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Annomauusa. TlpenyaraeTcs HOBBIM METOJ aHaTU3a JAaHHBIX MarHUTOMUOTpadu,
OCHOBaHHBIH Ha mpeoOpazoBannu Dypbe MPOTHKEHHBIX BPEMEHHBIX PSIOB U Ha
MacCOBOM PELICHWH OOPaTHOH 3aJadM Uil BCEX CIEKTPaIbHBIX KOMIIOHEHT. J{is
TECTHPOBaHMsI MeTo/Aa ObLI MOCTAaBJICH CIEAYIOIINN SKCHEpUMEHT. VcbITyeMblit
HampsTail U pacciadiisul COTHYTYIO KHUCTh PYKH B TEUEHHE IATH MUHYT, CKUMas
PYKOSITKY, 3a(MKCHPOBAHHYIO Ha H3MEPHUTEIBHOM CTOJie. MarHMUTOMHOTPaMMEI
PETHCTPHUPOBAIUCH BONHM3M OT PyKH € ToMomblo cemukaHamsHOoro CKBUJI-
MarHuToMeTpa Ha 0a3e aKCHaIbHBIX TPaJUOMETPOB  BTOPOTO  IMOPSAKA.
UcnpiTyeMbIit U dKCHeprMEHTabHAs YCTAaHOBKA pa3MeIlalnch B TOJCTOCTEHHOM
QTIOMUHHEBOM KaMmepe, TNpEAHA3HAUYEHHOW [UIS HW30JLUU OT HEPEMEHHOTO
JJIEKTPOMArHUTHOTO  MMOJIA. 3allUTa OT MOCTOSHHOTO MAarHUTHOTO  TOJS
OTCYTCTBOB&JIa. MarHuTHbIE MHOTpaMMbl aMIUIMTYyA0i 20 mnukoTecna ObUIH
3apETHCTPUPOBAHEI B MHMPOKOW mojoce dactoT (mo 500 I'm), ¢ oTHomeHHeMm
curHan/mrym  cBeiie  20. Ilocme ¢unbTpanmu u - BeIOENEHHS EPHOAOB
ckaTtust/pacciabienust ObUTM c(OPMHUPOBaHBI JIBE CHHTETHUECKHE MHOTPAMMBI,
Kaxaast amuTenabHocThio 135 cexyna. Jlanee ObUIM BBIYMCIECHBI MHOTOKaHAJIbHBIC
CIEKTPBl M  paccuuTaHbl  (QyHKOHOHAJIbHbIE TOMOrpamMMmbl. B ciydae
paccnaOieHHOH pyKH 3HAa4YMMBIX OOBEKTOB OOHapykeHo He Obuto. B ciyuae
HaTpsHKEHHOW pyKH OBUT BBIJENICH MTPOCTPAHCTBEHHBI O0BEKT, MPEACTABIISIOIINMA
co0oif  (QYHKIMOHAJIBHYIO CTPYKTYpy MBIIIL, HANpsDKEHHBIX B JIaHHOM
SKCHEpUMEHTE. MeToa MOXKET OBbITh MCIOJIB30BaH sl U3YyUCHUS! U JUArHOCTHKH
MBIIIEYHOH CUCTEMBI YEJIOBEKA.

Knwuesvie cnoea: macnumomuocpagus, npeoodpaszosanue Dypve, anaiu3 OAHHLIX 8
npocmpancmee  «4acmoma-nammepHy, — obpamuas  3a0ayd,  QYHKYUOHANLHAA
momozpagusi.

1. BBEJIEHHUE

MprplmeyHass cHCTEMa — OJiHA W3 Ba)XKHEHWINIMX COCTABHBIX YacTeHd YeI0BEUYECKOTO
opranu3Ma. JKCIEePUMEHTATFHOE U3YYCHHE STOM CUCTEMBI C TOMOIIBIO (PU3HUUECKUX METOJIOB
JIEKUT B OCHOBE MHOTHX METOJOB MEIWUIIMHCKON HUArHOCTHKHN W CTAHOBUTCS BO3MOKHBIM
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Oyarogapsi TOMY, YTO MBIIIEYHAs] aKTUBHOCTh OOECIIEUMBACTCS IBUKEHUEM 3JICKTPUUECKUX
3apsiIoB. DJIEKTpUYECKas CTPYKTypa MBI OMUCaHa, Hampumep, B kuure [1]. JBmxeHue
3apsZOB CONMPOBOXKIIAETCS TEHepalueil 3JeKTPUYEeCKOro M MAarHUTHOTO IOJieH, KOTOpbIe
MOTYT OBITh H3MEPEHBI CHapyXu Tena. B Hacrosimee BpeMs OOJNBIIMHCTBO paboOT MO
M3YYEHUIO MBI BeAercs B obnactu anektpomuorpaguu (OMI'), koTopas wusyyaer
IIEKTPUYECKUE MTOTEHLIHUANBI C [IOMOILBbIO BHYTPEHHUX WJIM BHELIHUX 3JIEKTPoJ0B [2,3]. B To
e BpeMsl, U3MEPEHNE MAarHUTHON KOMITOHEHTHI AJIEKTPUYECKOM aKTUBHOCTU MBIIII 001a/1aeT
TEM B@)XHBIM IPEUMYIIECTBOM, 4YTO YEJIOBEYECKOE TEJIO IPAKTHUECKU IPO3pPAavyHO IS
MarHUTHOTO TMOJS. OTO 3HAYUT, YTO CHTHAlI JOCTUTaeT BHEIIHEr0 H3MEpUTEN
HEUCKaXEHHBIM U pEIICHHE OOpaTHOM 3ajauyu M0 PEKOHCTPYKLIMHM HCTOYHMKA HE TpeOyer
3HaHUSA BHYTPEHHUX IIapaMeTpoOB OpraHu3Ma (Takux, Kak IPOBOJUMOCTh B cllydae
anekTpomuorpaduu). PaboTel Mo MarHUTHONH MHUOTpadUu MOJYYHIM MOIIHBIA HUMIIYJIbC K
pa3BuUTHIO Tocie wu300pereHus gaTunkoB Ha ocHoBe CKBUIoB (cBepXmpoBOISAIINX
KBAaHTOBBIX HHTEp(epoMeTpoB). OTMETHM, YTO MAarHUTHOE IOJIE CKEIETHBIX MBIIIIL SBISETCS
OJIHUM U3 CaMbIX CHJIBHBIX OMOMArHUTHBIX TOJIEH, JUIIb HEMHOTUM YCTyMash MarHUTHOMY
nosto cepaua. Perucrpamus marHutHol muorpammel (MMI') Oblia OJHUM U3 HEPBBIX
sKcriepuMeHTOB ¢ ucnois3oBaHueM CKBUJI-natunkoB [4]. I[lozgHee ObulM  M3Yy4eHBI
MarHUTHbIE MOJSI M30JUPOBAHHOTO MBILIEYHOTO BOJIOKHA [5] M BBINOJHEH psJ APYTrux
UCCIIeIOBaHui [6], HO B I€JIOM MarHuTHas Muorpadus pa3BHBallach HE TaK aKTHBHO, KakK
MarHuTHas odHuedanorpadus w MarHuTHas Kapauorpadus. B Hacrosimiee  Bpems
OPEIPUHUMAIOTCS MOTNBITKA U3MEPSATh MarHUTHYIO aKTUBHOCTH MBIIII C MOMOIIBIO TaKUX
JATYMKOB, KAK MarHUTOMETPHI C ONTHYECKOW Hakaukoi [7], matunku Xoina [8] u apyrux. B
KOHEYHOM HUTOre, UENbI0 HCCIECJOBAHUM DSJIEKTPUUECKON AKTUBHOCTH MBI SBISETCS
pelieHre OoOpaTHOM 3ajjaul — HAXOXKICHHE XapaKTEPUCTUK BHYTPEHHUX MCTOYHHUKOB IO
BHEIIHEMY TMOJI0. MeToabl pelieHuss STOM 3aJaud B OCHOBHOM pa3BUBAIOTCS B
anieKTpomMHorpadguu U TpeOyrT pa3MeElleHHUs MacCuBa M3MEpHUTENeH Ha MOBEPXHOCTH Teja
[9,10].

HenaBHo Obl1 mpensiokeH HOBBIM METOJ aHaJIW3a MHOTOKAHAJIBHBIX JAHHBIX,
OCHOBaHHBIN Ha npeobpazoBanuu Pypre U aHATU3€ KOTEPEHTHOCTH. MeToa ObUT MpeIoKeH
JUISL U3YYEHHUS Pa3JInYHBIX CIOXKHBIX CHCTEM U ObUI IPUMEHEH K HUCCIIEeIOBAaHUIO CTIOHTaHHON
aKTHBHOCTH TOJIOBHOTO Mo3ra B pabote [11]. Mcxonst u3 Toro, 4ro MeTon copMylIupoBaH
JUISL U3YYEHHUS JIIOOBIX CJIOKHBIX CHUCTEM, ObUIM MOCTaBJIEHBI SKCIIEPUMEHTHI IO PETUCTPALIUU
MBILIEYHON aKTUBHOCTH C IIOMOIIbI0 MHOTOKaHAJIbHOTO MarHuTosHuedanorpada. M3mepenus
MarHUTHOM MHUOTpaMMbl IMPOU3BOJMINCH B MarHUTHO-PKPaHHUPOBAHHOW KOMHATe W3 MIO-
MeTajula, ¢ MOMOIIbK 275-kaHanbHOrO MarHuTHOro »sHuedanorpaga (CTF Systems),
HaIpsDKEHHAsh pyKa MCHBITYEMOIO HEMOJBMKHO pa3Mellangach BHYTPH H3MEPUTEIBHOTO
IJieMa B T€YEHUE OJHOM MHMHYTHL. B Mozmenu TOKoBOro aumosis ObLla peKOHCTPYyHpOBaHa
(yHKIIMOHAJIbHAs CTPYKTypa HAMpPSDKEHHBIX MBI, MPUOIMKEHHO COOTBETCTBYIOIIAS HMX
QHATOMUYECKOMY yCTpOMHCTBY [12].

3anaveil 1aHHOI pabOTHI OBLIO MPOBEIEHUE HKCIIEPUMEHTOB 110 MAarHUTHOM MHOrpaduu ¢
noMouIpl0 ceMukaHanpHoro rpaauoMerpa HUILL «KypuyaTOBCKMII MHCTHTYT» B YCIIOBHUSX
OTCYTCTBHSI MAarHMTHOTO 3KpaHupoBaHus. [lmaHMpoBanoch co3/laHHE SKCIEPUMEHTATbHBIX
npucnocoOaeHni, pa3paboTka METOAMK SKCIIEPUMEHTa, OUYMCTKA JAHHBIX OT BHEIIHUX IIYMOB
u peuienre oOpaTHoM 3amaun MMI B Mojenu MarHUTHOTO Iumoiis. JTa Mofenlb Oosee
aJCKBaTHO OIMUCBHIBAET MBIIIEYHYI0 aKTHMBHOCTb, YE€M MOJAEIb TOKOBOIO  JUIIOJS,
ucnoib3oBaHHas B [12]. OcHOBHas 1enb pabOThl 3aKIIIOYAETCS] B MPOBEPKE TMIIOTE3BI O TOM,
yTo npemioxkeHHbli B [11,12] Merox aHanu3a AaHHBIX MOXET TPUMEHSTHCS I
PEKOHCTPYKIMHN (PYHKIIMOHATBHOM CTPYKTYpPBhl CJOXKHBIX CHCTEM, HalOloaeMbIx Oe3
MarHUTHOTO 3KPAaHUPOBAHUS C TIOMOUIbIO MAaJOKaHAIBHBIX PHOOPOB.
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YCTUHUH u np.
2. PETUCTPAIIUSA MATHUTOMUOTI'PAMM U ITPOTOKOJI SKCIIEPUMEHTA

W3mepenuss MmpoBOAWINCH Ha MarHUTHOM rpaauomerpe mpousBoiactsa OO0 «HIIO
Kpuoron», ycranonmennom B HUI[ «KypuaroBckuit Muctutyr». IlpuemHble KaTylmku
BBIIIOJIHEHBI B BHJIE€ COOCHBIX TI'PaJMOMETPOB BTOPOTO IOPSAJKAa U PACIOJIOKEHBl B BUIE
reKCaroHaJbHON CTPYKTYpPBI C CEAbMBIM KaHaJIOM B LieHTpe. Jluamerp NpUEMHBIX KaTyIIeK
paBeH 16 wmwm, paccrosHme Mexay ocsmu — 30 MM, 06aza rpagmomerpa — 50 MM.
Ucnons3ytorcs CKBU/Ip1 nocrossHHoro toka npousBoacrBa SUPRACON AG. Yposenb
COOCTBEHHBIX INYMOB MpHOOpa HE MPEBBINIACT 3 (bT/\/Fu. Jnst cHuXeHUsT BIUSHUA
NEPEeMEHHBIX  BHEIIHUX  JJEKTPOMArHUTHBIX  MOJIEH, TpajuOMETp YCTAaHOBJIEH B
TOJICTOCTEHHOH  YJIUTKOOOpa3HOW amoMuHHEBOM kamepe. Kamepa pasmemnieHa Ha
BUOPALIMOHHO-U30JIMPOBAHHOM ~ ()yHJIaMEHTE. YPOBEHb BHEIIHUX MAarHUTHBIX IIIYMOB
cocrapsieT mopsiaka 20-40 ¢pT/NT .

Peructparnus curnana npousBoawiack B TedeHrue 300 ceKyH ] ¢ 4acTOTOW AMCKPETU3aALUU
1000 I'u. McnpiTyeMblii cuaen, TOMECTUB KHCTh IPABOM PYKH MO MPHOOp, 00XBATUB )KECTKO
3aKpEIJICHHYIO JIEPEBAHHYIO MOJCTaBKY, Kak IMOKa3aHO Ha puc. la m 1b. Ucmeityemomy
10/1aBAJICSl 3ByKOBOW CHTHAT — MICITYKH, [0 KOTOpOMY OH cxkuMal (1 miemdok) u paccrnadiisa
(2 memuka) pyky. Perumcrpamus 3BYKOBOTO CHrHaja [POHM3BOIAMIACH  BOCHMBIM
(pedbepeHTHBIM) KaHAJIOM MAarHMTHOTO rpaauoMmerpa. Ha puc. 1C moka3aHoO B3auMHOE
pacIioyio’keHNe PyKU UCTIBITYEMOIO M IPUEMHBIX KaTyIIeK proopa.

Puc. 1. PacnionosxeHue pyKy UCTIBITYEMOTO U puOopa BO BpeMs SKCIIEPUMEHTA.

3. METOJ ®YHKIIMOHAJIbHOM TOMOI'PA®HUM CJIOKHBIX CHCTEM HA
OCHOBE MHOI'OKAHAJIBHbIX BPEMEHHBIX PA1OB

AHaM3 JaHHBIX OCYIIECTBIISUICS C TIOMOIIBI0 MeToja (YHKIIMOHAIBHOW ToMorpaduw,
pasBuToro B padorax [11, 12].

PaccMOTpUM OCHOBHBIC TOJIOKEHHUS 3TOrO METOJa Ha TPUMEPEe MarHUTOMHOTrpadu.
Marauromuorpad OJTHOBPEMEHHO 3allMChIBACT 3HAUCHHMs MarHUTHOro mnoss B K kaHamax B
JIMCKPETHBIE MOMEHTHI BPEMEHH, BbIZIaBast HA0OP JUCKPETHBIX SIKCIICPUMEHTAIBHBIX BEKTOPOB

{bk}, k=1,....K. DTH BekTOpbl SBISIOTCS JUCKPETHBIM MpPEICTaBICHHEM Habopa
HENPEepPbIBHBIX (YHKIUH {I.s;k (t)} — MarHuTHOM nHAYKIUH B K kananax. bnarogapsi BbICOKOi

yactore pernctpauny (1 kuorepi), Bektops! {b,} nmpeacrasmsior HenpepbIBHbIe GyHKLHH C
JIOCTATOYHONH TOYHOCTBIO. MHOTrOKaHaNbHOE mNpeoOpazoBaHne MDyphe BHUMCISET HAGOP
crextpos mnst pynkrmii {8, (1)} ¢ momompro muckperroro npeobpazosanms dypre [13]:

482

Mamemamuueckas ouonozus u buoungopmamuxa. 2018. T. 13. Ne 2. doi: 10.17537/2018.13.480




PEKOHCTPYKIJUA ®YHKIIHOHAJIBHOH CTPYKTYPbI KUCTH PYKH YEJIOBEKA 110 MAT HUTHOH MHUOI' PAMME
27 27
a, = ?IBk cos(2nv,t)dt, b, = ?J'Bk sin(2nv,t)dt, (1)
0 0

n
re a0, — xoaddumenter ypre s 4ACTOTHI V, B KaHane ¢ HoMepoMm K, u v, =—,

n=1,..,N,N=v__ T, rne v,,, —HaubosblIas U3 UHTEPECYIOLINX HAC 4acTOT. Bce criekTpbl
BBIYUCIISIFOTCS JUIs HIOJIHOTO BPEMEHM M3MEpEHHH T, 4TO BayKHO JUIA BBIABICHUS AETATbHON

. 1
YaCTOTHOU CTPYKTypel cucrtemsl. Illar mo wacrore cocraBmger Av=v —vV, , =—, TaKuM
T

00pa3oM, 4acTOTHOE pa3pellieHUE HalpsSMYIO OINpenesseTcsl BpeMeHeM perucrpauuu. Mmes
TOYHBII MHOTOKAaHAJIbHBIN CIIEKTP, MOKHO BBIIIOJIHUTH 00OpaTHOE npeolOpa3oBanue Dypre:

N

B (t) = Z})nksin(vant + Q) Vy = %, N=v_T (2)

n=1

TIE Py =+ faﬁk +bl, o, =atan2(a,.b,), u  a,,0, —xooddummenTer  Dypee,

BbIYKCIICHHBIC B (1).

Tounocts mpsimoro u obpaTHOro mpeoOpazoBaHus Dypre, HCIOIB30BAHHOTO B HAIEM
HOJX0/1€, MOYKHO MPOMJUTIOCTPUPOBATh TEM (DAKTOM, YTO OTHOCUTEIBHOE OTKIOHEHUE MEX ]
BxogaHoit MKI' u BoccTaHoBieHHOW mpeoOpazoBaHHeM (2) COCTaBISIET MEHBIIE, YeM 107,
Jis Toro, 4ToOBI Mccae10BaTh MOAPOOHYIO YaCTOTHYIO CTPYKTYPY H3Y4aeMOro 00beKTa, MbI
BOCCTAHABJIMBa€M MHOTOKAHAJIbHBIN CUTHAJ Ha KaXJ10M 4acTOTE U aHAJIU3UPYEM I10Jy4EHHbIE

(1)YHKI_II/II/I. BoccranoBiieHHBIN MHOTOKaHAJIBHBIA CUTHAJ Ha YacTOTE V,, BO BCEX KaHalax:

Bty =PucSIN(27v,t+ 0y ) (3)

1
rue te[O,TV ], T, =— — mepwon stoii yacrorel. Ecim ¢, =¢,, Torma dopmyna (3)
n n V

n
OMMUCBIBACT KOTCPECHTHYIO MHOI'OKaHAJIbHYIO OCIIUIIJIAIINIO U MOXKET OBITH 3aIIMCaHa KaK:

Bnk(t) = pnk Sin (27’5Vnt + (Pn) = f)nkanin (vant + (Pn ) ! (4)

K
2 A P o
rue p, = ank — aMILUIMTYa, & P, = nk _ HOPMHUPOBAHHBIN NATTEPH OCLUIIIALINU.

k=1 n

B MHOTOKaHAJIBHBIX U3MEPEHHSIX TTPOCTPAHCTBO OMPEIETSETCS PACIIONOKEHNEM KaHaJIOB.
Ecnu BpeMeHHas 3aBHCHMOCTb HE 3aBUCHT OT HOMepa kaHaia K, To B popmyite (4) momydeHo
paszieneHrue TEPEeMEHHBIX BpPEMEHH U TMPOCTpaHCTBa. lcmosib3oBaHWEe HOPMHUPOBAHHBIX
MaTTEPHOB JIa€T BO3MOXHOCTb ONPEAEIUTh MPOCTPAHCTBEHHYIO CTPYKTYpPY HMCTOYHHMKA IO
pelieHno o0paTHOM 3ajauu, W 3Ta CTPYKTypa OCTaeTcid IIOCTOSTHHOW 3a BCe Bpems

OCIHWUIALIMKA. BpemMeHHass 3aBHCHMOCTh TOJI omnpeenseTcs: QyHKIuen anin(vant+(pn),

oOmieil s BceX KaHaJoB, TO €CTh 3TOT MCTOYHMK OCHWJUIMPYET Kak €JUHOE Leloe Ha
4acToTe V,,.

Teopernueckue OCHOBBI MeTOJAa PEKOHCTPYKLUMH CTaTUYHBIX  (DYHKIIMOHAJIBHBIX
CYIIHOCTeW (MCTOYHHMKOB TONsg) ObutM wm3noxkeHsl B [11, 12]. Dra peKOHCTPyKIuUs
OCHOBBIBA€TCSl Ha JIE€TAIbHOM YaCTOTHOM AaHAJIW3€ WU BBIJCIICHUM YaCTOTHBIX KOMIIOHEHT C
BBICOKON KOT'€pEHTHOCTBIO U TOXOKUMU MaTTepHAMH.

ANTOpUTM MaccOBOTO aHajHM3a B MPOCTPAHCTBE YACTOTA-NATTEPH MOXKET ObITh 3amuCcaH
CJIETYIOIIUM 00pa3oM:

483

Mamemamuueckas buonozus u 6uoungopmamurxa. 2018. T. 13. Ne 2. doi: 10.17537/2018.13.480




YCTHUHUH u np.

1. mpeobpazoBanune Oypre BXOTHOTO MHOTOKAaHAIHHOTO CUTHANA,

2. obpartHoe npeobpazoBanre Pypbe — BOCCTAHOBIIEHUE CUTHAJIA HA KaXKJJOW YacTOTe;

3. OlleHKa KOTePEHTHOCTH Ha KaXXJOW YacTOTE. €CJIM KOTEPEHTHOCTh Onm3ka K 1, TO
UCIIOJIb30BATh MATTEPH M YaCTOTY, KaK KOrepeHTHYI0 ociuuisinuio (ypaBuenue (4));

4. eclm BOCCTaHOBJICHHBIH CHUTHAJl COCTOMT M3 HECKOJIBKHX CMEIICHHBIX Mo (ha3e
KOTE€PEHTHBIX OCIMJUIALUHN, TO BBIICIUTH 3TU OCIMILISIINH;

5. IpUMCHHWTH AITOPUTM ciernoi uacHTudukanuu Broporo mopsaka SOBI [14] mns
BOCCTAHOBJICHUSI BDEMEHHBIX PSJIOB B ypaBHEHUH (3);

6. BBIOpaTh HEHYJIEBbIC KOMIIOHCHTHI,

7. mpuMeHHTH npsMoe npeodpazoBanne Dypbe K KakI0i U3 BHIOPAHHBIX KOMIIOHEHT U
BBIYUCIIUTH aMIUTUTYTy, HODMHPOBAHHBIN NATTEPH U a3y, ucroib3ys (4).

[Tocrme yeTBepTOrO IMara STOTO aHalM3a, MCXOIHBI MHOTOKAHAIBHBIM CHTHAI Oymer
NPEJICTaBJICH B BUIE CYMMBI JJIEMEHTAPHBIX KOT'€PEHTHBIX OCIMJUISIINI:

N M
B, (t) = ZZDmnpmnk sin(2nv,t+9,,), vi=—, N=v_T, (5)
n=lm=1 T
rac M — MAaKCUMAJIBHOC KOJIMYCCTBO KOFepeHTHBIX OCHHHHﬂHHﬁ, BBIACJICHHBIX HA 4aCTOTC Vn.
Kaxas »leMeHTapHas OCIMIUIALMS XapaKTepu3yeTcs dacToTol V., ¢asoii ¢,

ammumTynoii D, HOPMMpOBaHHBIM NaTTEPHOM ., & €€ HCTOYHHKOM SBISETCS
(byHKIIMOHAIbHAs CYIIHOCTh, 00JIaatoniasi IOCTOSHHON MPOCTPAHCTBEHHON CTPYKTYPOM.
Meton (QyHKIMOHAIBHON TOMOTpaduu PEKOHCTPYHPYET CTPYKTYPY CHCTEMBI IyTEM
aHamuza Habopa HOPMHMPOBAaHHBIX TaTTepHoB ... @OYHKIMOHAIbHAs TOMOrpamMma
MOKa3bIBAET TPEXMEPHYIO KapTy paclpenesieHUs SHEprui, MPOU3BOJUMBIX HCTOYHUKAMH,
HaXOJSAIIMMHUCS B 3aJaHHON TOYKe NpocTpaHcTBa. [l moctpoeHus (QyHKIMOHAIBHOMN
TOMOTPamMMbl ~ HccienyeMas obnacTh npoctpanctBa pasOmBaetcs Ha N, xN xN,

SJIEMEHTAapHBIX KyOHYECKHX seeK ¢ LeHTpaMu B I . JlnnHa pebpa Kyba (IIpoCTpaHCTBEHHOE

paspelieHne) BhIOMpaeTcs B COOTBETCTBHM C JKEIaeMOW TOUHOCTBIO U BBIYMCIUTEIbHBIMU
BO3MOXKHOCTSIMH; B IaHHOH paboTe oHa paBHa 3 MM. [l TOTO, YTOOBI BEIYUCIUTH YHEPTHIO,
IPOU3BOIMMYIO BCEMH MCTOYHHKAMM, PACHOJIOKEHHBIMU B LIEHTPE SUCHKH, CTPOUTCS HaOOp
u3 L mpoGubIx MarauTHBIX umnoneit Q.

MarnanTtHas HHAYKIOHA, ITOpoXKaacMasn HpO6HI)IM JUIIOJIEM Q PACIIOIOKCHHBIM B TOUKE

ijsl »
Ijs » DPETHCTPUPYETCS TaTYHKOM C HOMEPOM K, HAXOJSIMMCs B TOUKe ¢ KoopauHatamu I, u
MMEIOIM HarpasieHue N, ; k-as KOMIOHEeHTa p}l.rslk npoGHOro nmarTepHa ijs| Beraucsercs mo

MOJIeJ MarH|uTHOTO aumoss [15]:
Mol

roo_
Pijsik = x

a’p

X(G(az(E(yz)— K(v?))- 2adE(y2))ed +(a2 (K(v?)-E(y?))+(2a%+ 2ad)E(y2))Qijslj,nkJ, (6)

e o’ =a’ +d* +2*—2da;p* =a* +d* +z° + 2da; y* :1—a—2;

d
r,=n _rijs;2=<ra’Qijsl);d =ra_ZQijsI;d =|d|;ed =a;|nk|=l;

K (yz) — AJUIMNTUYECKUI UHTETpaj NEPBOIro poja,;

484

Mamemamuueckas buonozus u 6uoungopmamura. 2018. T. 13. Ne 2. doi: 10.17537/2018.13.480




PEKOHCTPYKIHA ®YHKIJHOHAJIFHOH CTPYKTYPbI KHCTH PYKH YEJTOBEKA 11O MATHUTHOH MHOT PAMME

E (y2 ) — 3JUTMITUYECKUN UHTETpall BTOPOro pojia.

B kaxmom pacueTHOM y3je CeTKH NPOOHBIC IWIIOIM PaBHOMEPHO MOKpHIBAIOT chepy B L
HarpaBJeHusAX, B JaHHOM uccienoBanuu L = 2500. HopmupoBaHHBINH MaTTepH BBIYUCISICTCS
KaK

ptl’
A tr ijs tr
p:jslk = ‘%Ik, rac ‘pijsl = (7
ijsl
[To ¢popmyne (7) ObLT BBIYKCICH HAOOP HOPMUPOBAHHBIX MATTEPHOB:
P} =L N j=1. Nys=1_ Nl =1..,L,. (8)

B nmanHoii paboTe Ui PEKOHCTPYKUUH (PYHKIHMOHAIBHOW CTPYKTYpPHl MBIIII PYKH
UCIIOJIb3YETCsl CBBIIE TPEXCOT MHJIJIMOHOB MPOOHBIX HOPMUPOBAHHBIX IATTEPHOB. OTH
NaTTePHBI MOPOXKIAIOTCA MPOOHBIMH  JTUIOJSMH, PAaBHOMEPHO pacClpe/ieiICHHBIMA B
IPOCTPAHCTBE JIOKATH3ALUH.

I[JI?I KaXKa0ro u3 HOPMUPOBAHHLBIX MATTCPHOB ﬁmn BBIUUCIIACTCA CIICAYHOIIAas q)yHKHI/ISI,
omnpeaciaromad pasjinyue M1y 9TUM MMATTCPHOM U OJHUM H3 Hp06HI)IX MMaTTCPHOB:

X(i,j,S,|)= Z(ﬁ:jrslk_ﬁmnk)z’ (9)

K
k=1

rue f)fjrs,k — k-as KOMMOHeHTa MPOOHOrO TAaTTEpHA Py, P — k-as kommonenta
HOPMHPOBAHHOT'O ITATTepHA P, , K — HOMep kaHaia.

Ilonoxenue u HaITpaBJICHUC HCTOYHUKA, COOTBCTCTBYIOLICTO MNaTTCpHy ﬁmn )

ompenensiercs uncnamu (I, J, S, L), coorBercTBytonmmMu Muaumymy dynakmmu (i, j, S, ) mo
nepemeHHbM 1= 1,...,Ny;  j=1,...,Ny; s=1,...,N; 1=1,..., Lmax. Munumym otoit
(GYHKIIMM HaXOJUTCS METOJIOM IIOJIHOTO Iepebopa — BBHIOOPOM HAMMEHBILIEro M3 TPEXCOT
MWIMOHOB 3Ha4Y€HMH (YHKIMH y I KaXkI0TO MaTTepHa P, . Ta Npoleaypa onpeaesseT

nojnoxenue I, — pelieHue oOpaTHOW 3a1auM s MaTTepHa ., 0€3 IPOCTPaHCTBEHHOM
buIBTpalMK KaHANOB U 6€3 BBe/IeHUs BeCOBBIX GyHKIMit. DHeprus sToro ucrounuka D’ (5)
N00aBIIsIeTCS K SHEPTHH, TIPOU3BOIUMON sUEHKOM ¢ KOOpAUHATaMH LeHTpa I .

[loBTOpsIss 3Ty MPOUEAYPY IS BCEX HOPMMPOBAaHHBIX TATTEPHOB P..: M=1,..., M;

n=1,...,N, BO3MOXHO pacHpeaeauTb B MNPOCTPAHCTBE 3HEPIrUM BCEX OCHWULILIUNA U3
BolpaxkeHust (5). PesympraToM Takoro pacnpezeneHuss sBisercss (YHKIHMOHAJIbHAs
TOMOTPaMMa MBIIII PYKH, BOCCTAHOBJIEHHAS 110 JaHHBIM MarHUTHOM Muorpagpuu.

4. AHAJIV3 BPEMEHHBIX PSIIOB MATHUTHON MUOTPA®HUH U
OYHKIIMOHAJIBHBIE TOMOI'PAMMBbI

Ha mepBoM »sTame aHanmu3a MaHHBIX TSATHAMUHYTHBIE 3allMCH MarHUTHOW MHOTpaduw,
3aMMcaHHble 0 CXeMe, M300pakeHHOW Ha pucyHke 1,C, aHAMM3MPOBAIWCH BHU3yanbHO. Ha
PUCYHKE 2 MOXHO BHJIETh SBHOE OTIMYME BPEMEHHBIX PSAOB B T€ OTPE3KHM BPEMEHH, KOTJa
pyka OblTa HampspKeHa, OT TeX OTPE3KOB, Korja pyka Obuta paccrmabnena. IIpu stom Ha
MPOTSDKEHUHM BCEH 3amycy HAOMIOAAIOTCS HU3KOYACTOTHBIE IIyMBL. JIJIsl OYMCTKHM JTaHHBIX
Obl1a ynaneHna monoca 4actoT 0-20 I', a Takke y3KHe MOJOCH 4acTOT, COOTBETCTBYIOIIUE
rapMoHukaM S50 'ty — urymsl OT anekTpoceT. Kak MOXKHO BUIETh HA PUCYHKE 3, B pe3yJibTaTe
Takol (GuIbTpanuy ObUIM OYMWIIECHBI JBa TUIA CUTHAJOB. [lepBhlii THI — KBazHWcIy4ailHbIe
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YCTUHUH u np.

BpEeMEHHBIE psabl aMIuIUTy 0l 20 mukoTecna, COOTBETCTBYIOIIUE OTPE3KaM BpEMEHH, KOraa
pyka HamnpsbkeHa. Takas aMITUTy1a MUOTPaMMBbl COOTBETCTBYET MPUHATHIM MPEACTABICHUAM
0 MarHMTHOM I0JI€ CKEJIETHBIX MBI [ 16]. BTopo#i Tull — KBa3ucIydyailHbie BDEMEHHBIE PSJIbI
ammuTynoi 3 nukoTecna, COOTBETCTBYIOIIME OTPE3KaM BPEMEHH, KOT/ia pyka pacciabieHa.
Takast aMIIMTya IPUMEPHO paBHA aMIUIUTY/IE 3aMKCel IIyMOBOM aKTUBHOCTH B OTCYTCTBHE

pyKu.

60

40

20

0 v

B, pT

-20

-40

SN (N N I A B

0 50 100 150 200 250 300
t,s
Puc. 2. DkcnepuMeHTalbHBIC IaHHBIC MArHUTOMHOTPaGUH, COBMEUICHHBIC C OMOPHBIM CHTHAJIOM.
KpacHpIME BepTHKaIbHBIME JTHHUASME ITOKa3aHbl CUTHAJIBI Ha CXKaTHE PYKH, YEPHBIMHU - Ha paccialiieHue.
Po30BBIM OTMEUEHBI OTPE3KH BPEMEHH, B KOTOpPBIC pyKa OblIa CKaTa.

60

40

20

pT

-20

-40

STAE T S I I

0 50 100 150 200 250 300
ts
Puc. 3. OuuieHHble SKCHEPUMEHTANbHBIE JaHHbIE MarHUTOMHOTPa(UH, COBMEUICHHBIE C OMOPHBIM
curHasioM. KpacHBIMH BepTHUKAJIbHBIMH JIMHUSMH TOKa3aHbl CHUTHAJIBI Ha C)KaTHE PYKH, YEPHBIMH - Ha
paccnabienue. Po30BbIM OTMEUYEHBI OTPE3KH BpEeMEHH, B KOTOpbIE pyKa Obljia ckara.

Jlns nanpHeimero aHanmu3a Mbl OOBEAMHHWIN B OJMH BPEMEHHOW P BCE OTPE3KH C
HaANpPsDKEHHOM pYKOM, a B Ipyrol BpEMEHHOM psii — BCE OTPE3KU C pacciabIeHHON PYKOH.
OTO MO3BOJMJIO HaM MOJYYUTh JOCTATOYHO MPOTshKEHHBbIE (135 CeKyHH) CHHTETUYEeCKHe
MHUOTPaMMBbl JUUISl BBISIBJICHUS JE€TAJbHOM YaCTOTHOW CTPYKTYpbl CHUCTEMBI. Takod mnpuem
OCHOBaH Ha TMPEANOJIOKEHUH, YTO (a3pl MUOTPAMM HE UTPAIOT POJIU B JIOKATU3AIUU
ucrtounnka. Ha pucyHke 4 Be CHHTETHYECKHE MHOTPAMMbl CPAaBHHBAIOTCS MEXIy coOoit. Ha
PUCYHKE 5 CpPaBHHMBAIOTCS CIIEKTPBI MOITHOCTH 3TUX MUOTpamMM. BuIHO, 4TO cUTHAN (CIIEKTP
MOIIHOCTA MHOTPAaMMBbl HaIPSHKEHHON PYyKH) BO MHOTO pa3 MPEBOCXOAHUT IIYM (CIIEKTP
MOIIHOCTH MHOTpaMMBbl pacciabieHHoi pyku). CpelHee OTHOIIEHHWE CUTHAJ/IIYyM Ha BCEX
gactorax Ooupie 20, a Ha yactotax oT 20 mo 300 I'y orHOmEeHue curHan/mym 6ombine 30.
dopma crekTpa MUOTPaMMBbI HAMPSY)KEHHOM PYKH COOTBETCTBYET Pe3yJibTaTam, MOJTYyYEHHBIM
B paborte [4], a Tak)Ke pe3yabTaTraM Haiel paboTs [12].
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I
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Puc. 4. CpaBHeHre YpOBHS CHTHajla OT HAIPsDKCHHOMW (Toiry0asi KpuBasi) U pacciabiieHHO# (opamkeBast
KpHBast) KHCTH PYKH.

0.08
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Puc. 5. CpaBHeHHE CICKTPOB MOIIHOCTH OT HANPsIKCHHOW (rojy0as KpuBas) W paccialbieHHOM
(opamxeBast KpUBast) KUCTH PYKH.

Ha 3akmrounTensHOM »JTame aHajau3a JaHHBIX ObUIa MOCTpoeHa (PyHKIMOHAJIbHAs
TOMOIpaMMa — IMPOCTPAHCTBEHHOE DPACIIPEAEICHUE MOIIHOCTU 3JE€MEHTAPHBIX MCTOYHUKOB
MBIIIEYHOH akTHUBHOCTH. Ha pucyHke 6 moka3aHbl ToMorpapuuecKkue CedeHus
(GYHKIIMOHAIBHOW TOMOTIPAaMMBI, MPOXOJALINE yepe3 OOIIyl0 TOUKY (0003HAaueHa KPACHBIM
KpPYy)KKOM). MOXHO cZeiaTh BBIBOJ O MPUMEPHOM COOTBETCTBHU (DYHKIIMOHAIBHOI
TOMOTPaMMbI B3aMMHOMY DAaCIOJIOKEHHIO pykKH u 1npubopa. J[lna Oosnee TouHOrO
YCTQHOBJICHHUSI CBSA3M MEXJy aHaToMMed pykd M (QYHKIUMOHAIBHOM TOMOTpaMMOii
HEOOXOUMO CO3/IaHUE CHCTEMBI OMOPHBIX TOYEK B IPOCTPAHCTBE W HUX JIOKAJIU3aLUs B
IIPOCTPAHCTBE IO MArHUTHOMY IOJIIO.

min  MOLWLHOCTb UCTOMHMKA max

Puc. 6. ®yHKuMOHanbHas TOMOTpaMMa HANpPsDKEHHOM MBIl KACTH pyku. Ilokasanel Tpu
TOMOTrpaYecKue CEYeHHUs, NPOXOiIIue uepe3 oOIIyl0 TOUKy (KpacHBIH KpyXoOK). MOoIIHOCTb
MCTOYHHMKOB 0003HaUEHa I[BETOM B COOTBETCTBUH C JIETCH/ION.
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VCTUHWH u p.
5. 3BAKJIIOYEHUE

B nmannoii pabore MeTon (PYHKIMOHAIBHOM TOMOTpaduu CIOXKHBIX CHCTEM II0
MHOTOKaHaJIbHBIM  BpeMEHHbIM  psgam [11,12] npuMmeHeH K  aHAIW3y JAHHBIX
Marautomuorpaduu. HaiineHo, 4YTo OTH JaHHBIC, WMEIONIME BHJl KBAa3HCIyYailHBIX
BPEMEHHBIX pSJIOB, TakXe MOryT ObITh MpeoOpa3oBaHbl B TpPEXMEpPHbIE MAaCCHUBBI,
cofepxaiie MHGOPMAIMIO O PACIIONIOKEHNH U MOIIHOCTH MCTOYHUKOB MAarHUTHBIX MOJIEH.
OTMmeTHM, 4TO KOJMYECTBO MH(pOpMaLUU, OToOpaXkaeMoe Ha (QYHKIIMOHAILHOM TOMOTpamMMe,
ONPEAEISETCA BpEMEHEM H3MEpeHMs. JIMTENBHOCTh 3alMCEN, MCIIOIb30BaHHAs B JIAHHOU
ctatbe (Ooylee JOBYX MHHYT), MPEACTaBISETCS JOCTATOYHOM [JUII  OTOOpa)KeHHs
(YHKIMOHATIBHON CTPYKTYpBl MBI KUCTH pyku. Kaxknmas sueiika (QyHKIHOHAIBHON
TOMOTPaMMBbI COACPKUT HHAUBUIYAJIBHBIA CIEKTP, a TAKK€ CBEICHUS O HaIpaBICHUU
HalJICHHBIX HMCTOYHHMKOB. JTO OTKPBIBAET BO3MOXHOCTU JJIsi JAJbHEUILIEr0 H3yYEHUS
MBIIIEYHON CHCTEMBI YEJIOBEKA C MOMOILBIO MPEUIOKEHHOTO METOJIA U JUISl €r0 MPUMEHEHHUS
B KJIMHAYECKON U CIIOPTUBHOU MEAULIMHE.

Pazmen 2 cratem BemomaeH M.A.llommkaprmoBeiM, A.JO. FOpenem, C.II. Hayp3akoBemM, A.IL
I'pebenkunbm u B.4. Ilangenko. Jta pabdora Obu1a yacTU4HO mozepkana rpaaroM PODU Ne 18-08-
01349.

Pasmen 3 Bemomnen M.H. Ycrmamaeim u C.Jl. PwikyHOBBIM, pasnen 4 BemomHeH M.H.
Ycerunnaev, C.J1. PeikyroBbiM, M.A. [lomukapnoBemm n A.1O. FOperem. DTa paboTa BEITIOIHEHA 32
cuet rpanTa Poccuiickoro HayuHoro ¢onzaa (mpoekt Ne 18-11-00178).
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