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A HHOTaINA

ViabTpa3ByKoBasi TOMOrpadusi HAILIA IITUPOKOE IIPUMEHEHNE B MeIUITH-
ckoit mpakTuke. [Io Mepe pa3BuTHs TEXHOJIOT U CTAJIO BO3MOXKHBIM UCITOJIb-
30BaHMe OOJIBIITETO KOJMYECTBA JTATINKOB JIJIs TTOJIydeHns 60Jiee KaueCTBEH-
HOI'O M300pasKeHus, 9TO IPUBEJIO K OOJIBIIIOMY 00beMy oOpadaTbhiBaeMOit
nadopmarmn. OgHaKo, XapakTep IMMOJydaeMbIX Ipu ToMorpadun m3odpa-
JKEHUIl nMeeT pa3perKeHHbIN MPOodUIb, U3 Yero CJIeIyeT, 9TO HeOOXOMMOe
JIJIsT BOCCTAHOBJIEHUS KOJTUYIECTBO UH(MOPMAIUN OY€Hb MaJIO. SHAUATEIbHA
M30BITOYHOCTD JIAHHBIX OCTABJISIET BO3MOXKHOCTD JJISI pa3padOTKH DoJjiee OII-
TUMAaJILHOM TEXHOJIOTMH UX cOOpa 1 aHAJIM3a B IPOIecce TOMOrpaduIecKOro
uccjenoBanus. B aToit paboTe paccMOTpeHa BO3MOXKHOCTb IPUMEHEHUsT TeX-
nuku “Compressive Sensing” Jiid yJIydilieHus aJrOpUTMa PEKOHCTPYKITAH.
Meton nmokazaJ cBow 3 @dOEKTUBHOCTD, ITO3BOJIMB CHU3UTH O0bEM HCIIOJIb-

SYEMbIX JTaHHbIX oe3 II0oTEepU B Ka4deCTBe.



1. BBenenue

1.1. AKTyaJIbHOCTBD

YVabTpa3ByKoBasi TOMOrpadus M0 Ka4eCTBY U pa3pelraroiieil crrocoOHo-
ctu gocturyaa conoctaBumoro ¢ MPT ypoBHS 1 aKTUBHO MPUMEHAETCS I
nccraemoBanns Markux Traaeit [7]. IIpemmymmectsavu Y3U aasrorcs or-
HOCHUTEJIbHO HU3Kasi CTOMMOCTH OOOPYIOBaHUsI U OOC/IyKUBaHUsA, Oe30I11ac-

HOCTb [IJId OpraHrM3Ma, HEMHBA3UMBHOCTDb TEXHUWKHW MCCJIEJOBAHMI.

1t TIOBBINIEHNST KAdecTBa U Pa3periaiolieil CIrloCOOHOCTH TOJIYy9aeMO-
IO B XOJ€ UCCJeI0BaHUSA M300paKeHns TpedyeTcs yBeJIndeHne KOJIMIECTBA
MCTIOJIb3YEMBIX JIATYUKOB M YaCTOTHI JIUCKPETU3AIMN CUTHaAJIa. BCé 3TO Be-
JET K 3HAYUTEILHOMY YBEJIWYEHUIO O00beMa IMepegaBaeMbIX JIAHHBIX, YTO
YCJIOXKHSAET KaK MPOU3BOJICTBEHHBIN ITPOIECC, TaK 1 IIPOBEJ/IEHNE JTMArHOCTH-
k1. KpomMe TOro ocoOeHHOCTH ITPOBEIeHUsT NCCJIEI0BAHMSI JOIIYCKAIOT HAJIH-

qre TIOMeX M UCKaykeHwuil [28].

Ormyxou IpenMyIecTBEHHO UMEIOT 00Jiee BBICOKYIO CKOPOCTH ITPOXO0XK-
JIeHUS YJIbTPa3ByKa, YeM OKPY2KaIoIne TKaH!U. JTO JIeJaeT BO3MOXKHBIM pe-
KOHCTPYKIIMIO IIJIOTHOCTEA TKAHEH B UCCJEIyeMON 30HE C HOMOIIbIO ypaB-
HEHUN C y4YacTueM I[PeJIIojaraeMblX IIyTell paclIpOCTpaHeHUs CUTHAJA U
BpEMEHEM €ro MPUOBITUST HA JATIUKH KPYyTroBOro Maccusa (travel time
tomography) [25]. CoBpemeHHbBIE CHCTEMBI OCHOBAHBI IMEHHO HA TAKOM IOJI-

XO/Ie ¥ TIOJTY IMJI IPUMEHEHNE B IUArHOCTHKE PaKa MOJIOIHBIX 2Keste3 [26][30].

g metona Tomorpaduu travel-time TunuyHa KBaJpaTUIHad OT YUCTIA
CEHCOPOB 3aBUCUMOCTD IMOJIyYaeMbIX “ChIPBIX JAHHBIX JIJIsd aHAJN3a: ITOCTIe-
JIOBATETbHO C KaXKJIOTO JIATYUKA ITYCKAeTCs YJIbTPA3BYKOBON MMITYJIbC, KO-
TOPBIl MPUHUMAIOT OCTaJIbHBIE kK — 1 CEHCOPOB. DTO IPUBOJIUT K CEPbE3HOMY
IIOBBIIIIEHUIO TPeOOBAHUI K BBIYUCJIATEIBHON YaCTH YCTPOUCTBA TOMOI'DA-
da, a TakkKe K yBEJIUYECHUIO BpPEMEHU OOpPabOTKU: COBPEMEHHBIE MEeTOIbI

PEKOHCTPYKIINH PabOTAIOT MTEPATUBHO C BPEMEHHOM CJIOXKHOCTHIO UTEpa-



mar O(N log N) [11].

Ha macrosgimmii MOMEHT MCIOJIb30BaHUE YIbTPA3BYKOBON TOMOrpadmun
OCJIOKHEHO BBICOKIMHU TPEOOBAHUSIMHU K BBIYUCIUTETHHOMY KOMILIEKCY WU
BpeMeHeM Ha 00paboTKy [24]. Ymenbinenue obbema JJAHHBIX TO3BOJIAT -
dexTuBHO uctoab30BaTh FPGA BbIaucnTem A1 3a1a49 OIpeiesIeHns Bpe-
MEHU IMPUOBITUS CUTHAJIA HA JATINK U HOCJAEIYIOIIEH PEKOHCTPYKITUN U300~
paxkenus. Compressive Sensing Tax:ke IO3BOJIUT COKPATUTH BpeMsi Ha cOOP
JIAHHBIX IIyTEM YMEHBIIIeHUs KOJMIECTBA ITPOU3BOIUMBIX ITPOEKITHIA, ITO Ja-
CTUYHO COKPATUT 3alllyMJIEHUE JIAHHBIX M3-3a KOJIeOAHWN TAIMeHTa B IIPO-

1ecce 00CJIeOBAHUSI.

1.2. O630p JurepaTypbl U KJIOYEBBIX pPabOT B IIpeJ-

METHOU obJjiacTu
1.2.1. Travel-time Tomorpadusa

Texanka ToMorpaduu 1Mo BpeMeH! IMPUOBITHS CUTHAJIA y2Ke XOPOIIIO U3y-
YeHa u ocserrena B paborax [20], [25], [7]. B Tom uucse paccmorpenst agi-
TOPUTMBI, YCTOWYMBBIE K TPUCYTCTBUIO ImyMa (momex) [26]. damxeko He mo-
CJIEJTHIOIO POJIb B PEKOHCTPYKIIUM M300PaKEeHUs UTI'PAET TOUYHOE OIIpeJieJie-
HUe BpeMeHu npuObiTus curaasa [4]. O6muit nporece 06paboTKM JTaHHBIX
ToMorpaduu 110 BpeMeHu IpubbITHs ToKa3aH Ha puc.l. OcHOBHasI 11eJ1b aKy-
CTUYECKOIl TOMOrpadpuu — BOCCTAHOBUTH ITapaMeTpPbl HEU3BECTHOU CPEJIbI,
n3ydasi XapaKTEePUCTUKHU PACIPOCTPaHeHUsl 3ByKa B Heil. Bo-miepBbIx, J1j1s
9TOro TpedyeTcs TOYHasd MOJIEJIb, XOPOIIO OIUCHIBAIONIASA JIEXKAILYIO B €€
OCHOBE (PUBUYECKYIO CHUCTEMY, M, BO-BTOPBIX, BHICOKOTOYHBIE U3MEPEHUS.
Torma pemenunem o6paTHON 3a1a91 COCTABJILETCS OIIEHKA HEU3BECTHOM MO-
nenr. KoppeKTHOCTh (PU3UYIECKON MOJIe/ M, TOYHOCTh U3MEPEHUM U BBIOOD
METO/Ia PeIlleHus 00OpaTHOU 3aJa9u UMEIOT IPSAMOe BJIMsIHHE Ha KadeCTBO

PEKOHCTPYKIIUU.

PacnipocTpanenue sHeprum aKyCTUIECKOTO CUTHAJIA B HEOTHOPOIHOM cpe-



IMWCCKUA CUTHAaNa Y3-0aTYUKoM

CEop W3MepEHWA ¢ OCTaNEHBIX A3 THMKOE

MzBneYeHne BpeMeHi I'IFJMEII:ITI.—'IH CHIrHana

PEKOHCTPYKUWA KApTH pacnpefensHWA cKopocTi

DOPMUPOBEHWE M306paMmeHA

Puc. 1: O6muit Bug nponecca yIbsTpa3sByKoBoil ToMOTpaduyl BPeMEHN TPUOBITHS.

Jie XOPOIIIO OIMUCHIBAECTCs U PepeHITuaIbHbIM YPABHEHUEM B YaCTHBIX ITPO-

HU3BOJHBIX BTOPOI'O IIOPAIKA

1 &p(r,t)

2 R
Vp(rt) F2(r) Ot?

= s(r, t),

re p(r,t) — JaBjieHre B ' B MOMEHT BpeMeHn t, F'(r) — Hen3BeCTHAsT MO
pacipocTpaHeHust CKOPOCTH U §(r,t) — mepBOHAYAJIbHBIN CUTHAJ. 3HAs UC-
XOJHBIN curHas s(r,t), pernas oOpaTHYIO 3ajady, HAXOAuM Mojenb F(r),
KOTOpAasi JIydIlle BCEro ONMUCHIBAET m3Mmepenus p(r,t)|o, 3ammcannbie Ha m3-

BECTHBIX TI'paHurax ).

MopnenupoBaHnue IpAMO 3a3/Ia49¥ IO YPABHEHUIO PACIIPOCTPAHEHUS BOJI-
HbI BBIYHMCJIUTEJIHLHO BeChbMa TPYI0E€MKO, BCJIEJICTBHAE Yero B travel-time To-

MoTrpaduu UCIIOIb3YIOTCS IPUHITUIIBI TeOMeTPUYIECcKOl akycTtuku. [Ipu mpe-



IIOJIOZKEHNN, 9TO 9aCTOTa 3BYKOBOI'O CHUT'HaJIa JOCTATOYHO BBICOKA, MOZKHO
HANTH €ro myTh pacupocTpaHeHust ncroab3ys npunanunbl Pepma [27]. To-
ra odpaTHasl 3a/lada COCTOUT B PEKOHCTPYKIIMHU PACIpPEIeSIeHusA CKOPOCTHU
3Byka F(r) mcxomsd m3 BpeMEHW CUTHAJA B IyTH, MOJIydaeMoe C TIOKa3a-
Huit jgarankoB. Cjejlyer OTMETUTD, YTO B OTJIMYAHU OT 33729 TOMOTpaduu
¢ TIOMOIIBIO PEHTIeHa, T/e CUTHAJ PACIPOCTPAHAETCs IO MPSIMO, PacIipo-
CTpaHeHUEe YJIBTPa3ByKOBOTO CUTHAJIa B HEOIHOPOJIHON Cpejie MPOUCXOIUAT

MHAYe W 3aBUCHT OT PACIIPEIEJICHUS CKOPOCTH.

B To Bpemsi Kak akyCTHYIeCKasi Momozpadusi no 8pemert, npudvmus
curnajia 6eper cBom KOpHHU u3 ceiicmosioruu |16], Ha ceromHsImHUE TeHb
y2Ke MHOXKECTBO MCCJIEJIOBAHUN MOKa3aJio, YTO YJIbTPa3ByKOBas TOMOIpDa-

dust nMmeeT OOJIBINION TOTEHIIMA B 00JIACTU JTUATHOCTUPOBAHUS PaKa T'PYIU
[15].

IlocTanoBKa obpaTHO! 3aJla4uM MO PEKOHCTPYKIUU U300parKeHus

BpeMH CHUT'HaJIa B IIYTHU OT IIepedaTdrKa K IIPUEMHUKY BIOJIb TPa€KTO-

pUM ero pacupoCTpaHeHud MOZXKHO IIPEJICTABUTh KaK

1
Y:Ame, (1)

rje Y — BpeMsl NpubbITHs CUTHAJA, || — Iy Th ero pacupocrpanenus, F(r) —

CKOPOCTB 3ByKa B Touke 7. Clle/lyeT 3aMeTUTh, 9TO IPOXOAUMBIA CUTHAJIOM
nyth ' 3aBucur or pacupeiesenusi ckopoctu B cpene F(r). CymectByer
HeJIMHEHHAA 3aBUCAMOCTb MEXKJy BPEMEHEM CUTHAJIA B IIyTH U CKOPOCTBIO
3ByKa B cpene. MoxKHO npeacrasuTh ypasuenue (1) B nuckpertHoit dhopwme,
HAJIOXKUB CETKy Ha MHTEPECYIONLyIO JJis BOCCTAHOBJICHUS O0JIACTbH C KOH-
CTAHTHBLIMU 3HAYCHUAMU CKOPOCTH 3BYKA B KJIETKAX OOIUM KOJIUYECTBOM

N dguyeek:
Y = A(F)-F, (2)

rae F'— BexTop [N X 1], mpecTaBisiomuit "HTEPECYIOIIee PacIpe/IeIeHne

ckopocreit, a A(F') — marpuna [M X N|, npeacraBgoias myTh, 10 KOTOPO-
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My TIPOXOJMT CUTHAJ U t — BekTOp [M X 1], comepzkaiuii Bpemsi npubbITUsI
CUTHAJIa, TTOJIy9eHHOE aHAJIN30M TTOKA3aHUHI C TIATIYNKOB. TakK, mMesd B yCTa-
HOBKe k maT4aukoB, noxydaeM M = k- (k — 1) BCeBO3MOXKHBIX TPAEKTOPHIl

KpaTdaiiero IpoxoxK/IeHud CUTHAJIA.

[lesbio oOpaTHO 3aa4u SIBJIIETCS HAXOXKIEHUA TaKOIl OIIEHKHU pacipe-
JIeJIEHUs CKOPOCTeH 1M, KOTOpas JIydIlle BCErO ONMUCHIBAET BPEMs ITPOXOXK-
JIeHWs IyTU CUTHAJIOM B ypaBHeHuu (2). OIHUM U3 TPAJUIUOHHBIX AJIrO-
puTMOB pernrenust sapiserca meron LASSO ¢ HopMmoit /1 u Bapuarmein s
perynsipusanuu [26]. Torma 3amada mpecTaBisieTcsi Kak 3a/1a4a MAHUMU-
3aIUN

min [|A(F) - F = Y5 + MY Flly + ArvTV(F), (3)

riae W — HEeKOTOPBIH Oa3uc, mepeBoadInii F' B pa3perkeHHOoe IIPeJICTaABIeHNE
U \, A7y — TOJIOXKUTETbHbIE BECOBbIE KOI(MDMOUITUEHTHI.

DToT MeTo OyaeM B JaJbHENUIIeM Ha3bIBATh UCTOOHDIM.

1.2.2. Compressive Sensing

C Hagaja TpPeThbero ThicsdeseTrss 00beMbl IIOJIyIaeMoil u oOpabaTbhiBae-
MOM MH@OPMAIUKA CYIECTBEHHO BO3POC/H. [JIaBHBIM 00pa30oM 3TO CBA3aHO
C yBeJIMUYEHHEM DPa3MEePHOCTEHl TepelaBaeMbIX CUTHAJIOB (OT OJJHOMEPHBIX
“1-D” k nBy- u Tpex- MepHbIM). [Iprm 3TOM POCT JAHHBIX TPOUCXOIUT MO
9KCIIOHEHITNAJIHbHOMY 3aKOHY OTHOCHUTEJIbHO pa3MepHOCTHU. TakykKe B COBpe-
MEHHBIX CUCTEMaX MPOUCXOINT IIOCTOAHHBIN POCT TPEOOBAHUM K YACTOTE U3-
mepennii (Teopema [llennona-Haiiksucra-Korespuukosa). Bee sT1o Biteyer
HEOOXOIMMOCTD C2KATUA JTAHHBIX JIJIsi XPAHEHUs] W TEPEChLIKA, CTOUMOCTh
CyMMapHOii 00pabOTKM OKa3bIBaeTCsi OYeHb Joporocrositieit [2]. Murepecy-
IOIIYI0 MHMOPMAIINIO MOXKHO IIPEJICTABATh KaK T € X, KOTOPYIO IIPEJICTOUT
MOJIY9IUTh C TIOMOITBIO Habopa Habonennit y € Y. Mexay x u y cymecTBy-
eT 3aKoHOMepHOCTb sBJieHusd ¢ : X — Y. Ecoum @ nuHeinbrit oOpaTuMbIit
OIepaTop, TO M3BECTHO, uTo x = ®~ly. Jljug cucreM peaabHOro MUpa 6osee

TUMTMYHBIM ABJISIETCS CJydail, KOor/a pe3yabTaTbl HaOTI0AeHN TTOIBEPIKEHDI



Pa3JINIHbIM IIOMEXaM

y=dx +£.

[Ipu 3HAUMTEIBHBIX TOMEXaX 3a/1a4a PeIIaeTCsd CTATUCTUYECKH, UCIOJIb3YsI
m >> N upu z € RY. l3BecTHO, 4TO Takas 3a/a4a O BOCCTAHOBJIEHHI
X MOKeT ObITHb PeIleHa Jaxke B C/Iydae HeIeHTPUPOBAHHBIX KOPPEINPOBAH-
HBIX [TOMEX 3a CUeT CIydaitHoro Beibopa marpuiisl ¢ [19]. Yeranoseno, 9To
PaHIOMU3AIIAS TO3BOJIIET HE TOJIbKO YCTPAHUTH d(MMEKT CMeIleHus, HO U

YMEHBIIUTb KOJMYECTBO UTEPAIHil aJITOPUTMa olleHuBanus x [1].

Ha mpakTuke MHTEpPECHO PACCMOTPETH BO3MOXKHOCTU BOCCTAHOBJICHUS
r € RY npu m << N, 4ro, 0YeBUIHO, HEBO3MOXKHO B ob1ieM ciaydae. O-
HAKO, OKA3aJI0Ch, 9TO 3a/a9a MOXKEeT ObITh PeIleHa C JOCTATOYHON TOYHO-
CTBIO, TIPU BBITIOJTHEHUU HEKOTOPBIX ycioswii [17]. [Tomobrast mapajaurma mo-
JIyIeHHUsI ¥ BOCCTAHOBJIEHUS JIaHHBIX Ha3biBaeTca Compressive Sensing Wim

Onosnanue co colcamuem.

[TocTaHoBKa 3a/1a4uM O MOJyYeHUH U BOCCTAHOBJIEHUM JIAHHBIX B OOIIEM
BH/IE BBITVISIIUT cJeayromuM oopa3oMm. IlycTs © — unTepecyrorias nadopma-
nnst. Ona mpogsJisieTcs: ceds yepes curtag f = Y. C momMoIpbio KaKux-1mb0
npubOPOB perucTparuu mnosydaior Habdmawoaerus y = Af. Ilo aum ucciemo-
BaTEJI0 HEOOXOIMMO BOCCTAHOBUTH MCXOJHYIO MH(MOpPMAIUO T, (hopMuUpys

OIIEHKU X.

IIpoekTupoBanue MaTpuUIlbl U3MEPEHUMN

[Tony4aenne m << N HaOJIIOIEHUN MOXKHO IPEICTABUTH KaK CKaJISIPHOE

IPOM3BEICHUE C MHOKECTBOM HEKOTOPBIX BEKTOPOB {a; I |, MJIN yMHOXKEHU-
eM Ha MaTpuily pasmeproctu m X N: y = Af. Torga u3 nocraHoBKH 33129

crenyer y = Af = AVx = dx, tne & — marpuma m x N.

HGO6XO,ZLI/IMBIMI/I " JOCTAaTOYHBIMU yCJIOBUAMM, IIPEADBABIACMBIMU TE€OPU-

el ono3HaHUA CO CIHCAMUEM, ABJIAIOTCA:
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e CuUTHAJ [ ABJIAETCH S—PA3PEIKEHHBIM:
o N .
cymecTByeT Takoit 6asuc W, uro f =} ", x[j]{);, e ToabKo s Koad-

dbunmenTos z[j| # 0,

® BLINIOJTHSETCS “CBOMCTBO orpanmyuentoil nzomerpun” (Restricted

Isometry Property, RIP):

RIP(5,m) = V1 -0 < %2l 155

Telle =

rie § € (0,1) u 2 — nNpOU3BOJILHBIN HEHYJIEBOI M-Pa3PEeKEHHbBI BEK-

TOP,

® CBOIICTBO “HekorepenTHOCTH (MaJIoi B3amMHOl 3aBucumoctn) A n U:

( ) \/_max|< Z?¢J>|

YCcTaHOBJIEHO, UTO CydaiiHble MATPUIbI A ¢ BBICOKOl BEpPOSITHOCTHIO
HEKOTePEHTHBI ¢ JI0ObIM dukcrpoBaHubiM Oazucom V. U3 (9] coemxyer
JIOCTATOYHOE YCJIOBUE JIJII BHICOKON BEPOSITHOCTU TOYHOI'O BOCCTAHOB-

JIEHUsI S—Pa3PEKEHHBIX BEKTOPOB 0 M HAOJIIOIEHUSIM:
m > cu(A, ¥)%slog N, (4)
rJe ¢ — HEKOTOpasl MOJIOKUTEJIbHAs TIOCTOSTHHAS.

B sameuanun u3 (8] obpamator BHUMaHUe, 9YTO HA TPAKTUKE TaCTO TOCTA-
Touno m = 4s. Takxke uzBecrno, uro ycaosue RIP (0, 2s) sBisiercs nemocra-
TOYHBIM JIJIsT BOCCTAHOBJIEHUSI B IPUCY TCTBUY IIOMEX WJIM €CJIH B CXKUMaEMOM
curajie N — S KOMIIOHEHTHI MaJibl, HO He paBHO HYyJO. /I pobacTHOCTH
)Ke pocraTodnbiM yciaosueM Oyaer RIP(4, 3s).

fBHOE TocTpoenne maTpuiibl n3meperuit A: ¢ = AV tpebyer nmpoBepkn
ycaoBus RIP nia kaxxgoit KoMOMHAIIMY TOJIOXKEHUN S HEHYJIEBBIX KOMIIO-
HeHT BeKTopa z jymHoit N (1. e. CF%). OmHAKO, OKa3bIBACTCS, ITO CJIydaii-
Has Marpuna m X N ¢ suementamu ali, j] ~ N(0, L) mmeer cieyromue

nosie3nble cBoiicTBa [10]:

11



e ecyom m > clslog% upu 0 < § < 1, Torma

P{A € RIP(§,m)} > 1 — 2™,

riae P — BEpodATHOCTb, c1,Cy > ( — MaJjble IOCTOsHHBIE, 3aBUCHIIIIE
ot 0. U Torpma, ciemoBaTesbHO, S—pPa3peKeHHble CUTHAJBI JIIUHbL N
MOTYT OBITH BOCCTAHOBJEHBI O M << [N M3MepeHUsAM C BBICOKOI Be-

POSITHOCTBIO.

e ccyim Marpuna A, yIOBIETBOPAET YKA3aHHBIM YCJIOBUSM, TO U ® =
AV Takzke OyIeT ABIATHCA MATPUIEH ¢ HE3aBUCAMO HOPMAJILHO-PAC-
npejieJieHHbIME djieMeHTamu, 9to Biaeder ¢ € RIP(d,m) ¢ Toit xke

BEPOSATHOCTBIO U JIjIs JIIOOOI0 OPTOHOPMHUPOBaHHOIO Oa3uca W.

JL1st nCoIb30BaHUA OIMO3HAHUS CO C2KATUEM IOMUMO ITPOEKTHPOBAHMSI
MaTpHUIlbl n3Mepenuii A Tpebyercst pa3zpaborarh aJITOPUTM PEKOHCTPYK-
UM CUTHAJIA, 33/1a49eii KOTOPOro BOCCTAaHOBUTH 110 y € R, MaTpuile usme-
pennit A u 6azucy ¥ curnas f € RY, nim sKBUBaJICHTHOE €My CIIEKTPATLHOE

pa3peKeHHoe IIPeJICTaBIeHNE T.

IIpu m < N pjs s-pa3pesKeHHbIX CUT'HAJIOB UMeeTCsl OECKOHEYHOE YKCJI0
' dr’ =y, 1. k. ecoim Px =y = P(X + 1) =y aya aoboro r € Ker .
Takum 06pa30M, AJrOPUTM PEKOHCTPYKIMH JOJI?KEH HAWTH BEKTOP paspe-
YKEHHOTO TIpeJICTaB/ieHust curaaja B (N — m)-pa3MepHOM MOAIPOCTPAHCTBE
H =Ker &+ .

MeToapl perieHusi oOpaTHOI 3aJa4n

TpaauimoHHBIM IIOIXOIOM B PEIIeHUHU II0JI00HBIX OOPATHBIX 3a/a49 SIB-

JISIeTCsI TIOUCK B H BEKTOpa ¢ MUHUMAJIBHON SHeprueit (HopMmoit) fo:

& = argmin ||2']]y : P2’ =y,
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WU, 9TO TOXKE camMoe, B PopMe MeTOJIa HaUMEHBIITNX KBaIPaTOB
& =T (@d"H 1y,

[TockoJibKy 5 HOpMa OTparkKaeT SHEPrUi0 CUTHAJIA, a HEe PA3PEKEHHOCTh, pe-
3yJbTaT Oy/IeT coaepKaTh MHOI'O HeHyJIeBbIX KoMmIoHeHT. C 3a1adeil moncka
pa3peKeHHOr0 PeIIeHns XOPOoIIo cupasigercd ‘fo—ropma”’. OgHako, 3a1a4a,
{y ONTUMM3AIMHA HEBBIITYKJIA U OTHOCATCS K KOMOMHATOPHOMY THILY, IPOIE-
Jypbl ee perenus, B obmem ciaydae, N P-cioxubie [23]. CymectByer npa
IIOJIXO/IA JIJIsI ITPUOJIM?KEHHOI'O PEIleHUsT TaKUX 3a1a49: “YKaIHble CTPaTernu
onruMusaiuu 22| uin mepexol K ¢1-HopMe. XOPOIIO U3BECTHO, YTO MUHU-
Mu3alms {1 HOpMbI CITOCOOCTBYeT paspekeHHOCTH [18] m mo3BoJjsieT Xopo-
10 TPUOJINKATE Pa3peKeHHbIE CUTHAJIBI UCIOIb3Ysl TOJIBKO m > ¢1S log %
caydaiiabix n3mepennii [17][10]. Do 3amava BBIMYKIIONH onTHMU3anuu, CBO-
JauMasi K U3BECTHOU 3a/1a49e JIMHEHOIO IPpOorpaMMUPOBaHUs “BbIOOD Oa3uca’
(Basis Pursuit Denoising) [12], addekTuBHBIE METOIBI PEIIEHUST KOTOPOTO

umeror Bpemennyio ciaoxuocts O(N log N/s) [5].

Texauka obpaborku curnagoB Compressive Sensing MOKeT OBITb KC-
MIOJIb30BaHAa JIJIsd PelreHus MpobJeMbl mepegadu u 00paboTKu OOJIBIITOrO
KOJIMIeCTBAa MH(MOPMAIUNA C MACCHBA JATIUKOB. DTOT METOJ yKe yCIIelll-
HO MPUMEHSIETCsl B MAIHUTHO-PE30HAHCHOI ToMorpadun (21, 13|, a Takxke
B YJIbTPa3BYKOBBIX mccjemoBanusax [14]. OgHako, JaHHBIE, UCIOIb3yeMble
JJI TIOJTy YeHUd N300pakeHuns B yIbTPa3BYKOBOI TOMOrpahunt MMeIOT NHYIO
IpUPOJLy, YeM B KjaccuueckoM (B-mode) yibrpasByKOBOM UCC/IEIOBAHUM,
TaK Kak II0CJIe 3aMepa CUTHAJIA U3 HEro U3BJIEKACTCA BpeMsi IIPUOBITUS 3BY-
KOBOI BOJIHBI, C KOTOPOIl U IPOMCXOJUT BCHA JaJjbHeiInas paboTa 1o pe-
KOHCTPYKITUU CHUMKA. Tak»Ke 3TOT (PAKT OTJIMYAET yJIbTPA3BYKOBYIO TO-
morpaduio or MPT, rne Bce HeoOxommMble NI PEKOHCTPYKIIMU JaHHBIE

MOJTyJaloT y2Ke B Pa3pezKeHHOM IPeJICTaBJIEHUMN.
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1.3. IIpeaBapuTebHbI IPpUMEP

B nengax nosryvuenns HanIydInero n3oopazkenuns TpedyeTcs: 60JIbIIOe KO-
JINIECTBO JATYUKOB U BBICOKAS YaCTOTa AUCKPETUIAINU CUTHaJa. BCE 310
BEJIET K HEOOXOIMMOCTH OOpPabOTKU CEephe3HOro o0bema JaHHbIX. OIeHnTh

KOJIMIECTBO JAHHBIX, IIOCTYIIAIOIINX HEIIOCPEICTBEHHO C JATINKOB MOXKHO:
12
V =k zY v,

rae V' — obIee 9uCI0 U3MEPEHU CUrHaJja, k — KOJUYeCTBO HATYUKOB, 2
— KOJIMYECTBO UCCJIEYEMbBIX CPE30B, Y4 — BPEMs IPOXOXKIEHUS CUTHAJIA

C y49€TOM 3aTyXaHHd IXa, V — JaCTOTa JUCKPETU3AIIN.

[TpuMepoM cCOBpeMEHHOTO KOMMEPYECKOTO YJIBTPa3ByKOBOTO TOMOTpada
spasercs The SoftVue 6], koTopsrit umeer cieryromme TeXHIIECKIe XapaK-

TEPUCTUKN CUCTEMBI:

e Mactep ceppep: 2 mporieccopa quad-core Intel Xeon E5620, 192 I'b
o3y

e CepBep pekoHCcTpyKImu: 2 mpoieccopa quad-core Intel Xeon E5620,
96 I'b O3V, 2 I'll Nvidia Tesla M2070

Hucyio 1aTIuKoB

Yacrora mpuckperuzanuu (MI ')

256 | 512 | 1024
10 0.21 1 0.86 | 3.44
12 0.26 | 1.03 | 4.13
14 0.30 | 1.20 | 4.81

Tabsmmna 1: O6beM ucXOmHBIX JaHHBIX I'B 33 OUH Cpe3 B 3aBUCHMOCTH OT YHCJIA JaT-
YMKOB B MACCUBE U YACTOTHI JUCKPETU3AIMU curHasa [6].

Tak B Tabaune 1 IpoU3BOAUTE N OIMCAIN KOJUIECTBO TAHHBIX, IIOJIY-
JaeMbIX C JaTYUKOB 33 oJnH cpe3. Ha 06paboTKy TaKoro cpesa Ipu UCIOJb-
30BaHUHU TOJIBKO OJTHOTO CepBepa Jjisi PEKOHCTPYKIIMU TPeOyeTcs HECKOJIb-
KO MUHYT, & IPHU UCIHOJb30BAHUUA BCET'O BBIUYUCIUTEIbHOIO KOMILIeKca — 20

cekyH. Bcero mpoussomurcs 70 cpesos [6]. Takum obpazom Bpewmsi, 3a-

14



TpadruBa€MO€ TOJIbKO JIMIIb Ha BBIYUCJICHHE TOMOFpa(l)I/I“IeCKI/IX CHUMKOB,

COCTaBJIAET TPUOJUIUTETHHO 23 MAHYTHI.

1.4. Kparkuii 0630p pe3yjIbTaToB padOThI

B xo1e BbImosTHEHUS PabOTHI OBLT pa3pabOTaH METO/I, TIO3BOJIAIONINI ITPU
pa3paboTKe yJIbTPa3ByKOBOIO TOMOrpada BHEIPUTDH B IMPUMEHSIEMbIE aJIro-
PUTMBI 110 cOOPY 1 00pPabOTKE JaHHBIX IaPa UMbl OTIO3HAHUS CO CXKATHUEM.
DKCIIEPUMEHTBI, ITPOBEJIECHHBIE HA KOMIIbIOTEPHBIX MOJIEJISAX, MOKa3aJu CO-
CTOATEBHOCTh MeTOJla. B JacTHOCTH, Jake B MaJIOMACIITaOHOW MOJesn
OKa3aJ10Ch BO3MOXKHBLIM COKPAICHUE UCIIOIb3yeMbIX JaHHbIX 10 68% oT 00-

[Iero uX oobeMa.

1.5. CrpykTypa paboThl

CuagaJjia B pa3jesie 3 IpoBepsieTcs U JIEMOHCTPUpPYyeTcs (pakT pa3perKeH-
HOCTU BOCCTAQHABJIMBAEMOI'O CUTHAJIA, JIJIsI Yero ObLIO HAMJIEHO IOIXOIAIIEe
TpanchopMupyolee kKogupoBanue. [Tocsie vero paccMaTpuBaioTcs: pa3simd-
Hble BapUAHTBI ITOCTPOECHUA PAHIOMU3UPOBAHHON MATPHUIIbI U3MEPEHUi, a
TaK>Ke IIPOIECC PEKOHCTPYKIIMU U apXUTEKTYpa HPOrPaMMHOIO PEIIeHHUS.
HaJtee mpuBeIEHBI OIEHKHN HEOOXOIMMOTO JIJII PEKOHCTPYKIINU 00beMa, JTaH-
HBIX ITPA JAJIbHENIIIEM YBEJIMIeHUH YUC/Ia JATINKOB U pa3pelteHns CHUMKA.
Paznen 4 onmcbiBaeT mMpoBeIeHHBIE SKCIIEPUMEHTHI, TJIe TaKXKe aHAJIU3UPY-
I0TCS TIOJIyYeHHbIe Pe3yibTaThl. HaKoHel, 1o1BeIeHre NTOroB IIPOaeIaHHON

paboThl IPOUCXOIUT B pasaesie o.

15



2. ITocrtanoBka 3agavun

[lesim paboOTHI:

e llcciieoBaTh BO3MOXKHOCTH IpuMeHeHns: Texuuku Compressive Sen-

sing B 3a/1a4e yJIbTPa3ByKOBOI TOMOTpadUH.

e PaspaboraTh paHIOMU3UPOBAHHBIN aJITOPUTM JJd cObopa n 06paboTKn

JIAHHBIX YJIBTPA3BYKOBOU TOMOTpadUH.
e [IpoBecTu sKcepuMeHTHI HA TPOTPAMMHON CUMYJTAIIAH.
st mOCTUKEeHusI IIOCTABJIEHHBIX I1eJIeil HeOOXOIUMO:

1. OnpenenuTb XapaKTEPUCTUKNA PA3PEIKEHHOCTH CUTHAJIA S, & TAKXKE UX
U3MEHEHUd [IPU JaJibHelIneM yBeJInYeHUN pa3perieHusd I10J1y1aeMOro

M300pasKeHNUsI.

2. ns coopa m3MepeHuil 1 IOCJIeAYIOIIero BOCCTAHOBIEHUsT N300pasKe-
HUSI CJIEyeT CIIPOEKTUPOBATH PAHIOMU3MPOBAHHYIO MATPHUILY H3Me-
penunii. Corstacao Teopuu Compresive Sensing g0myCTUMbI Pa3/InIHbIE

BapuaHTbI €€ ITIOCTPOCHUA.

3. PazpaboTrarh MOJM@UKAINIO AJTOPUTMa PEKOHCTPYKITUNA TOMOTpad-

YECKOI'0O CHUMKaA.

4. Ha ocHOBaHUM Pe3yJIbTATOB ITPOIrPAMMHOII CUMYJIAIIUNA BBISCHUTDH (-

d)eKTI/IBHOCTb IIOJIY9I€HHOI'O aJI'OpHUTMa.

16



: 40 :
Puc. 2: Kapra ckopocteii, Boccramos- Puc. 3: Ilpencrasmenne xapTor ckopo-
JIEHHAdA U3 CATHAJIA. cTeil 1mocjie BeiBaeT-1peodpa3oBaHu.

3. OcHOoBHOWI pe3yJbTAT

3.1. UccaenoBaHue pa3pe>keHHOCTU M300paKeHusl

Jlist cpaBHEHUSI PE3y/ILTATOB aJI'OPUTMOB PEKOHCTPYKITUH C UCXOJIHOI
MOJIEJIBIO B KQYeCTBE METPUKH OYJIEM UCIIOJIb30BATH CPETHEKBAIPATUIHY IO
oKy (RMSE). Dr1a merpuka yke ObLia HCIOJb30BaHA B paboTax IIo

Compressive Sensing.

Anannus XapakKTepa pa3pek€HHOCTH CUrHaJia

N3BecTHO, 9TO TOMOrpaduIecKkne CHUMKI UMEIOT Pa3PeKEeHHBIN XapaK-
tep. K Kareropun 3pdpeKTuBHBIX TpaHCHOPMUPYIOMINX TPEOOPa30BaAHMUIA,
MTO3BOJISIONINX ITPUBECTH BOCCTAHOBJIEHHYIO KapTy ckKopocTeii F' K paspe-
JKEHHOMY TIPEICTABJIEHUIO, OTHOCATCA BeWBJIET-IIpeoOpa3oBanud. Vcciemo-
Banust Compressive Sensing B cpepe MPT nokazaiu a3dpdekTuBHOCTD Beii-
Biera Jlobermm db6 [21].

[Tpumep ucnonb3oBanus BeiiBjieta db6, TpUMEHEHHOTO K PE3Y/IbTaTy PEKOH-
CTPYKIIUU UCKYCCTBEHHON MaJIOMACIITAOHON MOJEIN U Pe3y/IbTaT IIpeodpa-

3oBaana X = U !F mokasaHbI Ha PHC. 2 ¥ PHUC. 3 COOTBETCTBEHHO.
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Yucio ncno/ib30BaHHbIX KOIMDMUIMEHTOB PE3yIbTaTa BEHBIET-TPAHCHOPMAIIUT

Puc. 4: Ommu6ka Boccranosnenns KapTbl CKOPOCTER NCKYCCTBEHHON MO-
JIEJI TIPU UCIIOJIb30BAHUU HETIOJTHOTO Habopa KOI(PDUITMEHTOB BeiBIET-

Ipeodpa30BaHMSI.
[

400 |- .

300 |- |

200 - :

Awmrunryna

100 - |

0 i
| | | | | | | |

0 10 20 30 40 50 60 70
Momyab K03 PUImeHToB BeiiBIeT Ipeodpa30BaHus B OTCOPTUPOBAHHOM ITOPSIIKE

Puc. 5: Habop xoadpdunnentos BeiiBireT-mpeobpa3oBaHus.

Ananus Pa3peKeHHOCTN I/ICKYCCTBeHHOﬁ MaJIOMAacCIIITaOHOMI

MO eJIN

CorytacHO MaJIOMacHITaOHONW MOJIEH, 00IIee KOJUIECTBO KOIPPUIIUEeH-
ToB coctaager N = 4096. Jlerko ybemuThcad B pa3speKEHHOCTH CUTHAJIA!
puc. 4 1eMOHCTPUPYET, YTO IMPU UCIIOJTb30BaHUU TOJBKO Juiib 100-200 Ko-

3P PUITIEHTOB ITPOUCXOIUT BOCCTAHOBJIEHUE OJIM3KOE K ITOJTHOMY.

B koHTeKcTe o11o3HAHUA CO CXKATHUEM 3TO O3Ha4aeT, 9TO XapaKTEpPpuUCTu-

Ky CUTHAJIa § JIJIsT MaJIOMACIITAOHOM MOJIES T MOYKHO BhIOPATH HA MHTEPBAJIE
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ot 100 mo 200 6e3 cymecTBeHHOUN TOoTepu KadecTtBa. Omnupasich Ha OTCOP-
TUPOBAHHBIN 10 aMILIUTYIe HAOOp KO3(MOUIIMEHTOB BeilBeT Ipeobpa3oBa-
HUs (puc. 5) B JaJbHERIEM JiJisi UCKYCCTBEHHOM MOEN OyIeM MMoJiaraTh

s = 112 = 121, uro cocrasisger okoyo 3% oT Bcex KoaddurmenTos N.

Ananns Pa3peKeHHOCTHU TOMOI‘pa(l)I/I"IeCKOI‘O CHINIMKa

st TOro, 9To0OBI OIEHUTDH BJIMSTHUE CJIOXKHOCTHU JAETAJIEH, COMEPKAIINXCS
Ha M300parkeHnn, PACCMOTPUM CBONCTBa CHUMKa, mojydenHoro npu MPT.
PesysibraThl ana/m3a ero BeiBaeT-IpeoOpa3oBaHus IIPeJICTaBIEHbI HA puc. 6
u 7. Takum 0Opa3oM Jij1si TOMOTpadUIeCcKOro CHUMKA MOXKEM B3STh Xapak-
TEPUCTUKY PA3PEKEHHOCTH S, = 252 = 625, 9To cocTaBigeT oKoio 3.8%
oT pa3Mmepa curajga N = 128 x 128 = 16384. Pe3yabraT BOCCTaAHOBJIEHUS

IIPU UCTIOJIb30BAHUHU S, KOIPAMUITMEHTOB TTOKa3aH Ha puc. 8.

100 .
]
e
2 80| .
=
=
£ 60 |- .
<
8 40 | |
S
=
o

20 - .

|

| | | |
0 400 800 1,200 1,600

Yucs1o0 BCIoIb30BaHHBIX KO3(M(MUIIMEHTOB pe3y/IbTaTa BeiBIeT-TPaHCHOPMAIIAN

Puc. 6: Ommbka Boccranosirenns ToMorpaduaecKoro CHUMKA, IIPH MCIIOIb30BAHIN HEHOI-
HOro Habopa KoM UIINEHTOB BeiiBIeT-1Ipeodpa3oBaHusd.

3.2. OxkugaHug 110 MacUITAOMPOBAHUIO 3aaYM

XapakTep pa3peKeHHOTO CUTHAJIA, BHIPAXKAIONINNCA TTapaMeTpoM S, 1O
OOJIbINIEN Mepe 3aBUCUT OT CJIOKHOCTHU U300paKeHUs, YeM OT €ro pas3perie-

Hus. Tak Ipu HEM3MEHHOM ITapaMeTpe S ObLIO ITPOBEJIEHO MacCIITadupPOBa-
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Puc. 7: Habop kosbdunuenTos BeitBaeT-mpeodpasoBanus.

Puc. 8: Pesynprar Boccranosmerma MPT cHUMKA TP MCHOIL30BAHANA Sy, = 252 KOID-
PpUIMEHTOB BeliBIeT-Ipeodbpa3oBannd, 4To cocTapiager 3.8% or nx obmero oobeMa.

HIE UCKYCCTBEHHO MOJEJIM M BBIYUCJIEHBI 3HAYEHUSA CPEHEKBAIPATUIHOTO
OTKJIOHEHUs (CM. Tabs 2). Pe3ysabpraThl MOKa3bIBAIOT, YTO TPHU KUCIOJIB30-
BaHUM TOJBKO 225 m3 20482 k03bUINeHTOB BeilBIeT-TIPeo6Pa30BAHHOIO
n300parkeHusl cpegHeKkBaapaTrniHas omubka cocrasiager 0.16% or ammiu-
TY/Ibl CKOPOCTE! B M3y4aeMOil MOJIeIIN.

DTO JIaeT IMOBOJ IOJIaraTh, UYTO P yBeJIUdeHun TpeObyeMoro pasperre-
HUS U300pazkeHust TOMOrpapuIecKoil pEKOHCTPYKITUN XapaKTEPUCTUKA Pa3-
PEXKEHHOCTH S JIOJPKHA YBEJIUIUTCS HE3SHAYUTEIHLHO, U STUM (PAKTOM MOXKHO

HpeHe6peth B ,ZL&JIBHGﬁHIHX TEOPETUYIECCKUX OIECHKAaX.
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N 642 1282 | 2562 | 5122 | 10242 | 20482
RMSE, m/c | 0.0458 | 0.3131 | 0.8941 | 1.4651 | 1.6269 | 1.7754

Tabauia 2: 3navenue cpegHEKBAIPATHIHOIO OTKJIOHEHNS OT JJIHMHBI curHAIa N (auciaa
[MKCeseil) BOCCTAHOBJIEHHOTO N300parkeHnsl Ha NCKYCCTBEHHOM Moesn (OMMCaHHON B pa3-
Jese 4) pu xapakTepucTuke pazpexkennoctu s = 152, B kauectse Tpancdopmupytomero
KOJIMPOBaHUs ObLIT UCIIOJIb30BaH BeiiBaeT db6.

MoskeM THoJaraTh, 9To paspemenne nzobpaxkenus N ~ k?, rae k — xo-
JITYECTBO JJATYUKOB B yCTpoiicTBe. Torma 4ucio ypaBHEHU, TTOJIyYaeMbIX B
pe3yabTaTe MaKCUMAaJIbHO BO3MOXKHOTO YHCJIa TMTPOEKINN TOMOTPadUIecKo-

10 00CJIeIOBAHUSI COCTABJISIET
M=Fk-(k-1).

Baknapim PE3YJIbTATOM TCOPHUHU OIIO3HAHUA CO C2KAaTHUEM ABJIACTCA TOT CbaKT,
9TO AOJId BOCCTaHOBJIEHHA Pa3pPEzKEHHOI'O 1/13o6pa>KeH1/151 JOCTATOYHBIM ABJIA-

€TCd NCIIOJIB30BaHMeE TOJILKO 71 HSMepeHHﬁZ

m = 4slog E (5)

5
Tak 1o puc. 9 u Tabj. 3 BUIHO IPEUMYIIECTBO, ITOJYyYaeMOe TPU UCIIOJIH30-
BaHUU MTapPaIUTMbI OITO3HAHUS CO CXKATHEM: KOJTUIECTBO YPaBHEHU, HEOOXO-
JIMMBIX JIJIT PEKOHCTPYKIIMM TPeOyeMOro pa3pelieHns, pacTeT JorapudmMu-
YeCKH 10 CPABHEHWIO C TPAIUIIMOHHBIM CIIOCOOOM MCIOJIB30BAHUS TOJTHOTO

Habopa M ypaBHEHWUII.

M | 64 x 64 | 128 x 128 | 256 x 256 | 512 x 512 | 1024 x 1024
m | 1705 2376 3047 3718 4389

Tabnuia 3: KommdgecTso msMepennii JOCTATOYHBIX [ PEKOHCTPYKIME (M) ¥ HOJIHOE
KOJIMY€ECTBO MTPOU3BEJIEHHBIX n3MepeHuii M.
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KonndecTBo 1aT9nKoB B yCTpOMCTBE

Puc. 9: IIponenT ypasuennii, 10cTaTOYHBIX 71 pEKOHCTPYKIIME H3006ParKEHNUS, OT OOIIIEro
obbeMa, TI0JTyIaeMbIX JTaHHbBIX.

3.3. IIpoekTupoBaHne YHUBEPCAJIBHON MAaTPHUIIbI

n3MepeHun

Cornacuo [3] xopormmii pe3yabrar JaeT MATPUIA CO CJIEIYIONIM pPac-

npeacjaceHamueM 3JIEMEHTOB:

(
3
+ \/; C BEPOATHOCTBIO

Aij =10 C BEPOATHOCTBIO

- \/g C BEPOATHOCTBIO
\

Takasg maTpuiia ¢ BHICOKOI BEPOATHOCTBIO OYIIET YIOBJIETBOPATH TPEOOBa-

D= Wy O

HUM, OTUCAHHBIM B pazjese 1.2.2.

BapuanT 1: 6a30BbIii BaApUaHT MaTPUIIbI

OTa XKe MaTpuila OyJdeT UCIIOJIb30BaHAa JJId TECTUPOBAHULA 643068020 Me-
TO/Ia OIO3HAHMSI CO CXKATHEM. DTO IIO3BOJIUT COKPATUTH O0bEM JAHHBIX JIJIsI

MTOCJIEJIYFOIINX BBIYUCJIEHUM, OMHAKO TpedyeTcs IOJIHbIN 00beM CBEIeHUiT O

BpeMeHH IPUObITHII curHaJ0B. TakuM oOpa3oM BpeMs Ha IIPEeIBAPUTE b
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HYI0 00paboTKy (M3BJICUEHME U3 U3MEPEHUH TATINKOB BPEMEHU TPUOBITHS

3BYKOBOI BOJIHBI) HE Oy/IeT yMEHBIIIEHO.
BapuaHT 2: paBHOBEPOATHBIN OTCEB JAHHBIX

B ornmaue or Bapuanta 1, (M —m) ciaydaitHbIX CTOJIOIOB MATPHUIIBI OY-
JIyT 3aIl0JHEHbI HYJIAMU. DTO JIaIaeT BO3MOXKHBIM COKPATUTH TaK>Ke BPEMSI
HA TPEBAPUTEIBLHYIO MOJATOTOBKY JAHHBIX (M3BJIeY€HNE BPEMEHU IPUObI-
TUsI 3BYKOBOI BOJIHBI), TAK KAK YaCTb JATYMKOB MOXKET He IIPOU3BOJIUTH

M3MepEeHUs.
BapmanT 3: orceB npoekiimit

Tenepb, B oTimume OT BapuaHTa 2, 3aHYJIATHCA OYIyT T'PYIIILI CTOJO-
1I0B — JATYUKU, IPUHSIBIINE CUTHAJ OT KAKOT0-JIM0O JATIUKA, [TOCIABIIErO
UMITYJIbC. Y MEHBITIEHUE YHCJIa COBEPIIAEMbBIX TPOEKITNI MTO3BOJISIET HE TOJIb-
KO YMEHBIIUTb 00beM JAaHHBIX JJIsI 00pabOTKU, HO U COKPATUTh BpeMs Ha
HETIOCPE/ICTBEHHO WCCJIEIOBAHUE TAIMEHTa, UYTO BEIET K YMEHBIIEHUIO 3a-

IIyMJIEHISI JAHHBIX OT ABUKEHUH TeJjia MaIleHTa.
BapuaHT 4: TOYedYHBII1 BbIOOP JaHHBIX

B kaxkmoit cTpoke MATPHUIbI HAXOIUTCA TOJHBKO OJIMH HEHYJIEBOU KO3(d-

durmenT. Bece nenyseBble KOIMDPUITMEHTH PABHBI.

3aMeTuM: B TO BpeMs KaK BapuaHT 1 OIMPAeTCst Ha MOJIHBIA 00beM TaH-
HBIX, BapUaHTHI 2,4 HWCIIOJB3YIOT TOJBKO m u3 M m3mepenwuii. Bapuanrt 3
OKPYTJISIET 1 BBEPX JI0 OJIMKAUIIEro 3HAYEHUS, MO3BOJISIONIETO UCIIOIH30-

BATh MOJIHOE YHUCIO (KR, ) TPUHUMAIONIUX JATIYUKOB.
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3.4. AaropurtM peKOHCTPYKIUM IMPU NCIIOJIb30BaAHUN

Compressive Sensing

Pexkonctpykiusa OysieT MpoOU3BOIUTHCS METOIOM COIPSAYKEHHBIX T'PaJIH-

€HTOB, MUHUMU3UPYI:
min [ AA(F)F = AY |5 + A7 F . (6)

3necy A siBasiercs onHEM 13 BapUAHTOB PAHJIOMU3UPOBAHHBIX MATPUIL U3~
MepeHuii, B KauecTBe W ncnosb3yercd BeiiBeT db6, ocTtaabHbIe TTepeEMEHHBIE
y2Ke onmcaHbl B pazjaese 1.2.1. B mpormecce peKOHCTPYKIINHU TIEpEeMHOYKEHTE
A Y BbBINOJHSETCS eMHOKbI: B HAYasle BblYUCJeHuil. TaKzKe IpOU3BeEIe-
Hue A- A(F') MOXKHO NPOU3BECTU HEAGHO: IPOU3BOJIS BBIYUCIEHUS] MATPHUIIBI
nyreit A(F) TOJBKO Jjist 3aBEJIOMO UCIIOJIb3YEMbIX JIAHHBIX. VICKIIIOYeHneM

OyIeT sIBJIsATbCA BapuaHT-1 MOCTPOEHUsI MATPUIIbI m3MepeHuit A, Tak Kak

OH HCIIOJIB3YET IIOJIHBIN 00beM JaHHDbIX.

3.5. ApxuTekTypa IMporpaMMHOTO PeIIeHUusd

B xome paboThl ObLIO pean30BaHO HPOrPAMMHOE peIlleHue, MO3BOJId-
IoIlee aJalTHPOBATh AJTOPUTM PEKOHCTPYKIIMU K YIbTPA3BYKOBBIM TOMO-
rpacdaM ¢ pa3IndHbIMEI XapaKTepucTukaMu. O0Iass CTpyKTypa IporpamMMbl

roka3aHa Ha jmarpamme 10.

TomographProperties

‘

SignalData g-------- TraveltimePicker g&-------o-moooeen ImageReconstruction ge——— ReconstructionSettings

————— SparsityEstimation-------:

TissueModel <

————— QualityAssessmentft------------—-----| SimulatedAnnealing |-------

Puc. 10: ApxurexTypa mporpamMmbl, ONTHMAZEPYIONLYIO PEKOHCTPYKIMIO ToMOrpadude-
CKOT'O CHUMEKA.
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NcxoqubiMu TAHHBIMA JIJISI ITPOT'PAMMBI ONTHUMHU3AIUNA AJTOPUTMa pe-
KOHCTPYKITUs SBJIsTioTCcA cyiHocTu: TomographProperties, SignalData
u TissueModel. TomographProperties comepxut Takme xXapakTePUCTUKU
ToMorpada, KakK KOJUIECTBO JATINKOB, TUAMETP KOJIbIla, HA KOTOPOM pac-
ITOJIOZKEH MaccuB HaTdukoB. TissueModel pejicTaBisieT coboit Moje b O1y-
XOJI¥, OTUCHIBAIOIIEH mapaMeTpbl CKOPOCTH PACIIPOCPAHEHUSI 3ByKa B CPeJie
u 3aTyXaHus curHaJja. [lo Momesn mpoBoAUTCsS MPOrpaMMHasi CUMYJISIIUSI,
pe3yJIbTaThl KOTOPOU B BU/IE 3AITMCAHHBIX IMOKA3AHWHI JTATINKOB PACIOIara-
10TCs B 00bekTe SignalData.

[IpeaBaputenbHasg 06paboOTKa JIAHHBIX 3aKJIIOYAETCS B M3BJIEYECHUU W3
[MOKA3aHUI JATINKOB BPEMEHHU IMPUOBITUST 3BYKOBO# BOJIHBI. DTa HETPUBU-
aJbHAS 33/1a9a PeIIaeTcs MeTOIO0M, MPEeJJIOXKEHHBIM B [4] cyIHoCTBI0
TraveltimePicker. ITo ncxonnoit Moen Tak:>Ke HEOOXOIUMO OIPEIE/IUTh Xa-
PAKTEPUCTUKY Pa3PE’KEHHOCTH S. DTO HpomcxoauT B SparsityEstimation
IIOCPEJICTBOM aHAJIN3a pe3yJbrara BelBJeT-TpanchoOpMaIul MOJIEH C UC-
noJib3oBanueM Mmoudukamu ajgropurma First Break Picking (“STA /LTA”
merTos). ImageReconstruction comep:KuT peausaiiuio aJropuTMa oIy de-
HUS CHUMKA, ONMCAHHOM B pasjese 3.4. g onpesesieHus HAUIydIuX Ia-
pPaMeTpPOB aJTrOPUTMAa PEKOHCTPYKIINH UCIIOIb3YETCs METO/T CTOXACTHIE€CKOI
ONTUMU3AINN “UMATAIUS OTKuUTa’, cymHocThb SimulatedAnnealing. B ka-
qecTBe (DYHKIIMU CTOUMOCTHU HCIOJIB3YETCsl CPETHEKBAIPATUIHOE OTKJIOHE-
HUS OT 3aJIaHHON MOJIe/TU. 3a BBIYKCJIEHHE (DYHKIIMU CTOMMOCTH OTBEYAET
Quality Assessment. Haxoner, ReconstructionSetting comep:xur mapamer-
PbI, HEOOXOIUMbIE JIJIsI AJITOPUTMA, PEKOHCTPYKITUN, TAKHE KaK BECOBBIE KO-
3 PUIMEHTHI, BEIUIUHY JOCTATOIHON CXOAMMOCTH, MAaKCHMAJIbHOE YHUCJIO

uTepalnii, pa3perienne ToMorpapuIecKkoro CHUMKA.
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4. MoaeaupoBaHUe

Onucanne MaJjioMacIITAOHOII MoaeJ i
s ucceqoBaHUsI IO BHEIPEHUIO IIapa UMbl OIIO3HAHUS CO CoKaTHUEeM

B cdepe yabTPa3ByKOBO ToMorpaduu ObLIa B34Ta CJIAEIYIONAs MOIE/b:

e llccrnenyemas obacThb 3am0IHEHA BOION. B 1ieHTp mmoMertieHa omyxoJb

AAaMeTPOM D MM.

e CKOpoCTb MPOXOXKIeHusI 3ByKa B Bojie f,, = 1500 m/c CkopocThb mpo-

XOXKJIEHUsI 3ByKa depe3 omyxoJjib: f; = 2600 m/c.
e JInamerp KoOJIbIIA MaccUBa JATIUKOB d = 4 CM.

e [losmoe 4mc/I0 JATYNKOB MAacCHBa, PABHOMEPHO PaCIpeaeIeHHBIX IO

nepuMeTpy KoJibiia: k = 100.
e Yucs0 TaTIYNKOB, UCIOJIB3YEMbIX JIJIsI IOy YeHUs CUTHAIA, kr, = }l-k.
e Cerka pekoHcTpykimu N = 64 X 64.

Mopens npeacraBiieHa Ha puc. 11.

0 10 20 30
X [mm]

Puc. 11: Cxema manomaciirabnoit Mozmesn.

Jtst cuMyIsiiuy MoIesin ObLI MCIIOJIb30BaH CIEINAJIbHBIN UHCTPYMEHT
JJIs yIbTPa3BYKOBBIX uccyenoBanuii B cpese Matlab “K-Wave”. K-Wave

HEOIHOKPATHO MCIOJIL30BAJICA B HAyYHbIX paborax! [29)].

thttp:/ /www.k-wave.org/publications.php
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Marpuna nameperuit SNR, dB RMSE, m/c
Bazosas marpuna 23.894+0.06 | 181.89 +1.30
PaBHoBeposTHBIT OTCEB 23.84 +£0.06 | 183.06 & 1.34
OrceB poekImii 23.77 £ 0.07 | 184.59 +1.48
Toueunbrit Bb100p manubix | 23.80 +0.04 | 184.15 4+ 0.85
Wcxomnabrit aaroputm 23.63 183.36

Tabauia 4: Kaugectso pekoncrpykuuu cuuvka Compressive Sensing agropuTMaMu Ipu
s = 11? ¥ UCXOIHBIM AJTOPUTMOM.

4.1. Pe3yabTaThl 3KCIEepUMMEHTa HAa MAaJIOMAaCIITAOHOM

MO/IEJIN

AJIropuT™M PEKOHCTPYKITUU C WCIIOJIHb30BAHUEM TEXHWKHU OMO3HAHUS CO
cKaTreM ObLI MPOTECTUPOBAH HA YETHIPEX BapUAHTAX MOCTPOCHUS PaH]IO-
MU3UPOBAHHON MaTpUIbl u3Mepennii Ha H) uTepanusax KaxKablii. Pe3yibra-
ThI TIPEJICTABJEHBI B TadJmIle 4, JIyUIIHe IOKA3aTeJU BbIJIEIEHbl *KUPHBIM
mpudrom. Cpeau IpOTeCTUPOBAHHBIX METOJI0B HMOCTPOEHMST MaTPUIIbI W3-
MEPEHU JIydIInero pe3yJibTara JOCTUT 0a30BbIil BAPUAHT. DTO MOXKHO 00b-
SICHUTBH TeM (PAKTOM, UTO IPU ITOCTPOEHUHU OH MCXOIUT U3 IIOJIHOIO 00beMa
JAHHBIX, KOMOMHUPYsT KOTOPbIe MOKHO YMEHBIINUTDh BiusHIE 1ToMex. [lome-
XU ABJISIOTCA HEOTHEMJIEMOU COCTABJISIONIEN YIbTPAa3BYKOBOII TOMOrpaduu
XOTs OBI TIOTOMY, UTO MAIlMEHT BO BpeMs 00CJIe0BaHUs HE MOXKET ObITh ab-
COJIIOTHO HENOJBU:KeH. Bce BapraHThI aJrOPUTMOB C OMO3HAHUEM CO CXKa-
THEM ITOKa3aJI1 JIydIllee KaueCTBO PEKOHCTPYKIINHU 0 METPUKE “OTHOIIEHUE
curnasi-irym” (SNR), ofHaKo 110 aOCOTIOTHON CpeIHEKBAIPATHIHON ONTHOKE
BapUaHThI C UCKJIOUYEHUEM IIEJIbIX MIPOEKINl U TOYETHOTO BhIOOPA JTAHHBIX
O0Ka3aJIMCh XYK€ UCXOIHOI0 ajropurMma. “OTceB IPOEKInii” OTCEKAeT IeJIble
PYIIbI JAHHBIX, 9TO CKA3aJI0Ch HA KadecTBEe BOCCTAHOBJIEHUs. BapuaHTbl
1-3 KOMOMHUPYIOT pa3/IMYHbIE U3MEPEHUHA, YTO MPHUBOJUT K UX OOJIbIIEN
IITYMOYCOMYMBOCTH, Yero He aesiaeT BapuaHT 4 “Todeunblii BLIOOD JaHHBIX
IIPOJIEMOHCTPUPOBABIIHI XYIIIINE PE3Y/IbTaTHI.

B MmanromacimTabHoll MOIE N JIj1sT PEKOHCTPYKIIMYA MOXKHO HMCITOJIb30BATH
10 M = kg, -k* = 2500 ypasrennii. IloBTOpUB aHa I3, ONMCAHHBIN B pas/ie-

7e 3.1, Mbl Haxomum s = 112, Taxum o6paszom, npumensis ypasaenue (5), 1o-
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0 10 20 30 0 10 20 30
X [mm] X [mm]

Puc. 12: Pesymbrarer pexoncTpykmum mcxommoro ajropmtma (ciesa) m Compressive
Sensing ¢ marpureil u3mepenwii i.i.d. (crpasa).

Jy4aeM JI0CTaTOYHOE JJId XOPOIIed PEKOHCTPYKIUUA KOJIMICCTBO ypPaBHEHUNT
m = 1705, aro cocrasisier okosio 68% ot obmero nx uucaa M. Ha rpadu-
ke 13 oTpaxkeHa 3aBUCHMOCTH Kad9eCTBa PEKOHCTPYKIIMUA W300pazKeHUs OT
KOJIMYECTBA MCXOIHBIX JAHHBIX, I'Jle HAWJIyUIlee 3HAUYEHUEe oKa3aTess ad-
COJIIOTHOU CPEHEKBIPATUIHON OIMUOKU JIOCTUTAETCS TIPU UCIIOJIb30BAHUT

68-75 % maHHBLIX U B AAJbHENRIIEeM He IIPEeTePIeBACT CyIIEeCTBEHHBIX M3Me-

HEHUM.
220 F T T T T T T T T T T =
— CS-1.1.d.
--- Legacy
[}
E 210 |- =
=)
2
= 200 .
@
X
O
5
3 190 - =
180 & | | | | | | | | | =

1
10 20 30 40 50 60 70 8 90 100

IIporenT nCIOIB30BAHHBIX JAHHBIX

Puc. 13: 3aBucumocTs ommbKy peKOHCTPYKITNH CHIMKA OT 00beMa HCIOIb30BAHHbBIX JIaH-
HBIX TIpu ucnob3oBanun Compressive Sensing ¢ maTpurieit n3MepeHuit ¢ paBHOBEPOSATHBIM
orceBoM (CS-i.i.d.). [dust cpaBHeHUs IOKa3aH Pe3yJIbTAT UCXOIHOTO AJrOPUTMA, UCIIOJIb3Y-
fomuit nosHbIi o6beMm nanubix (Legacy).

PesysbraTbl pEKOHCTPYKIMIA MCXOTHOTO AJTOPUTMA, HUCIIOJIb3YyEeMOM B
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yJIbTpa3BykoBoit Tomorpacdun, u Compressive Sensing mpejcraB/eHbl Ha

puc. 12.
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5. 3akJjIroueHue

B xose paboTb! ObLIN JJOCTUTHYTHI CJEIYIONINE PEe3yJIbTaThI:

e llcciiemoBana BO3MOXKHOCTH HpuMeHeHusi Texuukn Compressive Sen-

sing B 3aja4e yJIbTPa3ByKOBOII TOMOTpaduu.

e Paspaboran n peanuzoBan Ha s3bike MATLAB panmoMusupoBaHHBIM

aJICOPUTM JJIsI cOopa 1 00pabOTKU JTAHHBIX YJIBTPA3BYKOBOI TOMOI'DA-~

dun.

e [IpoBesennbr sKCIIEPUMEHTHI Ha ITPOrPAMMHON CUMYJISITUHA.

B sToit paboTe ObL1a HCcIe0BaHA BO3MOXKHOCTD IPUMEHEeHUsT TeXHUKu Ono-
3nanus co cotcamuem, uan “Compressive Sensing”, B o0JjiacTu yIbTPas3ByKO-
BOIl ToMmorpaduu “BpeMeHU HPUOLITUA : U3yUYEHbl CBOWCTBA Pa3PEKEHHO-
CTU PEe3yJbTATOB TOJIyYIEeHHBIX M300pPaKEHUi, & TaK>Ke BJIUSHUE YBeJIMIe-
HUSI pa3pelleHns CHIMKA Ha, 9UCIOBYIO XapaKTEPUCTUKY Pa3PEKEHHOCTH S.
[Ipenedbpekumoe yBeIUYEHUE STOI XapaKTEPUCTUKHU TIO3BOJIIET 3P PEeKTUB-
HO ITPOBOJAUTH OOPADOTKY JIAHHBIX, JIaKe MPHU YBEJIUYEHUH WX HCXOJIHOTO
KOJIMIECTBA HA MHOI'O TIOPSIJIKOB.

Takke ObLTa pa3zpaboTana 1 arpodUPOBaHa HA NCKYCCTBEHHBIX MOJEITX MO-
TuUKAINASA aJTOPUTMa PEKOHCTPYKIIMU TOMOTPAPUIECKUX CHUMKOB C TIPH-
MEHEHUEM TEXHUKU OIO3HAHUS CO CXKATHUEM. DKCIEPUMEHTHI TOKA3AJINA, ITO
BO3MOYKHA PEKOHCTPYKINS n300pazkeHnst 6e3 CyIecTBeHHON moTepu Kade-
CTBa IIPU UCIOJb30BAHUY HEIIOJTHOTO 00beMa JJaHHbIX. Kpome TOro, HEKOTO-
pble BapUAHTBI IIOCTPOEHUS MATPUIL U3MEPEHUIN ITPOIEMOHCTPUPOBAJIH I10-

JIO2KUTEJIbHOE BJIMAHUEC Ha IHyMOYCTOfI‘{I/IBOCTb aJIropuTMa.
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