMMOCTH. Kak mokasbl-
BAIOT 3KcriepuMeHTsl Ha LIBM, B unciieHHOW peanu3anuu (TO €CTh IPU OrpaHU-
YEHHOMN pa3psAIHON CeTKe) NI MI0X000YCIOBIHHBIX MaTPULl CXOAUMOCTH Tpe-
KpallaeTcsi BOBCE HA PACCTOSIHUAX, HA JIECATKH MOPSAKOB MPEBBIIIAIONIMX Ma-
IIMHHYIO TOYHOCTb.

ABTOpY yAanoch MOJHOCTBIO CHATH JaHHYIO mpoOsiemy Onaromapsi opu-
THHAIBHBIM TPEABAPUTENIbHBIM MPE0OpPa30BaHUSIM MaTpUllbl B, Ha3BaHHBIM
IICEBIOOPTOTOHAIU3AIUEN.

Ilpeosapumenvhasa ncesdoopmozonanusayus

Htak, CXOIUMOCTh MOKHO MHOTOKPAaTHO YCKOPHUTh, IPOBEAS HEKOTOPHIE
npeaBapuTenbHble Mpeodpa3oBanust MaTpullbl B . ONBITHBIM IyTEM YCTaHOBJIE-
HO, YTO XOPOULIEN MEPOU PETYIIIPHOCTH MATPHULIBI CIIYKUT

\Jdet(B-B")

[Tkl

TO €CTh OTHOLICHHE 00bEeMa HAKIOHHOIO Napajliesenunesa, IoCTPOSHHOIo Ha
BEKTOpax b,,b,,...b, , 1 IPOU3BENECHUS UX JUINH. DTO OTHOIICHNE PAaBHO €INHU-

b

ue, ecnu b;,b,,...b, nomapHo-oproroHaabHbl. B Takom ciydae (1) mocratouHo

npoJaciaTtb BCECTo OAWH pas.
3Ha‘II/IT, YHOMHHYTBIfI mapajuICJICIIUIIC] CICAYCT CACIAaTb «HACTOJIBKO

MPSIMOYTOJBHBIM, HACKOJIBKO BO3MOXKHO». O1HaKo Gopmyia
T
, vi-u
u' =u-—
T
vy

-V
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HEMPUroAHa JIJIsl MAIIMHHOTO CYETa, MOCKOJIbKY M3-3a OIIMOOK OKPYIJICHHS IO-
POXIEHHOE CTPOKAMH IPeoOpa30oBaHHOM MaTpHIlbl B’ JTHHEHHOE MOAMPOCTPaH-
CTBO MOXET HE COBMNACTh C MCXOAHBIM JIMHEMHBIM MOANPOCTPAHCTBOM, MOPOXK-
JEHHBIM CTPOKaMU B, puyeM Jaxke 1o pazMepHOCTU. COOTBETCTBEHHO, pelle-
HHE HOBOW cucTeMbl B'-y =0 He OyneT UMETh HUYEro OOIIEro C PelicHUEM

cucteMbl B-y =0. HecomHeHHO, (paHTaCTUUECKUE PE3YJIbTaThl B YETHIPEX Ipa-

BBIX CTOJ'I6IIaX HpI/IBC,Z[CHHOI;'I HUKC Ta6J'II/II_IBI IMPOUCTCKAIOT MMCHHO M3 3TOTO

dakra.

T
U

CYTB IICCBAOOPTOrOHAIU3alINN COCTOUT B 3aMCHC BCIIMYMHBI omu-

T
vy

YKAWIIUM LEJIbIM YUCIOM, WIH «KECTKOW» OPTOTOHAIM3ALMNU Ha «MITKYHO». B
camMoMm Jiene, eciu Ko PHUIMEHThI UCXOTHOW MaTPHUIhl B 3a/laHbl B TTO3UIIHOH-
HOM TMPEJICTaBICHUM C KOHEUHOM pa3psAHOCThI0O M (PUKCUPOBAHHOM TOUKOH,
YKa3aHHOE JTMHEWUHOE MOAIPOCTPAHCTBO MHBAPUAHTHO OTHOCUTEIBHO
u'=u—=k-v, (2)
rie u ¥ v — BEKTOpbl U3 MHoOxecTtBa b,,b,,...b, , k — Omwxaiimee nenoe
T

urcno Juisi ——— . IlceBrooproronanusanuto (2) xenareabHo IPUMEHUTh MaK-
vy
v 1
CUMAIIbHO BO3MOXKHOE YHCIIO pa3, TO €CTh IOKA He OKaKeTCs |——— < — JuIs
vy

JTH0OBIX ABYX BEKTOPOB U3 b,,b,,...b , XOTS Jaxke HECKOJIBKO TaKUX IpeoOpas3o-

BaHUH CYIIECTBEHHO YJIyUIIafOT CXOJIUMOCTb.

O6 >ddexTuBHOCTH TpeIaraeMoro ajlropuTMa CBUACTEIBCTBYIOT pe-
3yJbTaThl BEIYUCIUTEIHLHOTO SKCIIEPUMEHTA, B KOTOPOM POJIb A UTpaja MaTpu-
na 'mnsbepra pasmeproctr 30x30 (det A =107, condA ~10"). CpaBHeHHe
HAWJCHHOTO BEKTOP-CTOJIONA X C PEIICHUSIMH, TOJYYCHHBIMH IMOCPEACTBOM
HauOoJsiee BocTpeOoBaHHBIX MaTemaTudyeckux maketoB (MathCAD 2000 u Ma-
ple 6), 1aét BecbMa BIEUATIISAIONIEE MPEACTABICHUE O MPEUMYIIECTBAX HOBOTO
anroputMma (cM. Tabm. 1).

/oobaenenusn

1. OTpIcKaHKE NEPCIEKTUBHBIX HA MICEBAOOPTOTOHAIM3ALMIO TIap (TO €CTh

T
v o

1 . .
C - —) JJIA OONBIINX MaTpul ABJICTCA TPYAOCMKOU 3a/1a4CU, U CABA JIU

T
vy

aBTOPY IPUHAIEKUT €€ CAMOE U3SILIHOE PELICHUE.

2. IlpenBaputenbHOE NPUBEACHUE MATPULIBI B K PETYISPHOMY BUIY J0-
mycKaeT 0oJiee COBEpIIEHHBIE MOIU(DUKAIINN, KOTOPBIE MOYKHO HA3BaTh MCEBJIO-
OpTOrOHANIM3ALMEN BTOPOTO, TPEThErO, YETBEPTOro U T. A. nopsakoB (Tperuii

1778



Cexyus 6. LHugpposas obpabomxa cuernanos

cieBa CcToj0el] TaOIHIIbl BRIUUCICH UMEHHO TakUM criocobom). OmHako ux 00-
CY>XJICHUE BBIXOJIUT 32 PAMKH JIaHHOU paOOTHI.

3. ABTOp HaAEETCs, YTO NPEMAJIOKEHHBI YHUBEPCAJIbHBIA UTEPAMOHHBIN
QITOPUTM, PAaBHO KaK W HJEs ICEBAOOPTOTOHAIM3ALMU, HAUAET MHOYKECTBO
WHBIX PUMEHEHUN B BEIYMCIMTEIHHON JIMHEHHOM anredpe.

Tabnuua 1.
Perrenust, HaliieHHbIE pa3HBIME METOJaMH

Homep | Hcrumnoe MathCAD-2000 Maple 6

KoMIlo- | pemenue | HOBBIH ai-

HEHTEI TOPUTM oOpareHne (hyHKIUSA ¢ynkmusa Lin- | QR-paznoxenne

MATPHUIIBI Isolve earSolve
1 1.000000 1.00000000 -5.035 1.000000 0.99998 1.00000848
2 2.000000 2.00000001 140.727 1.999762 2.00330 1.99855512
3 3.000000 3.00000001 -1000.274 3.016537 2.81516 3.06059784
4 4.000000 3.99999999 4006.458 3.585677 8.14393 2.91429430
5 5.000000 | 4.99999999 | -11956.639 10.135048 -42.58471 15.20837200
6 6.000000 6.00000000 | 27505.883 -30.228144 320.81675 -48.99380269
7 7.000000 6.99999999 | -38167.813 162.744647 | -1262.37255 | 178.92054602
8 8.000000 7.99999999 3121.844 -412.285769 3176.38709 | -274.16488537
9 9.000000 8.99999999 | 110926.750 735.925430 | -4794.47545 | 117.64651438
10 10.000000 9.99999999 | -271563.047 -894.951651 4267.35021 365.56137234
11 11.000000 | 11.00000000 | 398594.594 1236.641879 | -2409.21241 | -379.81788947
12 12.000000 | 12.00000000 | -438823.531 -2032.021062 1365.30029 | -229.31150415
13 13.000000 | 13.00000001 | 393166.625 2517.421662 185.70192 | 396.51096020
14 14.000000 | 14.00000001 | -295303.164 -1716.315868 -566.69381 83.44113307
15 15.000000 | 15.00000000 | 184704.031 995.950127 | -2207.28621 | 287.91099920
16 16.000000 | 16.00000000 | -83739.688 -962.202276 -446.89458 | -629.09072579
17 17.000000 | 17.00000001 15103.094 295.799163 4237.02149 -60.85880812
18 18.000000 | 18.00000001 260.063 767.063273 7318.61041 266.27846453
19 19.000000 | 19.00000001 8094.625 -727.999767 | -12588.39937 321.18815575
20 20.000000 | 20.00000001 422.188 632.815780 | -1340.70520 -70.75530883
21 21.000000 | 21.00000000 -9139.250 -822.262163 40.75114 | -241.23421148
22 22.000000 | 22.00000000 4579.813 792.651114 6457.09161 212.37106401
23 23.000000 | 23.00000000 -1968.656 107.443537 6953.38589 170.05406704
24 24.000000 | 24.00000004 409.875 -1342.118827 -2986.32280 | -438.37639553
25 25.000000 | 25.00000000 1740.125 1224.224675 | -15636.21156 -33.44779244
26 26.000000 | 26.00000001 -887.469 -476.297244 8728.30918 | 436.02449217
27 27.000000 | 26.99999999 3608.375 2048.299120 2173.43993 | 388.77559259
28 28.000000 | 28.00000003 -6419.688 -3432.773793 3997.12196 | -757.68346207
29 29.000000 | 28.99999999 3941.063 2250.005517 -6597.33339 | 393.43751572
30 30.000000 | 30.00000001 -714.000 -472.266384 2108.24174 -13.56791344
Jumepamypa

1. I'ony6 /[c., Ban Jloyn Y. Matpuunsble Beunciaenus.— M.: Mup, 1999.
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YK 621.396.965

ABTOMATHU3AIIUS OBPABOTKH U30BPAKEHU B
CPEJE MATLAB

Hanuu O. U., Tymeieun B. C.

Canxm-Ilemepbypackuii 20cy0apcmeeHbill NOAUMeXHU4eCKUll
yuugepcumem, Canxm-Ilemepbype,
e-mail:OlgaPP@yandex.ru

[Tomasnsiromast yacTh uHMOpPMAIUU 00 OKpYKAIOIIEM MUPE MOCTYIAET B
MO3T 110 3pUTEIHHOMY KaHaly, MO3TOMY 00paboTKa M300pakeHHI MPOa0IKaeT
BBI3BIBATh OOJIBIION MHTEpEC (PU3UKOB, aCTPOHOMOB, METEOPOJIOTOB, PAIUOUH-
KEHEpPOB, T€0JIOTOB, KapTorpados, CHEIHAIMCTOB MO JUCTAHIUOHHOMY 30HIU-
POBAaHUIO TPHUPOJHBIX PECYPCOB M KOCMHUYECKHM HCCIEIOBAaHUSM, OMOJIOTOB,
MEMKOB, KpUMHUHAJIUCTOB | T. 1.

B nacrosimee Bpemsi n300pakeHus1, TOJTYYEHHBIE C MOMOIIBIO0 BUIACOKA-
MEp Hapy>KHOTO HAOIO/IEHUS, SBISIOTCS BAXKHBIM DJIEMEHTOM JOKYMEHTAIBHOM
0a3bl IpH paccie0BaHUN MPECTYIUICHUH.

st uaeHTugUKaIuKU JIOACH Ha ATUX U300paXKeHUsIX He0OXOAUMO BBICO-
KO€ KayeCTBO U300paKEeHUSI.

Opnako, TpedyeMoe KauecTBO 3a4acTy0 HE MOXKET ObITh 00€CIeueHo Mo
CJIEYIOIMM OCHOBHBIM MPUYUHAM:

— IJIOXOE OCBEIICHHUE BO BPEMSI ChEMKU;

— 0oJIbIIIOE PacCTOSTHUE OT KaMephl 10 00BEKTa;

— TIOMEXH, BbI3BaHHBIC aTMOC(HEPHBIMH OCaIKAMH;

— JIBIDKEHHUE 00BEKTa BO BPEMsI SKCIIO3HIIHH.

OT1r (PaKTOPHI BHI3BIBAIOT MOSBICHUE CICIYIONNX UCKAKEHUH:

— HU3Kas KOHTPACTHOCTH;

— HEI0CTAaTOYHasl PE3KOCTh;

— 3aIIyMJICHHOCTH;

— OJIOpUHT (Pa3MBITOCTB).

[To 3TUM npUYMHAM 3a4aCTyI0 UACHTU(DUKALMS JII0Ae Ha U300paKeHUSX,
MOJIYYEHHBIX C TTOMOIIBIO BUJIEOKaMEp HapyHOTO HAOJIIOJCHUS, HEBO3MOXKHA
0e3 yJydllleHus KauecTBa H300paKeHu M.

st oOpaboTku M300paXkeHU B MPOCTPAHCTBEHHOM 001acTH HamOOIb-
niee pacpoOCTPAHEHHUE TOJIYYUIN METOABI MSITH KIaccoB[3]:

1) MeTOoIbI pacTsiKeHUS,

2) TUCTOTPAMMHBIE METO/IbI;

3) paHrOBbIE METO/IbL;

4) pa3HOCTHBIE METO/IbL;

5) MeToabI MpeoOpa3oBaHus JOKATBHBIX KOHTPACTOB.
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Pa3paboTanHbie METO/IbI YIIYUIIIEHUS KAYECTBA U300PKEHUI OCHOBAHKI Ha
pe3yiibTatax (PyHIaMeHTaIbHbBIX UCCIIEIOBAaHUN CBOMCTB 3pEHUSI.

OCHOBHOE CBOWCTBO 3pEHHUSI UYEJIOBEKa — 3TO €ro CHOCOOHOCTh MOJ-
CTpauBaThCs B MIMPOKHUX MpeJiesaX K YCIOBHUSIM OCBEIIEHHOCTU. Mbl CITIOCOOHBI
BUJIETh IPEAMETHI B YCIOBUSIX U3MEHEHHUS OCBELIEHHOCTH Ha JAEBITH NOPSIIAKOB,
a Halla CrOCOOHOCTh PearupoBaTh OJHOBPEMEHHO Ha SPKOCTh TOW WM MHOU
CLICHBI, PA3JIMYAIOLINECS IO BEJIMYMHE Ha TpU nopsaaka. llomumo amanranuu
YYBCTBUTEIHHOCTH B CAaMOW ceTYaTKe KOJAMPOBAaHHASA BU3yalibHAsA WHMOpMAIus,
repeaBaeMasi 1o 3pUTENbHOMY HEPBY B MO3I, NOACTPAMBAETCS K HEKOTOPBIM
XapaKTEPUCTHKAM CLIEHBI, KOTOPbIE OCTAXOTCS MOYTH HEU3MEHHBIMU BO BpeMe-
Hu [1].

JIist XapaKTepUCTUKHN 3PUTEIBHOTO BOCHPHATHS OOBIYHO TOJB3YIOTCS
ncuxodusnyeckum 3akoHOM Bebepa—DexHepa, KOTOPBIA B HHTErPaIbHOUM (op-
M€ ONpeIENsIeTCs CIEeIYIOIUM 00pa3oM.

[Ipupamienue ourymieHUsT MPOMOPIUOHATIBHO Jorapudmy OTHOIICHUS
BHEIIIHUX CTUMYJIOB MPU YCJIOBUU MOJTHOM afanTaiyu B JIF0OOM coctossHuu. [loa
BHEIIHUM CTHUMYJIOM IIOHMMAETCsl HEKOTOPAsl SHEPreTUYeCcKasi XapaKkTepUCTUKa
B; ceeroBoro usiydenus. IIpy n3MeHEHNH BHEIIHErO CTUMYJIA [0 BEJIUYMHEI B,
corjacHo 3akoHy Bebepa-DexHepa, BOSHUKAET IPUPAILEHUE OIIYIICHUS:

B,

Sji:Z*logBTi, (1)
rae y, — K03 UIMEHT 3aBUCSAIINN OT criocoba perucTpaiuy OUlyleHus, KOH-
KpPETHOTO (hU3HOJTOTUYECKOTO 00BbEKTa M BEIOOpa OCHOBaHUs Jorapuhmos [4].

B. ®. Hectepyk u H. H. IlopdupseBa npemsioxkumim KOHTPACTHBIA 3aKOH
BOCIIPHSATHS CBETA, B KOTOPOM yUTEHBI HeIoCcTaTKu 3akoHa Bebepa—Dexuepa

I -1y
oc=—_ "0 , (2)

2y 2y
I +1,
1€ O — NPUBEIACHHBIA LHEHTPUPOBAHHBIM CUTHAJ OIIyIICHUSA; [ ¥ WHTEH-
CHUBHOCTh BHEIITHEIO CBETOBOI'O BO3JICHCTBUS, 1027 — MHTEHCUBHOCTEL CBETOBOI'O

BO3JICHCTBUSI ONPENENIoNias COCTOSHUE aJanTaluu; y— MapamMeTp, XapakTe-
pU3MpPYIOLIUN (PU3NOJIOTUYECKUE CBOWCTBA OMOIOIMYECKOTr0 BUAA HA 33JaHHOM
YPOBHE 3PUTEIIBHON CUCTEMBI.

Bripaxkenne (2) siBasieTcss KOHTPACTOM BHEUIHUX JCHCTBUM MO OTHOIIIE-
HUIO K YPOBHIO HayaJbHOW ajanranuu. KOHTpacTHBINA 3aKOH BOCIIPUSITHUS CBETA,
npemioxeHusii B. @. Hectepykom u H. H. [TopdupreBoii, Bkitouaer B ceds
3akoH BebOepa-DexHepa Kak nepBoe npudiImKeHue. [S]

Bripaxxenue (2) xapakTepusyeTcss OrpaHUYEHHOCThIO U3MEHEHUS! KOHTpa-
cta Ha npoMexyTke [0, 1] u 6e3rpaHuYHBIM KOJIUYECTBOM YCIOBUN JOCTHKEHUS
€ro MakCUMyMa.

C nenbio ycTpaHEeHUsI MHOTO3HAYHOCTH YCJIOBH, IPU KOTOPBIX JOCTUTA-
€TCsl MAaKCUMAaJIbHOE 3HAUY€HHE KOHTPACTa, HEPABHONMPABHOCTU BIIUAHUS SIPKO-
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cteit Ha koHTpacT, P.A.Bopobenb npeaoxui TUHEMHOE ONMUCAHUE JIOKATbHBIX
KOHTpPacToB[3]:

L —-L
C=—"rr (3)
LMAX
rne  L,L, — BenuuumHBI  SPKOCTEH  DJIIEMEHTOB  HM300paKEHM,

L,L, e [O,LMAX ]; LMAX — MakcuUMallbHOE 3HAa4YEHHE BEIMYHUHBI SPKOCTH

AJIIEMEHTOB U300paKeHUsI.

Oco00€HHOCTBH ATOTO BBIPAKEHHUSI COCTOUT B TOM, YTO OHO OOECIIEUMBAET
MaKCHUMaJIbHOE 3HAYEHUE JIOKAJIBHOTO KOHTpAcTa TOJIBKO B TOM Cilyyae, Korja
OJIHa U3 SPKOCTEH MMEET MMUHMMAJIBHO BO3MOKHOE 3HA4Y€HHE, a JIpyras - Mak-
CUMAaJIbHOE.

CyObeKTUBHOE BOCIIPHUITHE H300paKEHUS YEIIOBEKOM 3aBUCHUT OT [3]:

— cpenHeapuMeTHIeCKOro 3HaYeHHe sipkoctei LQ ;

— TOJIHOTHI UCIIOJIb30BaHUA rpasaunid apkocrei KQ;

— pe3kocTu uzoopaxkenus RO;

— o00o06mmenHoro kourpacta Cneg;

— YPOBHS aJanTalyy MO SPKOCTU 3pUTEIBHON CHCTEMBbI YEJIOBEKa;

— JUCHEPCUHU SIPKOCTEM.

Kpome Toro, x 0ObEKTUBHBIM KOJIMYECTBEHHBIM IOKa3aTEIsIM KauecTBa
n300paxeHut otHocAtes [3]:

Cpenansisi pa3HOCTb

PHINCSIE ?(m)]/
AD = "=l (M*N)a

rae f(x,y), f(x,y) — UCXOaHBIN 1 00pabOTaHHBIN BHICOCUTHAIL.

=

HopmupoBannast koppensiius

S f(x)* f(xy)
NK =+ L ).
pRINESD)
KauecTBO KOppensuun
M f(x)* f (%)

CQ — x=1y=1

S ()

=1 y=1

=

MakcuManbHast pa3HOCTb
MD = max/{|/(x, v) ~ 7 (x, ).

BepHocTb n300paxenus
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S ren-Feen]

I[F=1-| = . )
22 [fGy)]
x=1 y=1

CpeI[HeKBaI[paTI/I‘IHaH JarjraCuaHOBa IOTPCITHOCTDb
M-1N-1 ~
> >0t} -0l 7]
LMSE = =222 .
22 [ol/eni]

x=2 y=2

e O{f(x, )} = f(x+1L,y)+ f(x=Ly)+ f(,y+ D)+ f(r,y =) —d* f(x,1);
CpennekBaapaTuyHas HOFpeHIHOCTL

MSE = —ZZ[ﬂx »-T@n] .
x=1 y=1
MakcuManbHas Cpe,I[HeKBaI[paTI/IIIHaH IMOTPCUIHOCTD

pMSE—_zz[ﬂx »-Fay] /[max{f)]

x=1 y=1
HopmupoBannas a6COJ'IIOTHa$I HOFpeH_IHOCTB

NAE = ZZ

x=1 y=1 x=1 y=1
HOpMI/IpOBaHHaﬂ CPCOAHCKBAApAaTUIHAA ITOTI'PCITHOCTD

Y[ s -Tan]
NMSE = =1 =1 2 —1-IF.

Hopma L, (MUHKOBCKOTO)

{ ZZ‘f(x » -1, y)‘ } , p=123..

x=1 y=1
OTHOIIeHHE CUTHAT / IIyM

SNR = 10*1g(ZZ[f(x,y)]2] /XY ren-Ten]

x=1 y=1 x=1 y=l

MakcuMyM OTHOIIEHHS CUTHAI / IITyM
M N

[max { /e ) T
PSNR =10*1g——-2=

22 [/en-Twn] |

x=1 y=1

=z|.
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AHanUTUYECKUE BBIPAKEHUSI BEJIIMYUH, OT KOTOPBIX 3aBUCUT CyOBbEKTHUB-
HOE€ BOCTIPUATHE N300paKeHHsI YeTIoBeKOM [3]:
YPOBEHb aJIallTalliH 10 IPKOCTH 3PUTEIILHOM CUCTEMBI uenoBeka LQ:

L-LMAX /2

M
LMAX /2
MOJIHOTA MCTOJIb30BaHUs Tpajaui sprkoctet KQ :

S
KQO=——;
Q LMAX

OLIEHKA pe3KOCTU U300pakeHUs RQ;
RO =RO/LMAX
06061enHbiit kourpact C,,;
17 - -
Coon =—_[ 2(L-L)+ LMAX —|2(L—-L)—LMAX| |e H(L)dL.
2LMAX +
MynbTUIUIMKATUBHBI HMHTEIPAJIBHBIA KPUTEPUN Ui KOJMYECTBEHHOU
OLICHKM BU3YaJIbHOTO KayeCTBa MOJyTOHOBBIX MOHOXPOMHBIX M300pakeHH 3a-
MHUCHIBAIOT Tak [3]:

LO=1-

Q=k*Cp, *LO*KQ*RQ. 4)

MynbTUIUIMKATUBHBIA UHTETPAIbHBIN KPUTEPH ObLT UCIOIB30BAaH HAMH
npu pa3zpaboTKe IpOrpaMMbl ONTHUMM3ALMU [0 MSTH NapaMeTpaM ¢ OrpaHuye-
HUsIMU MeToAoM ['aycca-3enend.

Hamu n3yuanack BO3BMOXHOCTh aBTOMAaTU3alMK MPOLEcca MOUCKa METoAa
00pabOTKM M TapaMeTpPOB METOJla It OBICTPOrO MOJYYEHUS] MAKCUMaJIbHOIO
addekra ynydieHus: KauecTBa n300paKEHUM.

B pesynbraTe ananuza pe3yinbTaToB 00pabOTKH pa3IMYHBIX U300paKeHH
HaMU OBLIO YCTAHOBJIEHO, YTO MPHU BbIOOpE MeTOo/1a 00padOTKHU, TapaMeTpoOB Me-
TO/Aa U pa3OueHus n300pakeHust Ha ParMeHThI MMOJIE3HO YUUTHIBATH CTATUCTH-
YECKUE XapaKTEPUCTUKH N300PaKEHUSI, @ IMEHHO: MOMEHTHI IIEPBOT0, BTOPOTO,
TPETHETO U YETBEPTOrO MOPAJKOB, T. €. MAaTEMaTUYECKOE OXXHUJIAHHE, TUCIIEp-
CHI0, [T0KA3aTeNIb CKOLIEHHOCTH PacIpeAesICeHNs U KCLEecC (MIM KOHTPIKCLECC).
B wyacTHOCTH, NpUM NPUMEHEHHWHU METOJA TaMMa-KOPPEKIUHU IS YIy4lICHUS
n300pakeHus dHPEeKT yaydieHns KauecTBa N300pakeHHsI BO3MOXKEH TOJIBKO B
TOM cllydae, eciau HopmupoBanHoe 3HadeHne CKO umcxomnoro mzoOpakeHus
Haxoautcs B mpeaenax ot 0.2 go 0.4, a B pe3ysbrare o0paboTKu OH OyJeT mo-
BBIIIEH 70 YpoBHA OT 0.5 10 0.7.

OddexT ynaydieHus kauecTBa ¢pparMeHTa H300pakeHus: C MIOMOIIBI0 Me-
TOJ/Ia TaMMa-KOPPEKLIUU U TpeijlaraeMoi METOJUKH BbIOOpa apaMeTpoB UILITIO-
ctpupyercs Ha puc.l u 2. Ha puc. 1 nmoka3zan UCXOJHbIH, a Ha puc. 2- 0O6pado-
TaHHBIN (parMeHT u300paxeHus. 31ech 00paboTKe MOJIBEprajioch HE BCE U30-
OpaxxeHue, a TOJIbKO ero (hparMeHT, TaK Kak U300pakeHHe B 1I€JIOM HE OTBEYAET
c(hOpMyYTUPOBAHHOMY BBIIIE KPUTEPHIO.
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Puc. 1. Puc. 2.

@®yHKIUSA, KOTOpask UCIOJIb3yeTCsl NMpu ramma-koppekuuu B MATLAB,
UMeeT BUJ:

J=imadjust(I, [low_in, high_in], [low_out,high_out], gamma)

[TapameTrpamu, KoTOpble HamOoOJee CYIIECTBEHHO BIMSIOT HAa KayeCTBO
00paboTku,  sBISIOTCS  low in, high in wu gamma. ®yHKuU
J=imadjust(I,[low_in, high in], [low_out,high out], gamma) co3maet moxyro-
HOBOE M300pakeHue J myTeM KOHTPACTHUPOBAHUS HCXOJHOTO IOJYyTOHOBOTO
n3o0paxenus [. 3HaueHus spkocTu B auama3one [low in, high in] nmpeoOpa3y-
I0TCS B 3HAYCHUS SPKOCTH B Auamna3zoHe [low outhigh out]. [Tapamerp gamma
onpenensier (GopMy KpUBOM XapaKTEPUCTHKM Nepeadyn ypoBHel sipkoctu. Hau-
ay4mre 3HaueHus low_in u high in, xak moka3anu uccieoBaHMs, MOTYT OBITh
BBIYMCIIEHBl ABTOMATUYECKM B TNPOrpaMMe CTaTUCTHYECKOW 0O0pabOTKH:
low_in=(sr_znl-SKO 1)/255, high in =(sr_znl+SKO 1)/255, rne sr znl —
cpenHee apuMeTHUecKoe 3HAYEHUE JJIEMEHTOB HCXOJHOro MaccuBa |,
SKO I — CKO maccuBa [ Dd ekt cymecTBeHHOro yaydllleHUs] XOPOIIo 3aMe-
TeH Bu3yasbHO. [louck mytem mpocTtoro nepedopa APYrux BO3MOKHBIX 3Haye-
HUW TapaMeTpoB, MOKa3all, YTO OOJIBIIEro YIYUIICHHUS] 3TUM METOJOM JIOCTHUYb
ObU10 Henb3s. Kpome Toro (akT cyliecTBeHHOro yiydilleHUs Toka3zareneil Ka-
YyecTBa OBLT MOATBEPIKICH C MUCIOJIb30BaHMEM O00OOIIEHHOTO MOKa3aTes Kaye-
CTBa, MPEJJI0KEHHOTO B [5].

OnHako, TakKUM 00pa3oM MOXKHO HalTH OJIM3KUMHU K HaWIYUIIMM TOJBKO
JIBa rapamerpa u3 MaTH. [ aBTOMaTH4ecKoro NovucKa HauIy4IIMX 3HAYCHHM
BCEX IIATU ITapaMeTPOB, HAaMH ObljIa pa3paboTaHa MporpaMmMa ONTUMHU3ALUH, KO-
TOpast BBIIIOJIHSIET TaKXKe U caMy 00pabOTKy M300pa)K€HUsl MOJHOCThIO aBTOMa-
Thyecku. B kadecTBe 1eneBOoll (yHKUMHU MBI UCHOJB30BAIM KOJIWYECTBEHHBIN
IIOKa3aTelb KauecTBa, KOTOphI npeanoxun Kypasens 1. M. B [ 3].

OCHOBHOI ()parMeHT MpOrpaMMbl ONTHUMHU3ALUU NPUBEJIEHA B MPUIIOXKE-
Huu 1.

[Tpumepsl ucxogHOTO U 00pabOTaHHOTO M300paKEHUI MPAKTUYECKH Ta-
KM€ e, KaKk Ha puc.l u 2, MO3TOMY OHU HE PUBE/ICHBI.

Hamu u3ydanace Takke BO3MOKHOCTh aBTOMAaTHYECKOIrO BbIOOpa mapa-
METPOB JIJIi METOJIa BBHIPABHUBAHMSI TMCTOTPAMMBI. J[Jisi ynydilleHHs KadecTBa
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U300pakeHUs METOAOM BblpaBHUBaHMS ructorpamMmel B MATLAB npenycMoT-
pEHBbI JIBe PYHKIUU:

J=histeq(I,hgram); J=histeq(l,[n]),

rae hgram — BekTOp 00pa3IoBOM THCTOrPAaMMbI U300paKEHUS, KOTOpas HC-
MOJIB3YETCS KaK 3TaJOHHAS MPU 00pabOTKe; N — KOJUYECTBO CTOJIOIOB BHIPOB-
HEHHOU TMCTOTPAMMBI.

[TapameTpamu, 3agaBaeMbIMU TP O00OpabOTKE METOJOM BBIPABHHBAHUS
TUCTOTPAMMBI, SIBJISIFOTCSI KOJIMYECTBO CTOJIOIOB U (popma pacmpezesieHus: oopa-
OOTaHHOTO U300PAKEHHUS.

[Tpu ncmonp30BaHUN METO/Ia BBIPABHUBAHUS TUCTOTPAMMBbI U300PaKCHHUSI
HanOoJiee BaXKHbIM CTATUCTHYECKUM IMOKA3aTEIEeM MCXOJIHOTO U300paxKeHus siB-
JSIETCS KOHTPIKCIECC, TTOCKOJIIbKY MMEHHO OH XapaKTepU3yeT CTeNeHb OCTpO-
BEPIIMHHOCTU (TIJIOCKOBEPIIMHHOCTH) paclpeeieHus] IPKOCTEN MUKCENIoB, CO-
CTaBJISIONIUX U300pakeHue. bBbulo ycTaHOBIEHO, 4TO d(PQPEKT yaydileHus u3o-
OpakeHusT METOJIOM BBIPABHMBAHHUSI TMCTOTPAMMBI OyJE€T MaKCHMaJI€H B TOM
cllydae, €ClIM pacHpelesieHue SIPKOCTeH MUKCEIOB B HMCXOJHOM H300paKeHUH
octpoBepirHHOE. [IpakTuyeckuii kpurepuit BeIOOpa dpparmMenTa Jijisi o0paboTKu
JOJIKEH OBITh TAaKUM, YTOOBI KOHTPAKCIIECC IS HCXOAHOTO M300paKeHUs HaXo-
nuicst B mpeaenax ot 0.3 mo 0.6, a oopadbotanHOro — okoJio 0.75, yto OosbIie
COOTBETCTBYET PAaBHOMEPHOMY PACHPEIECICHUI0. DTO HE BIOJIHE COTJIACYETCS C
JTAHHBIMH, TIOJYYEHHBIMU JAPYTrUMHU aBTOpamu. COTJIacHO JaHHBIM, MPUBEICH-
HbIM B [5], onTumanibHast ¢opma pacnpeneneHus 1jsi oOpaboTaHHOTO U300pa-
KEHUS JOJKHA COOTBETCTBOBATh HOPMAIbHOMY PaclpeICICHUIO.

Ha puc.3 u puc.4 nokazansl (pparMeHTBl UCXOJHOTO U 00OpabOTaHHOTO
METOJIOM BBIPABHUBAHMSI TUCTOTPAMMBbI U300payKEHUH.

\ BT A
. " !
: fa
Puc. 3. Puc. 4.

Beibop ¢parmenta st 00paOOTKA MPOU3BOAMWIICA MCXOIA U3 Mpeio-
KEHHOW METOJMKHU MO MOKAa3aTeNi0 3HAYCHHsI KOHTPIKCIecca UCXOaHOoro (par-
MeHTa. D(PPEeKT CYIIEeCTBEHHOI0 YIYUIICHHS XOpPOIIO 3aMETeH BU3YAJIbHO H
NOATBEPKIEH pacuyeToM 0000IEHHOT0 TOKa3aTelisd KauecTBa.

OcHognule pezyibmanol

1. [TokazaHo, 4To M300pakeHue npu oOpaboTke MOKHO IPPEKTUBHO 00-
pabaThiBaTh IEITUKOM C HCIOJIb30BAHUEM TaMMa-KOPPEKIIMH W BBIPABHUBAHUS
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THECTOTPAaMMBI TOJIBKO B TOM CITy4ae, €ClIi CTATUCTUYECKUE XapaKTEPUCTHKHU €r0
HaxOoJsTCS B ONPENENICHHbIX I'paHulax: HopmupoBaHHoe 3HaueHne CKO Haxo-
nutes B npeaenax ot 0.2 1o 0.4, koHTpakcuecc Haxoautes B npeaenax ot 0.3 1o
0.6 B mepBOM U BTOPOM CJIy4yasix COOTBETCTBEHHO. B mpoTtuBHOM citydae HE0O-
XxoJiuMa o0paboTKa mo gpparmMeHTam, puyeM pazoreHue Ha pparMeHThl TOTKHO
MIPOU3BOIUTHCS HE PETYJISIPHO, & UCXOJI U3 YJOBJIECTBOPEHUS ONMHUCAHHBIX BHIIIE
TpeOOBaHMIA K CTATUCTHYECKUM XapaKTEPUCTUKAM KaxJa0ro pparMeHTa.

2. Pazpaborana Ha BHyTpeHHeM sizbike MATLAB mporpamma aBromaTu-
3alMM Mpolecca BbIOOpa mapaMeTpoB i 00pabOTKM M300paKEHUS METO0M
raMmMma-KOppeKIIMi, OCHOBAaHHAsI HA ONTUMM3AIMU TI0 MATH MapaMeTpaM ¢ orpa-
HUYEHUSIMU MeTofoM ["aycca-3eliaens.
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e

Ilpunoscenue 1

function y=gamma5()

% Haxoxx1eHne oNTHMAILHBIX NAPaMeTPOB NPH raMMa-KOpPeKI U
%MHWcnonb3yeTcst HTepalMoHHbINA anroputMm I'aycca-3eiinenst

% MWcxonnblii 00beKT - B aiine F3_100.tif

%
% 3agaHne HAYATbHOT0 NPUOINKEHUS
%
g=0.35;imwrite(g,'t.tif"); YonauasbHOe NPUOINKEHHE BXOAHOT0 HUKHET0 YPOBHS APKOCTH
hh=0.02;imwrite(hh,'th.tif"); Y%oHayanbHoe 3HaYeHHe MIATa
g_=0.999;imwrite(g_,'t .tif"); Y%oHauanbHOe NPUOIM:KEeHHE BXOIHOT0 BEPXHEro ypOBHs APKOCTH
hh_=0.02;imwrite(hh_,'th_.tif"); YonayajgbHoe 3HaYeHHe mIara

gp=0.01;imwrite(gp,'tp.tif"); YonauanbHoe MpUdINAKEeHUE BHIXOTHOT0 HIKHET0 YPOBHSA SIPKOCTH
hhp=0.01;imwrite(hhp,'thp.tif'); YonayanbHoe 3HaYeHHe Iara

gp_=0.999;imwrite(gp_,'tp_.tif"); YonauaabHoe NpudJIM:KeHHe BEPXHEro BHIXOHOT0 YPOBHS APKOCTH
hhp_=0.01;imwrite(hhp_,'thp_.tif"); Y%onauyanbHoe 3HaueHHe WIara

1787



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

gam=0.2;imwrite(gam,'gam.tif'); YonayaabHoe npudm:KkeHne Ko3pGpUIHMEeHTa raMMa-KOppeKIu
hgam=0.02;imwrite(hgam,'hgam.tif"); YonauanbHoe 3HaAYeHHE 1IaTa 10 TaMMa
Q=0;imwrite(Q,'tq.tif');% HAYAJBHOE 3HAUEHUE I[EJIEBOM ®YHKIIUU Q=0

x1=[g hh g hh_gam hgam Q];% nHa4aibHbIe 3HaYeHUus napameTpoB g,h,g ,h ,gam, hgam Q
disp(x1);

[Z,map1]=imread('F3_100.tif");

1=7(20:95, 100:225);

figure, imshow(I);title('Original Image');

%
% Aaroputm I'aycca-3eiineas no IIATU TIAPAMETPAM (BepXHuUii M1 HUKHUI YPOBHM SIPKOCTH, TaMMa)
%

for ii=1:20 %oxoaM4ecTBO HTEPALNI VI HAXO0KIACHHS MAKCHMYMa 1e/1eBOi (pyHKINH
step=ii
clear all; %ouncTka Workspace

for m=1:5 %kxoanyecTBO MapaMeTPOB
coord=m
[Z,map1]=imread('F3_100.tif")
1=7,(20:95, 100:225); ); % Bbinesenue ¢pparmenTa usoodpakeHus
%11 00padoTKH
%
% UTepanus no neppomMy napameTpy
%
if m==
gg=imread('t.tif");
hh=imread('th.tif");
sgg=im2double(gg);
h=im2double(hh);
if h>0.04 % mepBoe OrpaHNYeHue
h=0.04;
end;
imwrite(h,'th.tif");
g=sggth;
if 2>0.999 % BTOpOE OrpannyeHue
2=0.999;
end;
imwrite(g,"t.tif");

gg =imread('t_.tif");
sgg =im2double(gg );
g =888

if 2>0.9%¢_ % TpeThe orpaHHYeHHe

£=0.9%g_;

end;
gg =imread('gam.tif");
sgg_=im2double(gg_);
ggp=imread('tp.tif");
ggp_=imread('tp_.tif");
gp=im2double(ggp);
gp_=im2double(ggp );

I8=imadjust(L,[g g_l,[gp gp_l.sgg_);
imwrite(I8,'temp.tif");

% BpIuKclIeHNe HHTErPaJIbHOr0 KpuTepus (1eaeBoii (pyHKIMN)
Q=calcq; %function call

disp(Q);

Q_old=imread('tq.tif"'); YocuurbiBaeTcsi 3HaYeHne Q HA MpeAbIAYLIEM LIAre
Ql=im2double(Q_old);
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disp(Q1);

% nejaeM ABa IIara Ha3aja H YMeHbIIaeM Iiar BABO€, €CJIN 1eJ1eBast

% (yHKUMSA cTaJIa MeHbllIe
% 10 mepBoMy napameTpy g
if Q<=Q1
gg=imread('t.tif");
sgg=im2double(gg);
h1=imread('th.tif");
h2=im2double(h1);
ssgg=sgg-2*h2;
h3=h2/2;
imwrite(ssgg,'t.tif");
imwrite(h3,'th.tif");
end;

if Q>Q1
gg=imread('t.tif");
sgg=im2double(gg);
hl1=imread('th.tif");
h2=im2double(h1);
h3=3*h2;
imwrite(sgg,'t.tif");
imwrite(h3,'th.tif");
end;
ssgg=imread('t.tif");
sgg=im2double(ssgg);
hgg=imread('th.tif");
h3=im2double(hgg);

x=[sgg h3 |;%popmupoBanne MaTpuubl U3 31eMeHTOB M, shh, h3

disp(x);%o0TO0pakenne MaTpuubl X
imwrite(Q,'tq.tif");
end;

% OmnyuieH ¢pparMeHT NPOrpaMMbl HTEPaALMH M0 BTOPOMY — NSITOMY IapaMeTpam

[Z,map1]=imread('F3_100.tif");
1=7,(20:95, 100:225);
gg=imread('t.tif");

gg =imread('t_.tif");
ggp=imread('tp.tif');
ggp_=imread('tp_.tif");
ggam=imread('gam.tif");
g=im2double(gg);
g_=im2double(gg );
gp=im2double(ggp);
gp_=im2double(ggp );
gam=im2double(ggam);

I8=imadjust(L[g g_l,[gp gp_].gam );
figure, imshow(I8);title('Gamma-corrected Image');
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VJIK 004

IHPUMEHEHUWE CUCTEMbI MATLAB B AT'PAPHBIX
TEXHOJIOI'UAX

Ilokuoos O. B.

Bcepoccutickuil HayuHo-uccie008amenbCKuil UHCIMUmym
anekmpugurayuu cenvckozo xozaicmea, Mockaa,
e-mail:olegenka79@mail.ru

B Hacrosiiee BpeMsi Ha COPTOMCIBITATENbHBIX CTAHIUAX B TEXHOJIOIHYE-
CKOM TIpOIIecce COPTOBOM HMJIEHTU(HKAIMK KapTOQessi UMEET MECTO BU3Yallb-
HBI KOHTPOJIb OCHOBHBIX MapaMeTpoB KiIyOHs (popMma, OKpacka KOXKypbl, OKpa-
CKa MAKOTH, OKpacka OCHOBAHUS TJla3Ka) KapToQens U CTETIEHN UX BhIPAKEHHO-
ctu [1]. IIpu 3TOM Bce BBHINICTIPUBEACHHBIE MapaMeTpPhbl KIIyOHS OIICHUBAIOTCS
IPOBEPSAIOIIMMHI UHCIIEKTOPAMH BU3yaJIbHO, HA OCHOBAaHUM COOCTBEHHOTI'O OIIbI-
Ta U kBauukauuu. Ciaeayer OTMETUTh, YTO MOAOOHBIN BHJI KOHTpPOJIS IMapa-
METPOB KJIyOHS HE TOJbKO Mano3((EKTUBHBIM U JOPOTOCTOSIIUN, HO U CyObEK-
TUBHBIM M3-32 Pa3HHULIBI B OLIEHKaX WHCIEKTOPOB. YUUTHIBAs 3TO, UMEET CMBICI
MOJIHOCTHIO ABTOMATU3UPOBATh KOHTPOJIb JIaHHBIX MapaMeTpoB KIIyOHEH KapTo-
dens ¢ MpUMEHEHUEM COBPEMEHHBIX HU(POBBIX CHCTEM PETUCTpaluu u3o0pa-
KEHUHW U MPUKIAHBIX IPOTPAMM IO UX 00paboTKe.

Ucxons u3 atoro, B BUDCXe pazpaboTana 371eKTPOHHO-ONTHYECKAS CHC-
TeMa JJIsl OLIEHKH BBILIEIEPEUUCICHHBIX MOP(OIOTUYECKUX MPU3HAKOB KITyO-
Hell kapTodens, KoTopas noka3aHa Ha puc. 1. JlaHHas cucrema peanusyeT aB-
TOMAaTUYECKYIO0 PETHCTpalMIO U OLIEHKY BCEX OCHOBHBIX MapaMeTpoB KiyOHeH
KapTo(densi, KOTopble HEOOXOANUMBI CENIEKIIMOHEPY B TEXHOJIOTHUYECKOM IpoLec-
Ce COPTOBOI UIECHTU(DUKALIUH.

-

[[[[I "er

Puc. 110 DnekTpoHHOONITUYECKAS! CUCTEMA IS OLIEHKH MOP(HOIIOTUYECKUX MPU3HAKOB
KITyOHel kapToderns.
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B cratee monpobHO omnuchiBaeTCs pa3paboTaHHAs — AIEKTPOHHO-
ONTHYECKash CUCTEMa, a TAaK)KE aJTOPUTMBI ONIPEICICHUS TTapaMeTpOB KIIyOHEH,
KOTOpBIC Peau3yeT JaHHas CHCTEMA.

Mamepuanvt u memoowt

B xauecTBe BUa€OgaTIMKA SISl PETUCTPAIIUU M300pasKeHHsI Oblia UCTIOJIb-
3oBaHa 1BeTHas nudponas kamepa Nikon Coolpix 2500 cHabxeHHast BApHOOOH-
ektuBoM. EMkocTh II3C-maTpuuibl, KOTOpoil coctaBiser 2 meranucens. Kiy-
oenbp kapTodens (0OBEKT) pa3Memancs WHIWBHUIYyAIbHO Ha WHCICKIMOHHOM
cTojie, Ha cBeTiIoM (oHe. B kadecTBe ocBemeHus st 00beKTa ObLIIO BHIOPAHO
€CTECTBEHHOE OCBELICHUE PACCEIHHBIM COJHEYHBIM CBETOM, UYTO B COOTBETCT-
BUE C KIaccupukannein MexxayHapoJHO KOMUCCUU 110 OCBEUIEHUIO COOTBETCT-
ByeT cTaHgapTHoMy uctouHuky C [2]. PazpaboTaHHbIe aiITOPUTMBI JJIsl OLICHKH
napaMeTpoB KJIyOHsI ObLIM peaqn30BaHbl B BUJIE COOTBETCTBYIOMUX M-(aitnos
B cucteme MATLAB 6.1.

Anzopumm onpedenenus Gopmul KiyoHs

Pa3zpaboTannsiii anroputm onpenenacHus: GopMbl KiryOHelH kapTodens co-
CTOMT U3 CIEAYIOIINX MAaKpO ONEPaLAii:

- mpenapupoBanue noixydyeHHoro RGB — u3o0paxkenus;

- BBIUKCJICHHE NTPU3HAKOB OOBEKTOB,;

- Kjaccu(uKanuio KiyOHeH Ha OCHOBAHMM BBIYHMCICHHBIX TNPU3HAKOB

(onpenenenue GopMel).

JlaHHBII aNropuT™M MOKa3aH Ha puc. 2. PaccMOTpuM Bce €ro 3ramsl 0ojiee

OAPOOHO.

Ilpenapuposanue uzoopasricenusn

JlanHasi Makpo ormepanus BKIIOYaeT B ce0sl CISAYIOIINUE dTallbl alrOpUT-
Ma: MUHUMU3alus uHhopmaluu, GuiasTpalus, IoporoBoe pas3ieieHue u ycrpa-
HeHue AedekToB. Llenpio naHHOM 11enoYKu Mpeodpa3oBaHui SABIACTCS YIAICHHUE
U3 JabHEHIIero pacCMOTPEHHUs JIMITHEH nHopMaluy, a TakKe BbIJEICHUE Ha
M300pakeHnn 00beKTa (KITyOHs) IS MOCIIEIYIONEro aHaan3a.

Ha srane MunuMu3anuu MHPOpMaLUK MPOUCXOAUT MPEeoOpa3OBaHUE MO-
ay4yeHHoro RGB-u3obpaxenusi B MOIyTOHOBOE, KOTOpoe U OyaeT oOpadaThi-
BaTbCA B JalbHeMeM. Pe3ynpTupyromas spKocTb B 3TOM CIy4ae ONPEIEIUTCS
ucxos u3 popmyisl [3]:

[=|(R+G+B).
[lenbto maHHOTO TIpeoOpa3OBaHUs SBISETCS yNaleHUE M30BITOYHOW WHPOpMA-
IIUH O I[BETE 00BEKTA, KOTOpas ABISAETCS JUIIHEH MPHU ONpeeIeHUH (HOPMBI.
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CuuTteIBaHuE
n300pakeHUs

MunauMu3zanus
WHpOpMALHHI

QunbTpanus

IToporosoe pa3znenenue

Ycrpanenue neexToB

Brruncnenue npu3zHakoB
o0beKTa

Knaccudukarnus

Puc. 2. Anroput™m onpenenenus Gopmbl KITyOHsI.

Crnenyromuii 3Tan B pazpadboTtaHHOM aiaroputme — uibTpanus. B nan-
HOM cITydae JyIsl YAydllIeHUsI KaueCcTBa M300pakeHHsI Tepe] TOPOTOBBIM pasjie-
JICHUEM MPUMEHSETCS HU3KOYaCTOTHAsI (GUIIbTPALINsl, KOTOPAsi YCTPAHSET IIyMBI
HeOONBIIOro pasmepa. BecoBas (yHKIMS JaHHOTO HU3KOYACTOTHOTO (DUIBTpa
UMeEEeT BUJ:

Ilopozoeoe pazoenenue

Ha pganHom sTame ocyuiecTBisieTCsl pa3zielieHue BCEX OTCUETOB M300pa-
YKEHUsI Ha J[Ba KJlacca Mo SPKOCTU: 00beKT (KiayoeHs) u (poH. B pesynbpTare BbI-
MOJIHEHHUE JAHHOTO MPeoO0pa3oBaHUs M3 MCXOAHOTO MOJyTOHOBOTO, M300paxe-
HUE ToJyJdaeTcs OnHapHbIM. JlaHHOE mpeoOpa3oBaHUE OCYIIECTBISETCS UCXOS
u3 ycioBus [4]:
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Leciu Ij < f
I =
0,eciu Iy > fo,

rae [l — WCXOAHOE TOJIyTOHOBOE M300paKeHHE;, fo— MOPOTrOBOC 3HAUYCHHE
spkocth. [ToporoBoe 3HaueHne fo OBLIO HAMJACHO C IMOMOIILIO (PYHKIIMH gray-
thresh metomom OTcy.

Yempanenue oepexkmoe coemewienun

JIaHHBIN 3TaIl ABISETCS 3aBEPIIAOIIAM 3TAIIOM OIEPALMU MpenapupoBa-
HUs n3o0pakenus. Ha sTtom srame Obuia mpou3BeleHa MOCIEI0BATEIBHOCTD
MOP(HOIOTHUYECKUX OTIEPAINid «OTMBIKAHUE» U «3aMBIKAHHE», B PE3yIbTaTe YEeTO
ObL1 yJJaJIeH 1IyM Ha U300paK€HUU: MaJeHbKHE MITHA HA (POHE U T. 1.

Crnenyromieil omnepanueil airopurMma Mocie NpernapupoBaHUs SBISETCS
orepanys BbIYMCICHUS NPU3HAKOB OO0BEKTOB. C OIHOM CTOPOHBI MX YHCIIO
JOJIKHO OBITh MUHUMAJIBHBIM, JUISI COKPAILIEHUS apU(PMETUUECKUX BBIUUCICHUH,
C JIPpyTroi CTOPOHBI HAJIO YYUTHIBATh TO, YTO HauOoJiee TOUHAS KJIACCHU(PUKAIIUS
00BEKTOB 110 ¢dopMe IpeaycMaTpUBAeT BBIUMCICHHUE OOJBIIETO KOJUYECTBA
MPU3HAKOB 00BEKTa. YUHUTHIBAS JaHHBIC 3aMEUaHUs, a TAaK)KE pe3yIbTaThl IIPAK-
TUYECKUX HapabOOTOK, ONTUMANIbHBIN HabOp MPU3HAKOB 00BEKTa BKIIIOYAI B CE-
Os1 clleqyIoNMe XapaKTEPUCTUKHU: pa3Mep OOBbEKTa MO BEPTHUKAIH, pa3Mep 00b-
eKTa M0 TOPU3OHTANH, a TaKXKe KOIPPHUIIMEHT 3aroJHEHUS (OTHOIICHUE TJIO0IIa-
11 00BEKTa K IUTOMIAAN OrPaHUYMBAIOIIETO MPSMOYTOJIBHHIKA).

3aKIIIOUNTENBHON OTepaIeil BCero alropuTMa sBsIach ONepamus pac-
NO03HAaBaHM OOBEKTOB MO (popMe Ha KiIacchl C MCMOJIb30BAHMEM HaOOpa Mpu-
3HAKOB MOJTYYCHHBIX Ha MPEIBIAYIIEM dTarne. AITOPUTM MpeaycMaTpuBall Kiac-
cudukanuio kiyOHeH Kaptodens mo GopMe Ha 6 KIACCOB: «OKPYTJIBIN,
«OBaJIbHO — OKPYTJIBI», «OBAIbHBINY, «YIJIMHEHHO-OBAIbHBINY, «ITUHHBIIN U
«OYEHb JJTMHHBINY.

B ocHoBy cuctemsbl kinaccuukanuu ObLT MOJOXKEH MPUHIUI 00y4YeHUs
CUCTEMBI Ha oOpa3iax. st 3Toro cucreMy KiacCu(pUKalUu «TPEHUPOBAIM HA
HamOoJiee TUMUYHBIX 00pa3liax U3 pa3HbIX KJIAccoB, Onarogaps yeMy Oblia Ko-
JMYECTBEHHO OINpeJeNieHa pa3Jessaionias rpaHula MexIy kiaccamu. JlanHas
npoieaypa (oOydeHrue CUCTEMbI) cTaja 3aBepllarolieil Ipoleaypoil BCero mpo-
recca pa3paboTKu JAHHOTO aJITOPUTMA.

Anzopumm onpedenenusn yeema KiyoHs
AJNTOpUTM MOKa3aH Ha puc. 3.
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CuyuTbiBaHUE
n300paxeHus

IIpeoOpaszoBanue
I[BETOBBIX CHCTEM

Brigenenue MmaTpuIrst
oTTeHKOoB H

Brigenenue obiactu
00BeKTa

CerMeHTanusg

OmnpeneneHue ToHA
o0BeKTa

Puc. 2. Anroputm onpenenenust GopMbl KITyOHS.

Ha nauanpHOM 3Tame JaHHOTO ajJropuTMa MPOMCXOAMUT IpeoOdpa3zoBaHUE
MOJIy4eHHOTO IU(pOBOTr0 n300pakeHus: U3 1BeToBor cucrembl RGB B 11BeTo-
Byto cucremy HSV (hue-niBeToBO#I TOH MM OTTEHOK; Saturation- HacChIIICH-

HOCTh; Value-sipkocTts) [3]:
6R—G—-B

H=arccos
Jé[(R—l)2+(G—l>2+<B—1)2]
3 3 3
S =1-3min( R,G,B)
V =R+ G+ B
Ha BTOpoM sTame anroputma il MOCHEAYIOIIETO OIMpeaesieHus IBETa
o0bekTa u3 nosyueHHoro HSV-u3obpaxenust Oblia BblelIeHa MaTpUIla I[BETO-
BbIX OTTEHKOB H, KOTOpas ncnonbp3oBanack A JalbHEHIIMX MTpeoOpa30BaHU.
CrnenyromuM 3TanoM ajaroputMma ObLIO BBIJCICHHE HAa TOHOBOM H300pa-
KeHUU o0JacTu oObekTa. JIaHHBIM AT aNTOPUTMa COCTOSI M3 CIEAYIOIIUX
IIPOCTBIX ONEPALINN:

— — OuHapu3zanus nmoiaydyeHHOro H-n3o00pakeHusi ¢ OThICKAaHUEM MOpora
MerogoMm OTcy (B pe3ysbTaTe IaHHOTO MPeoOpa30BaHUs HA PE3YJIbTHU-
pyrorieM OMHapHOM U300paKEHUU OBLT «IEPHBIIN 00BEKT Ha «OeIoM»
domne).

— — mpeoOpazoBaHue MOJTYUYEHHOr0 OMHAPHOTO M300paKeHUsl B MOJYTO-
HOBOE.

1794



Cexyus 6. LHugpposas obpabomxa cuernanos

— - B3aUMHOE€ corjlacoBaHue QopmaroB ucxoaHoro H-uzobpaxxeHus u

peoOpa30BaHHOIO MOJIYTOHOBOTO.

— - CJIOKE€HHE JIBYX M300pakeHui ¢ momoipio GyHkiuu imadd.

B pesynbrare naHHbIX MpeoOpa3oBaHHUM MOMYyUMIICS OOBEKT Ha «Oerom
dboHey.

Ha stane cermenTtanuu o6macts 00beKTa pasjeneHa Ha OJIOKH mxn MHK-
celnelt (TIocie MpakKTUYECKUX UCTIBITAHUA ONTUMAJIbHBIN pa3Mep 0J10Ka COCTaBUII
40x40 nukceneit). B npenenax naHHoro 010ka ObLIO BBIYUCIEHO CpEAHEE 3Ha-
YyeHue 1[BeTOBOro ToHa. [locie ganHoro nmpeobpa3zoBaHus MPOU3BOIMIACH OICH-
Ka CpeHEro 3HAYCHHS 1BETOBOT'O TOHA BCEX OJIOKOB MPUHAJICKAIINX O0OBEKTY.
B pesynbraTte uwero, Ha mociegHeM 3Tane ObUT ONpEeNeiEH CpeaHUN IBETOBOM
TOH 00BEKTa, HA OCHOBAaHUU KOTOPOTO KIIYOCHb KJIACCU(PHUITUPOBAJICSA B OJUH U3
IIIECTH KJIACCOB.

PazpaboTaHHblil Takke aqrOpUTM ONPENIECHUS] OKPACKU MSIKOTH KITyOHS
NPUHIUNHAIBHO HUYEM HE OTJIMYAETCS OT BBIIIEPACCMOTPEHHOTO aIrOPUTMa, 3a
UCKIIFOYEHUEM JIPYTUX I[BETOBBIX 3HAYCHUIN O00BEKTa «MSIKOTh». ClenyeT oTMme-
TUTb, YTO OOBEKTUBHBIE TPYIAHOCTH BO3HHUKIM MpPHU pa3pabOTKe aJropuTMa OIl-
peesieHnsl OKpacKH OCHOBAHUS I1a3Ka, TAK KaK HA JJAHHBI MOMEHT HE yAAJIOCh
o0ecreyuTh HaJeKHOI0 paclio3HaBaHMsI I1a3Ka Ha KITyOHe.

Pa3zpaboTanHnasi 3JIeKTpOHHO-ONITUYECKAs CUCTEMA ISl OLIEHKH Mop(doio-
IMYECKUX MPU3HAKOB KIIyOHEH KapTodens Obliia 3KCIIEpUMEHTAIBLHO ONpoOoBa-
Ha ¥ ONTUMHU3UPOBAHA COBMECTHO CO crenuaiuctaMmu u3 Eropresckoii rocynap-
CTBEHHON COPTOHUCIIBITATEIIBHONW CTAHIIMM Ha 00pas3lax CeJIeKIMOHHOTO KapTo-
dens paznuuHbIX copToB. [lo pe3ynbTaTaM HCHBITAHUA CUCTEMBI MOXKHO Ce-
JaTh CIAEAYIOUIUE BHIBOIBI:

1. PaspabGoTanHas 3JI€KTPOHHO-ONITHYECKAsl CHCTEMa Y)Ke B Onvkaimem Oyy-
eM CIOoCOOHA 3aMEHUTh Ha COPTOUCIBITATEIBHBIX CTAHIUAX TPaJAUIIMOH-
HBI BU3YaJbHBIA METOJ OMNPEICIICHUs MapamMeTpoB KiIyOHEH, 4yTo B Jajb-
HeifmeM OyaeT cnocoOCTBOBATh IKOHOMUU BPEMEHHBIX U UEIOBEYECKUX pe-
CypCOB.

2. Jlns obecrieyeHus: aBTOMaTUYECKON pPErUCTpallMM U OLEHKU OCHOBHBIX Ta-
paMeTpoB KiIyOHEW OT COPTOMCIBITATENIbHBIX CTAaHIUN MOTPEOYIOTCS MHHM-
MasbHble (PMHAHCOBBIEC BIIOkKEHUS (1M POBOI PoToanmnapar, nepcoHaIbHbIN
KOMIIBIOTEp M TMakeT npukiaanbix nporpamm MATLAB Bepcun 6.1), koTo-
pble OBICTPO OKYMSATCS B OJIMDKAMIIIEM Oy TyIeMm.

3. Ilo pesynpTaTam MPaKTUYECKUX HCIBITAHUN CYIIECTBYET HEOOXOIMMOCTH
NpeABAPUTEIbHON HACTPOMKHA CHUCTEMbl MEPE] HayajJoM pErucTpauud u
OIICHKHU MMapaMeTpoB KIyOHE, 4To MOoTpedyeT CO3/MaHus aAanTHUBHBIX aliro-
PUTMOB OIIPEEIICHHS TapaMETPOB.

4. JlutepaTypHblii 0030p U aHaNW3 Pa3BUTHUSI CUCTEM TEXHUYECKOTO 3pPEHUS B
POMBIIUIEHHOCTH MOKa3bIBaeT, 4TO B OIpKaiiieM OyaylieM BO3MOXKHO 00-
jee IMHUPOKOE MPUMEHEHHE MOJOOHBIX CHCTEM B JIPYIHX CEIbCKOXO3SUCT-
BEHHBIX TEXHOJIOTMYECKHX Ipolieccax.
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YAK 512.83

BE3OITACHOE ITPEOBPA3OBAHHUE JAHHBIX C
IHOMOIIBIO CUCTEMbBI MATLAB

Cuoopos O. B., Mep3nuxun B. I'.

Mocrosckuil 2ocyoapcmeennulil iunesucmuveckutl ynueepcumem, Mocksa,
e-mail:sid ov@mail.ru

[Tpu pabore c OONBIIUMU MacCHBaAaMH M TOTOKAaMH MYJIbTUMEIUUHBIX
JTaHHBIX HEOOXOAMMO pelaTh Cpa3y HECKOIBKO 3a7ad CXKUMATh TaHHBIE IS TI0-
BBIIICHUSI €MKOCTH, MPOM3BOANTh MX MpeoOpazoBaHue W3 ofgHOro (Qopmara B
JIPYTroi py HEOOXOAMMOCTH, 3aUTUIIATh UX OT HECAHKIIMOHUPOBAHHOTO JOCTY-
na ¥ KOIMPOBAHUSA, CJIEIUTh 3a aJIeKBaTHBIM UX BOCIpPOM3BeeHUEeM. B HacTos-
1iee BpeMs CyIIEeCTBYET MHOKECTBO Pa3HBIX MPUKIAIHBIX MPOrpamMM, KOTOpHIE
MOTYT peuaTh KaXAyl U3 MOCTABJIEHHBIX 3a/1a4 B OTAeNbHOCTH. OJIHAKO MpH
ATOM COTJIACOBaTh MX MEXAy coboit u ¢ cucremoit MATLAB, B KoTOpO# mpo-
UCXOIUT 00paboTKa ATUX JaHHBIX, HE Bceraa ynaercs. [loatomy Hamu Oblia uc-
cleoBaHa TMpodiieMa MO CO3JaHUI0 TMPHUKIAJAHON MTPOrpaMMbl B CHUCTEME
MATLAB, xotopast Obl BBINOJHSUIA 3TH 33Ja4d. Tak ¢ UCIOIb30BAHUEM IMaKe-
toB Data Acquisition Toolbox, Database Toolbox, Wavelet Toolbox 6s11a pas-
paboTaHa 4acTh TaKOil MpOTpaMMbl, KOTOpasi OCYIIECTBIISAIIA TIPUEM, paclpese-
JIeHUE TEKCTOBOM MH(POPMALMM U CXKaTUE MYJIbTUMEAMMHOW HMH(OpMALUU MO
ANTOpUTMYy HYJb-IepeBa (BelBieT-k0dpduneHToB). OTHOBPEMEHHO IS 3a-
IIUTHl BCTPAauBAJIUCh HU(POBBIE BOJSHBIE 3HAKH 110 aNroputmy [1].

Pabota Beimoanena npu nojaepxkke PODU (rpant 02-07-90239) .

Jumepamypa

1. Dugad R.., Ratakonda K., Ahuja N. // Proc. IEEE Intern. Conf. On Image
Processing.— 1998.
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YK 621.372.542

OBHAPY)KEHUE U3SMEHEHUI B CUTHAJIE METO/I0OM
BEWBJIET-AHAJIN3A

Tpucmanos A. b.
Kamuamcxuii cocyoapcmeennwiii nedazoeudeckutl yHugepcumem,
Ilemponasnosck-Kamuamckuii,
e-mail:neringa(@mail.iks.ru

Yacto 1enpio, 100 BBIHYKICHHBIM 3JIEMEHTOM HCCIIEIOBAHUS, SBIISCTCA
u3ydeHue (GyHKIUOHUPOBAHUS HCTOYHWKA JIAHHBIX KaK IOCJIEI0BATEIbLHOCTH
cobObrtuii. Kaxxmoe Takoe coObiTHE, BBI3BAHHOE W3MEHEHHSIMU B HCTOYHUKE,
MIPUBOJINT K TOSIBIICHUIO XapaKTEPHBIX OCOOEHHOCTEH B CUTHAJNIC, B OMpPEICIICH-
HbIIi MOMEHT BPEMEHHM (4acTO HE COBIAJIAIONIUN C MOMEHTOM HUX IOSBJICHUS B
HMCTOYHUKE, a MHOI/Ia U MPEAIIECTBYIOMMN eMy (3a7aua IpOrHO3UPOBAHUS U3-
MEHCHUM)).

Kak ormeuaercst B [3], «aHanu3 ar000ro cuUrHajga mpernosaracT HaXox-
JeHrue o0JacTel, B KOTOPBIX €ro MOBEICHUE XapaKTEePU3yeTcsl Tu00 PeryspHo-
CThIO, JMOO HamuyueM ocobeHHocTed. OAHMM M3 OCHOBHBIX MPEUMYIECTB
BeWBIIET-aHAIM3a SIBJISETCS €ro CIOCOOHOCTh K OYEHb TOYHOMY aHaIHU3y
CBOMCTB PETyJISIPHOCTH B MTOBEJICHUU CUTHAJIAY.

1. Henpepuvignoe geiignem-npeoodpazosanue
1.1 Ocnoeénwvie onpeoenenus

BeiiBner-npeobpasosanneM QyHKuuM f(x)e L*(R) HaspiBaeTcs (QyHK-
uus [2, 5]

Wf(s,x) = |s

K Of;f (t)w(
WIN Wf(s,x): <fa‘//s (x)> )
e v, ()= 1u{ %,

r—x
S

jdt (1)

S
OyHKIMSA w(x) Ha3bIBaeTCSI BEHBIETOM M ee mpeoOpaszoBanue Dypbe
YIOBJIIETBOPSIET YCIOBUIO

P do<oo, )

re y (o) — Dypbe-00pa3 pyHKIHUU y(x)
[Ipeobpazosanue Oypoe GyHKIUH W (s, x)
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Wi(s,0)=f(o)y(so) (3)
BeiiBner-npeoOpazoBanue e€cTh (PYHKIMS IBYX NEPEMEHHBIX: MacllTa-

0a — s 1 ciBUra — X.
Beiiner-npeobpazoBanue 007a7aeT CBOMCTBOM MAacCIITaOHOW WHBApH-

AHTHOCTMU:
So So Sy So

BeiiBner-npeoOpa3zoBanue MpeAcTaBiIsieT CcO0OW MOBEPXHOCTH B MPO-
ctpanctBe ammumatyaa(kodddunuentsr BIT)-gactora(macimtab)-Bpemsi.

PaccmoTpum Gosee moapoOHO OCHOBHEIE CBOMCTBA BEHBJICTOB U BEUBIICT-
npeoOpazoBaHusi KOTOPbIE MOTYT OBITH TMOJIE3HBI MPU U3J0KEHUU TEOPHH HC-
CJIETOBAHMSI PETYISIPHOCTH.

1.2 Hocumenw eéeiténrema

KOMIaKkTHBEIM HOCHTEIEM BEMBIIETA w(7) OyJeM Ha3blBaTh UHTEPBAN (a,b)
JIJIs1 KOTOPOI'O BBIIIOJIHACTCH: ¢ & (a,b)z,//(t) =0.

XOpomuM IpUMEPOM MOXKET CIIY)KUTh BenBiieT Haar y KoTOporo MoxHo
TOYHO yKa3aThb HOCUTENb paBHbId 1 (puc. 1).

05 f---- o ssad

0.5 | ----1

h
N s s .

-0.2 o 0.2 04 06 0B 1

Puc. 1. BetiBner Haar, Hocutens BeiiBlieTa 3aTCHEH.

He Bce BeliBneTsl 007a1a10T STUM CBOMCTBOM, /ISl HEKOTOPHIX BEHUBIIETOB
MO>XHO BBECTH TOHATHE 3((HEKTUBHOTO HOCHUTENS, T. €. TAaKOTO0 WHTEpPBAJa 3a
npeaeiaMu KOTOPOro BEUBJIET ~ 0 (MOXKHO B3SITh Ji OlLIEHKH 5% Oapwep), T. €.
MHTEPBAJI HA KOTOPOM HOCUTEIh MOXKHO CUMTATh KOMITAKTHBIM.

Hampumep, cemetictBo BeriBneroB Gaus He 007agar0T KOMIAKTHBIM HO-
cuTeneM, Ho uMeroT 3O PeKTUBHBINA HOCUTEND [-5,5] mupunoii 10 (puc. 2).
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DB

—

0GH

=]
o

:

gk i r
5 o

oL

Puc. 2. BetiBner Gaus8, HocuTeab BeHBIIETa 3aTCHEH.

[IupuHa HOCUTEINS OTPENEISIET Pa3Mephbl YaCTOTHO-BPEMEHHOT'O OKHa 00-
pazyeMoro BEeUBJIETOM BO BPEMEHHOM 00IacTH.

1.3 Hyneevle momeHnmul 6eilenemos

['oBOpSAT, 4TO BEUBNET y(x) UMEET /7 HYJIEBBIX MOMEHTOB €CITH ISl JIF000-
'O LIEJIOTO k < n BBITIOJIHSAETCS YCIIOBUE

0

kal//(x)dx =0 4)

—00

Hucno HyJIEeBbIX MOMEHTOB ONPENENIAET UyBCTBUTEIBHOCTh BEWBIIETA K
HEPETYJIIPHBIM [TOJIMHOMHUAJIBHBIM COCTABIIIOLIIMM CUTHAJIA.

PaccmoTprM HECKOIBKO MPUMEPOB BEMBIIETOB, UMEIOIINX PA3JIMYHOE KO-
JIMYECTBO HYJIEBBIX MOMEHTOB.

Bonbmioii kmacc o0pa3yroT BEHBIIETHI, MPEICTABISAIOMUE COOON MpPOU3-
BoaHbie pyukuu ['aycca (Puc. 3).

N

2

Gaus, =C,,——e™"
N N N
dx

Gausl

Puc. 3. Betisnetsl Gaus.
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Beiinetsr I'aycca oTHOCATCS K TeéM BelBlieTaM, KOTOPbIE MOTYT OBITh 3a-
JTaHbl AHATTUTUYECKHU.

Eme oaun kiacc BeitBneToB — Koriduerst (Coif) uMeroT 00bI10€ 41CiIo
HYJIEBbIX MOMEHTOB (Puc. 4).

0.5 0.5 1

0 5 10 1 o 5 1 15 20 2
Coif3 umeer 5 HyneBbix MoMeHTOB  Coif3 nmeeT 9 HyIeBBIX MOMEHTOB

Puc. 4. Beiisners! Coif.

1.4 Yeon eruanus

[1] 3HaueHuss aHaU3UpyeMoOl (YHKUHMHU B HEKOTOPOW TOUKE BIIUSET Ha
3HaueHus Kod(pUIMeHToB npeoOpa3oBaHMs B PacTyLIMX C MacmTaboM Bpe-
MEHHBIX Juana3oHax, o0pa3ys yroJ BiausiHus (puc. 5, a). B cBoro ouepenp, Ko-
sabdunmert Wy (s,x) B TOUKE (s,,Xx,) 3aBUCUT OT 3HAYCHHUI YACTH psAla U3 OIpe-

JEISIEMOTO TE€M JK€ YTJIOM BIUSHUS BPEMEHHOTO JIMAIa30Ha OKOJIO X,, U OTOT
JMana3oH TeM OoJibie, yem Oosnbline macmtad s, (puc. 5, 6). Takum obOpazom,

BBICOKOYAaCTOTHAA I/IH(l)OpMaI_II/ISI OIIPCACIIACTCA Ha OCHOBC MaJIbIX OTPC3KOB CHUTI-
HaJla, a HU3KO49aCTOTHAasA — Ha OCHOBC OOJIBIINX.

a) 0)

(S09x0)

v
v

Puc. 5. Yron Biusaus.

Ecnu uccnenyercsi curHai, orpaHMYEeHHBIM BO BPEMEHH, TO MOXKET ObITh
ONpeIeNIeH MAaKCUMAaJIbHbIN yToJl BIUSHUS (WU YroJl JOCTOBEPHOCTH), BHE KO-
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TOPOro Ko3¢GUIHEHTbl MOTYT ObITh MOJYUYEHbI MyTeM A00aBIEHUS K UCXOJIHO-
My CUTHAJy JTOMOJHUTEIBHBIX OTPE3KOB.

1.5 Jlokanvnsie makcumymel 6eiigiem-npeoopazo6anus

[6] Bynem Ha3bIBaTh JIOKAJbHBIM SKCTPEMYMOM BEUBIIET-IIPEOOpa3oBaHus
byHKIUUA f(x) TOUKY (s,,X,), €CIU

OWf (s45x,) —0 (5)
ox

JlokanbpHBI MaKCUMyM BeEWBIET-TIpeoOpa3oBaHusi (GYHKIUU f(x)€CTh
TOYKa (s,,%,) JUISI JIOOOM TOYKHM W3 OKPECTHOCTH, KOTOPOU BBITIOIHSIETCS
F (59520 <[ (55 -

JIunuei ToKaabHBIX MAKCUMYMOB OyJIeM Ha3bIBaTh CBSI3aHHYIO KPHBYIO B
MIPOCTPAHCTBE (s,X), BCE TOUKU KOTOPOH SBJISIOTCA JTOKAIBHBIMU MAaKCUMYMaMH

BeWBIIET-IIPe0Opa30BaHUs.
PaccmoTpum raaaxyio QyHKIHIO — UMITYJIbCHYIO Xapaktepuctuky HY-
bunbTpa. OT0 QYHKIMS, CIEKTPaAIbHASI DHEPTUSI KOTOPOH CKOHIIEHTPUPOBAaHA Ha

HU3KUX dYacToTax. [lycTed(x)Takas ¢GyHKIUS, U 6, (x)=16’(£). I'panuubl Ha
S S

MaciTabe s onpeensieTcsl Kak JIOKaJIbHOE U3MEHEHHE TOYEK f(x) CIVIaKEHHBIX
0.(x). PaccmoTrpuM Kak OOHapyX uTh TpaHUIBI C TIOMOIIBIO BEUBIET-
npeooOpasoBanus. [1ycts w'(x) U w’(x) - 1Ba BelBjCTa BUIA
d 6’(x) ) d*0(x)
y'(x)= vy (x)=—-—
dx
Beiiner-npeobpazoBanue ¢ STUMH BEUBJIETaMU

W' fssx) = (@) W2 f(s,2) = (fowl();
W' f(s,x) = <f, >(x) = s—<f, )(x)s

sz(s,x)=<f, 2 4 9>(x)—s2d—<f, )00

BetiBier npeoOpazoBanus W'f(s,x) u W’ f(s,x) TPONOPIHOHAILHBI TIEP-
BOW W BTOPOW MPOM3BOAHBIM [(x), CTVIAXKEHHBIX 6 (x). Jna hukcupoBaHHOTO
MaciTa0a s, BJOJb MEPEMEHOM X dKCTpeMyM W' f(s,x) COOTBETCTBYET Iepece-
uenmio ¢ 0 W f(s,x) 1 TouKe neperuda (f,6,(x)) (puc. 6).

OOnapysxenne mnepeceuenuidi ¢ 0 W?*f(s,x) U TOUCK DKCTPEMYMOB
W'f(s,x) — SKBUBaJCHTHBIC TPOICAYPHI, HO JIOKAJTbHBIC MAaKCUMyMbI HUMEIOT

0oJiee BaKHbIC MPEUMYIIECTBA.
C Touku 3peHus oOHapyKEHUsS TPaHULl UJIM OCOOEHHOCTEN Ooee mosues-
HBI JIOKQJIbHBIC MAKCUMYMBI ‘W‘ f (S,x)‘ .
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L Y1y

Puc. 6. a) uccnenyemsiii curnan, 6) HBII ¢ BeiiBinerom gausl, 6)
HBII ¢ BeiiBneToM gaus2, r) pacroyiokeHue SKCTPEMyMOB st 0) 1
COOTBETCTBEHHO TepeceueHwuii ¢ 0 mis B).

2. Xapakmepucmuxa 10Ka1vHOU pecynapHocmu

PaccMoTpum ofHY M3 XapaKTEPUCTHK JIOKAJIBHOM peryisipHocTH (yHK-
MM — nokasaresnb ['enbrepa.
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ToBOpAT, 4TO (yHKLHS f YIOBICTBOPSET ycioBHio [embaepa mopsiaka'
o:0 < <1 B TOUKE #), ECIU CYIIECTBYET MOCTOSIHHAA A, TaKas, 4YTO JJId BCEX X U3
OKPECTHOCTH ) CIIPaBEIJIMBO HEPABEHCTBO

|f(t)_f(toX§A|t_to|a (6)

OueBuaHO, yTO ecnu QyHKuuUs f(f) UMeeT B JaHHON TOYKE / MPOU3BOJI-
f+4n- (@)

At
YAOBJIETBOPSIET B 3TOM TOUKe X ycyioBHio I enbaepa moboro nopsaka « <1

@yHKIMSA / paBHOMEPHO YIOBIJIETBOpSET yciaoBUIO ['enblepa nopsaka o
Ha UHTEpBaje (a, b), eciu CyIlIeCTBYET MOCTOSIHHAS A, TaKasi, YTO BBITOIHSACTCS
ycioBue (6) 11 Beex t,z, € (a,b)

HyI0, NIOHAMaeMylo KaKk mpeen lim , To ¢yakus f(f) 3aBegoMo
t—>

Paccmotpum ne N. @yHKuMs f yIoBIETBOpSAET yCIoBUIO ['enbiepa 1mo-
panka o:n<a <n+1 B TOYKE f), €CIIM CYIIECTBYET MOCTOSIHHAS A U MHOTOYJICH
P (¢) mopsigka n, TaKUX, 4TO JUIS BCEX ! U3 OKPECTHOCTH {)

702, 0) < A1,

Ecnu f(f) ynoBnerBopsier ycinoBus I'enbiepa nmopsiaka o, s a>n, 1o f(f)
n -pa3z nuddepeHiupyema B £y 1 MHOTOUJIEH P, (¢) IpeACcTaBisieT co0olt n+/ 4ieH
psina Teitnopa pyukuuu f(f) B TOUke ).

[IpencraBum ¢yHKIMIO f BUAE B psiaa Telnopa B OKPECTHOCTH TOUKH .

f@, =ay+a,(t—1)+...+a,(t—1,)" + At —1,|*

Ecmu a=n,n>0, To QyHkuus f n-pa3 HenpepbiBHO auddepeHnupyema B
TOYKE {.

Ecimu n<a<n+1, T0 QyHKIUS f HEMpEepbIBHA U UMEET «OCOOCHHOCTH) B
TOUKE Xo. B 3TOM citydae f siBnsiercs n pa3 nuddepeHuupyemoii, HO n-1 IPOU3-
BOJIHAsI UMEET «OCOOCHHOCTB» B ) M TIOKa3aTellb O XapaKTepUu3yeT 3Ty 0coOeH-
HOCTb. O TIOKa3bIBa€T HACKOJIbKO peryisipHa QyHKIUS f B TOUKE Xo. T.e. yem
OoJbIIe O, TeM OoJiee perysipHas pyHKIUS.

Knaccuueckum meTonoMm oneHku mokasarens ['enbiuepa siBisercs ucclie-
JIOBaHUE aCUMIITOTHYECKOTO MOBeAeHUs mpeoOpa3oBanus Dypbe ucciemryemMoit
¢bynkuud. MoOXXHO MOKa3aTh, YTO €CIU f yAOBIETBOPSET ycioBHio [enbaepa
HOpPSIKA OL, TO BBIIOJIHAETCSA

ﬂ]f(a))‘(1+|a)|" )da) <o (7)

VYcnosue (7) sBisieTcss HEOOXOIUMBIM, HO HE JJOCTATOYHBIM M JACT MOHS-
THE O TTI00ATBHON PETYISIPHOCTH 7Sl Bcero curHana. JlaHueiid QakT ciemyer u3
TOTO, 4TO TpeoOpazoBanue Oypre HE AaCT JTOKATHLHOW HH(POPMAIIUH.

! Hopsmlca Ol M C ITIOKA3aTCJIEM Ol - DKBUBAJICHTHBIC ITOHATHUA
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3. Hcnonv3zoeanue HenpepvléHO20 6eligiem-npeoopasoeanus
0J151 OUEHKU PeZyIAPHOCIU CUCHATIO8

Eciu BeliBaeT uMeeT KOMMNAKTHBIM HOCHUTENIb, TO 3HAYCHUS BEMBIICT-
KOA(PUIIMEHTOB 3aBUCAT OT 3HAUCHUs HUCCIIeTyeMOr (YHKIIMU B OKPECTHOCTH

HEKOTOPOM TOYKH U MPOMOPIHOHANBHBI MaciuTaly. Ha Manbix mMacmrabax oHH
XapaKTepU3yoT JIOKAJIbHOE MOBEICHUE (PYHKIUU.

YrBep:kaenue 1: Moxno mokasarb, uto (GyHkiusa f(x)e L*(R) yaoBie-
TBOpsieT ycioBuio ['enbiepa mopsiika o Ha UHTEpBale (a+é&,b—¢) TOTHA U
TOJIBKO TOTJa Korja Ve >0, CYIIECTBYeT IOCTOSHHas A,, Takas, 4TO JUIs
Vx € (a+ &,b— &) 1 11000r0 Macutada s

Wf(s,x)| < 4,5 (8)

B ornuume ot onenku nokasarens ['enapaepa ¢ momolbio npeoOpa3zoBa-
Hus Oypoe (7) HepaBeHCTBO (&) sIBIsSETCS HEOOXOJUMBIM U JOCTATOUYHBIM YCIIO-
BUEM M JIOKAJIM30BAHO HA 33IaHHOM MHTEPBAJIE, & HE HA BCE BPEMEHHOM OCH.

Hanpumep, 115 6 -pyHKIuu BelBIET-IpeoOpa3oBaHUE €CTh

Wo(s,x)= %l//(%)

[TockonpKYy aHaNU3UPYIOIIUMK BEWBIET (x) OTPAHUYEH U UMEET KOM-
NAKTHEIH HOCHTENb, TO |WS(s,x) BO3pAcTaeT INPONOPIMOHAIBHO s~ HA MaJbIX
maciradax B JH000W OKpecTHOCTH Hyns. B coorBercTBuu ¢ ycnmosuem (8) & -
byHKIIHS yAOBIETBOPSET ycnoButo ['enbaepa mopsaka -1 B okpectaoctu 0.

PaccmoTrpum acuMmnTOTHYECKOE TOBEIEHHE BEHBIET-KOA((OUIINEHTOB
bynxun (puc. 7)

y _ |t|0.7

il -
S

WWis,x)

So = oW e o @

N

RN
AN

SONRAN

s
R
s
=
ey

5]

100
a0

20

Uccnenyemas GyHKIus 3HaveHus BerBIeT-KOA(DHUIIMEHTOB

Puc. 7.
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OnpenenuB yroa HakJIOHA KacaTeIbHONW K MOBEPXHOCTH OOpa30BaHHOMU
BeUBIET-KOA(DPUITMEHTaMU MOXHO OLIEHUTh (YUUTHIBasi HOPMHPOBKY) MOKa3a-
tenp ['enbaepa, koropsiil = 0,7.

Ecnu BeliBiieT uMeeT n HyJIEBBIX MOMEHTOB, TO YCJIOBUE (8) MOXKET ObITh
00o001meno i o <[0,n].

Vreepxkaenune 2: Eciu dynxuus f(x)e L’ (R) yIOBIETBOPSET yCIOBUIO
I'enbnepa nopsanka a « €[0,n] TOrAA CyWIECTBYET IOCTOSIHHAsA A4, Takas, 4TO
JUIsL Vx U3 OKPECTHOCTH x, U JIF0OOro MaciuTada s

|Wf(s,x)| < A(s" +|x—x0|a) 9)
Obpamnoe: GyHKIHUS [ (x)e L*(R) yIOBJIETBOPSIECT yCIIOBUIO [ 'ebaepa 1mo-
psAnka a, o €[0,n], €CIU BBITOJIHSIOTCS CICAYIOIIUE YCIIOBUS
- d& > 0,4 > 0:Vx 13 OKpECTHOCTH X, V'S BBITIOJTHSICTCSI
f (s,x)| < As° (10)
-3B > 0: VX U3 OKpECTHOCTH X, Vs BBIIIOJTHSICTCS
o x|
|Wf(s,x)| <B|s?+

T (11)
‘10g|x—x0”

VYcnosue (10) 06s3b1BaeT GyHKIMIO f(x) YIOBIETBOPATH yClIOBUIO ['elib-
nepa nopsaka & (ciemyet u3 (8)). 3HaueHUE & MOXKET OBITh CKOJIb YTOJIHO Ma-
JIBIM.

Jlist Toro 4toOsl moHATH ycioBue (11) paccMoTpum yroi BIusHUS 00pa-
30BaHHBIN TOYKaMHU (s,X), T. €.

|x - x0| <s.

s (s,x) u3 ykazanHou oOnactu HepaBeHcTBa (9) u (11) mokassiBaroT,

4TO Korja s crpemutcs k 0 Torza |/ (s,x)|= O(s*) . BHe oT0i 00macTy, 3HaueHNe

Wf (s,x) OTIPENESAIOTCS pacCTosHhEM OT Xo. M3 (11) cimemyer, yto BHe yria

a
lx = x,|

|Wf(S,X)| =0 m .

HccnepoBanre acUMOTOTUYECKOTO TMOBEJIEHUS BEHBIET-KOI(PPUIIMEHTOB
BO BCEH OKPECTHOCTHU HEKOTOPOM TOYKH HECET OOJIbLINE BHIYUCIHUTENbHbBIE 3a-
TpaThl. OJIHAa U3 TEXHOJIOTU, KOTOPAsi YaCTO MCMOJIb3yETCs, 3aKIF0YAETCs B UC-
cienoBaHud KO3(PQGUIIMEHTOB BJOJb BEPTUKAIBLHON JMHHUH, OMHPAIONICHCS HA
TOYKY X, (puc. 8). Bo MHOrMX ciydasiX TaHHBIM METOJl JAeT HEIJIOXOW Pe3yJb-
TaT, HO HE BCETJa.

[Tycth cummeTpuuHblii OTHOCUTEIBHO () BEWBIIET /(x) MMEET KOMIAKT-

HBI HOCUTEh. PaccMoTpuM (pyHKITHIO
J(x)= {

MoxHO MoKa3aTh, YTO BEUBIIET-IPEOOpa30BaHUE TaKOoW (PyHKUUH OyAET
paBHO

0, x<x,

I, x>x,
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N

Wf(s,x)=¢fx_x°j,

rae ¢(x)- nepBooOpazHas y(x).

v

P R R

Puc. 8. Meron usmepenus o .

T. K. aHaIM3UPYIOIIUI BEUBJIET CUMMETPUYHBIN, TO ¢(0) = 0. Torma, mis
moboro macmrada s>0, Wf(s,x,)=0 H T. K. ¢(x) AMEET KOMIIAKTHBIA HOCHUTEIIb,
TO JJisi JO0OT0 x # x, CyHIECTBYyeT macmrad s,>(), Takod, 4To eciau S<S,, TO
Wf(s,x,)=0. JlaHHBIA (paKT TOKA3bIBAET, YTO BIOJb KaXKIOH BEPTUKAIBHOU

npsIMOM B TIPOCTPAHCTBE MacIuTad-BpeMsl, BeiBieT-mipeodpa3oBanue paBHO ()
JUTST JIFDOOT0 TOCTATOYHO MAaJIOro Maciraoa.

Ecim MbI onieHMBaeM JIOKAJIbHBIA TMOKa3zaTelb [ 'enpliepa 1Mo MOBEACHUIO
BEUBJICT-TIpeO0Opa3oBaHusl BAOJb BEPTHUKAIBHOW OCH, TO f(x) BBITJSIUT Kak

byHkuus 6e3 0cCOOEHHOCTH, XOTSI UMEETCS pPa3phiB B TOUKE X, .

Ommbka 3aKIro4acTcs B TOM, 4YTO OLICHKA IIPOXOJHJIa HC B HBYMCpHOﬁ
OKPECTHOCTU TOYKHU X, .

Jlanee mokaxkem, Kak JOKaJIbHbIE MAKCUMYMBbI |Wf (S,x)| MOJKHO HCITOJIB30-
BaTh JIJIs XapaKTEPUCTHUKU OCOOCHHOCTH C TTOMOIIBIO MMoKa3arens [ enpaepa.

3.3 Jlokanvnvle maxcumymol eeileiem-npeodopazo6anus 6 UCC1e006aHuUU 0CO-
Oennocmeil

ITycTh y(x)— BEWBJIET ¢ KOMIIAKTHBIM HOCHTEIIEM, UMEET 1 - HYJEBBIX
MOMEHTOB U 7 - pa3 auddepenuupyem. Ilycts f(x) € L' (a,b]).

Teopema 1: Ecnu cymectByer macitad s, >0, TaKOW, 4TO JUI Vs <s, U
Vx e (a,b) [Wf(s,x) He MMeeT NOKATbHBIX MAKCHMYMOB, TO JUIL V& >0 f(x)paB-

HOMEPHO YIOBJIETBOPSET YCIOBUIO ['elblepa ¢ MoKa3aTeleM n Ha MHTEpBAlle
(a+e,b—¢) (puc. 9).
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Jpyrumu ciaoBamMu, HaJlM4yMe€ OCOOEHHOCTH CHUTHajla COIPOBOXKIAETCS
BO3HUKHOBEHUEM JIMHUU JIOKAJIIbHBIX MakCUMyMOB. CurHan 6e3 ocoOeHHOCTe
OyZeT UMEeTh  MOHOTOHHYKO  IOBEPXHOCTh  OOpa3OBaHHYIO  BEHBIET-
K03 pULIeHTaMH.

max

min

Puc. 9. Teopema 1.

PaccMmoTpum n301MpoBaHHYI0 OCOOCHHOCTD.
Teopema 2 (puc. 10): Ilycth f(x)- nuHEWHBIH (YyHKIIMOHAN, BEUBJICT-

npeobdpa3oBaHue KOTOPOro KOPPEKTHO OmpeaeneHo Ha (a,b), ¥ mycTh x, € (a,b).
ITycTh CyIEeCTBYeT s, >0 U C, TaKue, 9To ISt x € (a,b) U s <5, BCE MAKCUMYMBI
Wf(s,x) IPUHAIIEkKAT YIIIy ONPEACICHHOMY KaK
|x—x0|SCs (12)

TOT/Ia BO BCEX TOUKaX x, € (a,b), x, # x, f(x) yIOBJIETBOpsET ycnosuio [enbaepa
C TIOKA3aTeNIEM n B OKPECTHOCTH X,

OyHKIUA f(x) yAOBJIETBOPSET YCIOBUIO l'enbaepa ¢ mokasareineM o B
T.x,, a <n,TOrJa U TOJbKO TOTAa KOraa 34 Takas, 4To BJIOJb KaXIOH JMHHU
MaKCHUMYyMa B yrJie onpeneaeHHoM (12)

|Wf(s,x] < As” (13)
Bripaxenue (13) skBHBajIE€HTHO
log|l7f (s, x)| < log(4) + a log(s) (14)

Eciu makcuMyMbl BeWBieT-peoOpa3oBaHus yIOBIETBOPSIOT YCIOBHIO
(12), To BeIpaxkenue (14) mokaspIBaeT, 4TO PEryaspHOCTh mo ['enbaepy B T.
X, €CTh MAKCHMAJIBHBIM YI'OJI HAKJIOHA MPSAMOU log|Wf (s,x)| B JIOTAapU(PMUIECKHIX

KOOpAHMHATAX 10 MaciTady.
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‘_____
Q-------)---

Puc. 10. Teopema 2.

PaccmoTpum  uM301MpOBaHHYI0 ~ OCOOCHHOCTH U €€  BEUBJIET-
npeoOpa3zoBaHue.

0.2
1+(0.16—x)™, 1<0.16 (15)
1+ (x—0.16)*, 7>0.16

Boinonnum BelBiieT-npeoOpa3zoBaHue JaHHON (YHKLIHMH C BEUBIETOM C
OJIHMM HYJIEBEIM MOMEHTOM H HaifJIeM JI0KaJIbHbIC MAKCHMYMEI [/ (s,x)|.

fx)=

Hanuuue nByx JHUHMI JIOKAJIBHBIX MakCUMyMOB (puc. 11) mokasbiBaeT
pa3Hoe ToBeIcHrE (PYHKITUHU B JICBOUW M MPABOH OKPECTHOCTAX 0COOOM TOUKH.

a) 16

N

12 /
1 /

260

200 \

180 \\

100 \

T .
D N

0.16

Puc. 11 N3onupoBannas ocobeHnocts (15) (a) u ee BeliBner-
npeoOpaszoBanue (0)
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3.4 Obnacmu eéruanusn

bynem paccmaTpuBarh mpouecc ¢ €IMHCTBEHHBIM MOMEHTOM W3MEHEHHMS

apamMeTpoB.
f(tsa), t<t,
1) = 16
- {f(z,az), 121, (1o
Touky ¢, 6yaem Ha3BaTh 0COOON TOYKOIA.

PaccmoTpum BeiiBieT-mipeoOpa3zoBanue mporiecca (16) ¢ ananuzupyromem
BEHMBJIETOM MMEIOIIMM KOMITAKTHBIM HOCUTEIb.

K
OO6o3HauuM K, =suppy, K = 70

= | o o

YuuTeiBas HaIu4ue OCO6CHHOCTI/I — MOMCHTAa U3MCHCHHA IIapaM<cTpa, B
BCﬁBHCT-HpGO6paBOBaHHH MOKHO BBIJACINTD 3 obiacTu.

x+sK
R, 1 j f(tya,)- y/( Jdt x<t,—sK
s x—sK
x+SK
Wy(s,x) = j f(ta,)- l/l( jdt x>t, +sK
x—sK
R,, xe[tO—SK,t0+sK]

v

Puc. 12. OGnactu BeiiBneT-KOAPPUIHEHTOB.

3nadeHus kod(DPUIMEHTOB obiacteid R, U R, OMPENENSIOTCS BCEIEIOo
noBeZicHNEM (PYHKITUHU C TTapaMeTpaMu a, U a, cOOTBeTCTBeHHO. Koadduruen-

ThI B 00J1aCTH R, ONPEAEISIOTCS 00enMu JacTsamMu GyHKmwH y (puc. 12),
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x+vK

W+—jf0%)w

——j,ﬂrq)w( J ( Jm
Takum 00pa3om, Mmokazaiau, 4TO PEAKIUs BEUBIET-KOI(PPUIIMEHTOB Ha
0COOEHHOCTH OyJeT HAXOAUTHCS B YTJI€ BIUSHUS 0COOOM TOUKH.

4 Hcceneoosanue mooenei

N3noxeHHble BblIe METObI ObuIH peanu3oBaHbl B cpene MATLAB 6.5.
[Tpu 3TOM UCHONB30BANKCH KaK cTaHAapTHbIe QyHKuu naketa Wavelet Tool-
box, Tak U pa3paboTaHHBIC MPOLEAYPHl MPU MOMOIIM 0A30BBIX CPEACTB IPO-
rpammupoBanus. beut pazpadboran GUI mis ynpoienus goctyna K pa3jidyHbIM
¢bynkuuam. Huke u3nokeHsl TpUMEpbl NPUMEHEHHUS JAHHBIX aJTOPUTMOB K
MIPOCTEUILINM MOJEISM.

4.1 Oonacmu earuanua. Cmynenuaman Qyukyus

Paccmotpum curnan (Puc. 13)
-1,
f (;):{ L

t<0
t>0

0.5

u]

0.5

1 et

Puc. 13. Uccnenyemas moaens. CtyneHuaTast QyHKIHS.

PaccmoTpum BeliBiieT npeoOpa3zoBaHue CTyNeHUYAaTOW (DYHKIIMU C BEHUBIIC-
TOM, TMPEACTABJISIONIMM CcO00il mepBylo mpou3BoAHYIO (yHkiuu [aycca
(puc. 14).

wt)=t-e"

05

05

Puc. 14. AHanu3upyromuil BEHBIET.
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[upuna 3¢ (HeKTUBHOTO HOCUTEIS BEiiBIeTa paBHa 5.
[ToBenenue Ko3(PUIMEHTOB B OKPECTHOCTH HYJIA OyAET ONpeNensIThCs
CIeAYIOIUM BbIpaxeHueMm (puc. 15-16):

0 x+5s ;"2
R, :l j (—l-w(t detJr I {l-w(t det =— +e .
s x-=5s S 0 §

Puc. 15 IloBenenue ko3 dunmen- Puc. 16. IloBeaenue ko3¢ (HuIeHToB
TOB Ha MacmTabe s=5. Ha maciurtabe s=15.

Haiinem yron HakioHa KacaTteslbHOW, NEPIEHAUKYISIPHON OCH BPEMEHH, K
MOBEPXHOCTU KOI(PPHUIIMEHTOB B 0COO0I TOUKE.

Bugno, uto

1. B TOuke x =0, R, UMEET JOKAJIbHBIN IKCTPEMYM

2. yroi HakJioHa B x =0, a CJI€JOBaTEIbHO U MOKa3arTelb [ 'enbaepa B 3Tou
TO4Ke, paBeH 0.

B omimunu OT paccCMOTPEHHOro npuMepa Uil CUTHAJIOB APYroro THIIA
AHAJIMTUYECKHE BBIPAXKEHUS TOCTATOYHO CIOXKHBI, TO3TOMY MPUOETHEM K YHC-
JICHHBIM METOJaM BBIYUCIICHUS KOA(PPUIIUEHTOB BEUBIET-Npe0oOpa3oBaHMUsl.

4.2 Bausanue Hy/1€6b1X MOMEHM 08

bynem paccmaTpuBaTh NPOCTEUIIAN B TAPMOHUYECKOTO CUTHAJA
f(t) = Asin ot
C YaCTOTHOW HECTALMOHAPHOCTBIO.
[lycTh mapameTp @ MEHsSIeTCS CKaYKOOOpa3HoO:
_]0.5, <0
- {1, t>0
Crpenkoii Ha puc. 17 mokasaH MOMEHT U3MEHEHHUS YaCTOTHI.
OnHuM U3 HarJasJHBIX METOAOB MPECTABIECHUS BEUBIET-KO3(PPUIINEHTOB
MO>KHO SIBJISIETCSl IOCTPOCHHUE JIMHUN YPOBHS KO3(P(PUIMEHTOB, T. €. JUHUU Ha
KOTOPBIX 3HAYEHHS KO3(P(PULUEHTOB PaBHBI.
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Puc.17 Uccnenyemslil curnan

Paccmotpum BeiiBieT-mpeoOpa3oBanus curaaina c BeiiBierom Gausl Ha
maciradax (1..50) (puc. 18).

Huxe npuBeeHbl pUCYHKH WILTIOCTPUPYIOIINE TOBEACHUE MOAYJISl BEHB-
7eT-k03QPuureHToB Bo BpemeHu (puc. 19).

PaccmatpuBasi BeiiBneT-k0d(PPUIUEHTBI B OKPECTHOCTH OCOOON TOYKH
BUJIHO, YTO YacTOTa MEHSETCS, HO cama 0co0as TOYKa He JIOKaJIM30BaHa. IJTO
CBA3aHO C T€M, YTO IpPeoOpa30BaHUE BBINOIHSIOCH C BEUBIIETOM, MMEIOIIUM
OJIUH HYJIEBOW MOMEHT, a JIJIsl AJAHHOTO CUTHAajla UMEET MECTO pa3pbiB BO BTOPOM
IPOU3BOAHOM, IEpBasi IPOU3BOAHAS HEMPEPHIBHA.

o0 — T T T T T T
S DU N -

40 fog-- N

[11]
]

3]
=

) )
= [43]
—_—

—_
[y
—

—
]

' (B3]
N e e
. .

Puc. 18. BeiiBner-npeobpazoBanue cUrHaia.
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Paccmotpum BeliBieT-npeoopazoBanue ¢ BeriBieroM Gaus2 (puc. 20).

PaccmarpuBas moBeaeHue KOI(D(PHUITMEHTOB MOXHO 3aMETHUTh HAIAYUE
MaKCHMyMa B OKPECTHOCTH 0CO00M TOYKU. Y TMHUS MaKCHMyMOB pacriojiaracT-
cs B yriie Biausinus Touku O (puc. 21).

8 oot S R R
YIS N S O S S
pons|

0 ! I J | | | | |
s 4 a3 =2 4 0 1 2 3 4 5
0) 0.08

0.06

0.04

0.0z

B) 0.2
0.15
01

0.05

Puc. 21. [loBenenue korduimeHToB Ha MacmTabax
a) s=5, 0) s=15, B) s=25.

W3 npuMepoB BUAHA 3aBUCUMOCTh KayecTBa OOHapy eHUs 0COOEHHOCTEN
10 BEUBIET-MPEOOPA30BAHMUIO OT YHCIIA HYJEBBIX MOMEHTOB aHATH3UPYIOLIETO
BEUBIIETA.

4.3 Ilonunomuansuslii npoyecc ¢ napamempuiecKoil HeCmayuoHApPHOCMBbIO.
Ocobennocmu ucci1e006anusl HECKOJAbKUX 0COOCHHOCmell.

PaccMoTpuM HecTalmoHapHbIid curaai (puc. 22)
y=A + At + At
CO CIIEIYIOIIMMHU TTapaMeTpamMu
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A4, =0

A4, =5

0, <0
A, =43, te]0,5]

I, t>5

L e

100 |---

Soooooo

50 -

tEEEEEE

S . N
[ S el k- L I

o -

Puc. 22. Uccneqyemplii curHat.

B 1. x=0 QyHkuus HenpepriBHA, B T. x =5 (QyHKIHS UMeET pa3pbiB. Pac-
CMOTpUM TOBeJIeHUe Moka3zaTens ['enpaepa nis ganHoro curnana (Puc. 23). Uc-
cleioBaHue MpoBOAWIOCH ¢ BelBierom Gaus4. Buano, yto nokasarens ['enb-
Jiepa B MepBoi 0co00#l TOUKe MMeeT 3HaueHue 2, BO BTOpoii 0, 4TO COOTBETCT-
BYET TEOPETHUECKOMY IPEAINOI0KEHHUS, YTO B MEPBOM TOUKE (DYHKIIUS IBAXK]IbI
muddepenurpyema, a BO BTOPOM, yKe repBas MPOU3BOHAS UMEET Pa3phIB.

alpha

time

Puc. 23. [loBenenue nokazaresns ['enpaepa st UCCIIEyeMOro
CUTHAaJA.
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Crnenmyer OTMETUTh W TaKOM MPAKTUYECKUH  aACIEKT  BEUBIIET-
npeoOpa3oBaHus KaKk CylIECTBOBaHUS MacluTada, HAuUMHas ¢ KOTOPOro JBE 0CO-
OCHHOCTH HEpa3IU4YUMBbI. J[pyrumMu cioBaMu, aHAJTU3UPYIONIUN BEUBJIET MOXKET
«3aXBaThIBaTh» 00€ OCOOEHHOCTH.

C Touku 3peHust 00jlacTei BIMSHUSA 3TO O3HAYAET, YTO 00JIaCTU BIIMSIHUS
0COOBIX TOYEK HauyHMHas C HEKOTOPOro MaclTada MepeceKkaroTCs U HaYMHAIoT
BJIUSITH JPYT HA ApYyra.

4.4 Hccneoosanue cuzHanog ¢ wiymom

[TokaxkeM 3aBHUCHMOCTh KOI(PQPUIIMECHTOB BEHBIET-IPEOOpa3OBaHUS OT
Maciirada npu HATMIUH [TyMa.

Bynem paccMaTpuBaTh CUTHAJ C 3allyMJICHHBIMH ydacTKaMu. B kadectse
KPUTEPHsI, TIOKA3bIBAIOIIETO CTENEHb BIUSHUS IIIyMa, BbIOEpeM KOd(( UIIMEHT
Koppessiiuy KodppuineHToB Ha i MacmTabde Juisl CUrHayia 6e3 myma (4ucToro)
¥ C 3aIlyMJICHHBIMH Y9aCTKaMH.

f@)+n, te (a,b)
() =
{f(t), t ¢ (a,b)

KoaduimienT koppesiium ecTh BeIMUYUHA

Cov(¢,,¢,)
p(ézl 9 52 ) =T >
VD& DS,
rae Cov(&,,&,)=E(& —EE)E, —EE) — koBapuauus, E— wmaremaruyeckoe

oxuganue, D — nucnepcus.
Koaddumment xoppensiuu ob1agaeT caeayronMi CBOMCTBAMHU:
p =0 eclii ClIy4alHbI€ BEJIMYNHBI HE3aBUCUMBI,

|p| =1 eciu cirydaiiHble BETMYMHBI IMEIOT JIMHEHHYIO 3aBHCHMOCT.

Onupasice Ha 9T CBOMCTBA, MOKAXEM, YTO MPHU YBEIWYCHUH MaciiTada
BEUBIICT-TIPEOOPA30BAHUS KOPPEIAIUS MEXIy BeUBIeT-KOd(hHUIIEeHTaMHU TSI
YUCTOTO CHTHAJIA ¥ CHUTHAJIA C 3allyMJICHHBIMHU Y4aCTKaMH CTPEMHUTCS K 1 T. €.

PF (552), Wy(s,x))—22—5 1

Bynem paccmaTtpuBaTh rapMOHMYECKH mpoiecc (mapaMeTphuecKu Cra-
LHMOHAPHBIN) BUJA f(¢) =sin(¢) ¢ y4acTKOM 3ainrymiieHus (puc. 24).

CooTBeTCTBYIOLIME 3aBUCUMOCTH KOI(P(ULHMEHTOB KOPpEIsLUUA Tpel-
CTaBJIEHBI Ha pucC. 25.

Takum 00pa3oM, ¢ JIOCTaTOYHOM CTEMEHbIO YBEPEHHOCTH MOXHO T'OBO-
pUTh, YTO HA4YMHAsI C HEKOTOPOro maciitaba (Ha30BEM €ro MacumraboM ajek-
BAaTHOCTH) MOBeJeHUE KOI(PPUIMEHTOB B 3alIyMJICHHOM CHTHAJIE COBIAJIAET C
Kod(ppULIMEeHTaMU YUCTOTO CUTHAJIA.

PaccMoTpuM TOT ke cHUrHaja C MapaMeTpUYecKor HECTAllMOHAPHOCTHIO
(puc. 26) u mryMmom.

JIJist TaHHO¥M MOJIeTTU TIPOBEJIEM CJIEAYIOIEe UCCIIeI0BAHKE:

1. Beibepem macimTad aieKkBaTHOCTH, HCCIIEIOBAB KOPPENIuio (puc. 27).

1817



Tpyout 11 nayunotl konghepenyuu «Ilpoexmuposatie uHICeHePHbIX U HAYYHBIX npunodicenuti 6 cpeoe MATLABy

2. IlpoBemeM acHMOTOTHYECKOE HCcleqoBaHUE KOA(DPUITMEHTOB HA Mac-
mradax OoJIbIIMX MaciuTada ageKBaTHOCTH

Correlation coefficients

a 10 20 0 40 &0 =) 70 a0 o0 100
scales

Puc. 25. I3meHenue k03(p(HUIMEHTOB KOPPENIALUY C yBEIMYEHUEM MacIiTada 1is
CUTHAJIa C IIyMOM M YHCTOI'O CUTHAJIA.

Puc. 26. Uccneqyemplii curHat.
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Carrelation coefficients

Puc. 27. I3menenue k03¢ (HUIIMEHTOB KOPPEJALUH C yBEIMYEHUEM MacIiTada s
CHTHAJIa C IIYMOM U YHCTOT'O CHTHAJIA.

B kauecTBe macmTaba ageKBaTHOCTH BhIOEpeM 25.

PaccmoTpum BeliBiieT mpeoOpa3oBaHUe UCCISAYEMOTO curHaia (puc. 28).

[Tpu BBIOOpE MaciTaba aeKBaTHOCTU CJIEIYET UMETh B BHU]Y, YTO BKJIAJ
0co00#1 TOukd B KOIPUIIMEHTH BEWBIET-IPeoOpa3oBaHusi Ha OoOJBIIUX Mac-
mTadax MOXKET YMEHbIIATHCA U CTaTh HACTOJILKO HE3HAUYUTEIbHBIM, YTO XapaK-
TEPUCTUKNA OCOOECHHOCTH BBISBUTH OyJE€T HEBO3MOXHO. [[pyrumu cioBamu cur-
HaJI Ha 9TUX MaciTadax OyJeT TOMUHUPOBATh HaJl OCOOCHHOCTHIO.

scales

200 400 B00 8O0 1000 1200 1400 1600 1800 2000
¥

Puc. 28. BeiiBner-npeobpa3zoBanue uccieayeMoro curana. Jimanei
MoKa3aH BIOpaHHBIN MacTad aJeKBaTHOCTH.

JU1st OUEHKH BIIMSIHUSL OCOOEHHOCTH MPUMEHUM TOT K€ METOJA. AHaIU3U-
PYs KOPPEJSLMIO AJIi CUTHAJIOB ¢ U 0e3 0COOEHHOCTH BUHA Ta K€ 3aKOHOMEp-
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HOCTh, HO TNPH 3TOM BO3pacTaHUE KPWUBOH MejuieHHee. MOXXKHO CKas3aTh, YTO
0COOCHHOCTH HE OyJIeT paziuuarbes Ha Macitadax >100.

Jlis aHanm3a OCOOEHHOCTH CHUTHala BbIOEpEeM Juamna3oH MacliTaboB
[25..100].

Correlation coefficients

scales

Puc. 29. Koppensiiius curraiia 6e3 0cOOEHHOCTH U ¢ 0COOEHHOCTHIO.

Bbynem paccmaTpuBaTh acHMMITOTHYECKOE TMOBeACHUE KOod(h(UIIMEHTOB
npu s — 0. [Ipoananu3upyemM M3MEHEHHUs YIJIOB HAKJIOHA MOAYJeH KoddduIiu-
CHTOB BEWBJIET-TIpe0Opa3oBaHusl Ha MacmTabax B BRIOPAaHHOM quamna3oHe (Imo-
kazarenei ['enpaepa) ns curuana ¢ nrymom u 6e3 (puc. 30-31).

-0.4 -0.2 o 0.2 0.4

Puc. 30. Mi3meHeHue yrioB HaKJIOHa BEUBIET-KOA(PPHUIUEHTOB B JIOrapu(pMuIecKkoM
Macuitabe . mokasareins [ enpaepa aist CUrHajia ¢ 3allyMISHHOH 0COOEHHOCTHIO.

Puc.31. I3MeHeHue yriioB HakJIOHA BEHBIIET-KOI(UIIMEHTOB B JIO-
rapupMUIecKoM MaciTabe — mokasarens [ enpuepa s curana ¢
0COOCHHOCTBIO O€3 IIyMma.
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Buano, uto B okpectHocTn 0 mMeeTcs CHM>KeHUE mokasarens [enpaepa
10 1.2 Ha 000MX pUCYHKAX, YTO JJA€T BO3MOKHOCTh CIENaTh BbIBOJ 00 000CHO-
BaHHOCTH NMPUMEHEHHOr0 MeToAa (UIbTpalMy LIymMa Il OUEHKH MOKa3aTels
['enbnepa ocobennoctu. Ho mpu 3ToM ciienyeT y4ecTh BBIHYXKIECHHYIO MOTEPIO
uH(pOopMaIK, a CIEeJ0BATEIbHO, BOSHUKIIYIO MOTPEIIHOCTh B OLEHKE, BbI3BaH-
HYI0 UCKJIFOUEHUEM U3 aHAJIW3a MaJIbIX MacIlITa0oB.

B [5] npennaraercst npyroit MeTo puiIbTpalMi, OCHOBAHHOW HA MCKJIIO-
YEHUU U3 aHaJIM3a JIMHUA MaKCUMYMOB, MOPOXACHHBIX IIyMOM. M3BeCTHO, UTO
nokazarens ['enbaepa misd myma = —1 [6], a clie1oBaTEIbHO, YTOJl HAKJIOHA JIH-
HUU MaKCHUMYyMa MOPOXKICHHON 0COOCHHOCTHIO OYAET MOJOKUTEIbHBIM, U CJie-
JIOBaTEJIbHO, BO3MOXHA 00JIee TOUHAas OICHKA.

B pesynbrare npojenaHHol paboThl ObUIO MOKa3aHO, YTO HEMPEPHIBHOE
BelBIIET-TIpeoOpa3oBaHre MO3BOISET HE TOJNBKO OCYIIECTBISTh KaUeCTBEHHBIM
aHaJIU3 CUTHAJIOB, HO U MOJYYUTh KOJUYECTBEHHBIE XapaKTEPUCTUKH OCOOEHHO-
CTH C MUCIIOJb30BaHUEM mokaszareins [enpaepa. [IpennoxkeHHbli METO MOKET
OBITh IOJIE3€H MPU AHATIU3E KaK 3KCIEPUMEHTANIbHBIX JaHHBIX, TaK U CUTHAJIOB,
HOPOKJAEMbIX MOJIEJIIMU UCCIIETyEMbIX OOBEKTOB.
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