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Metoxa oOpalieHusi MOJIHOTO BOJIHOBOTO TOJISl B CBOCH CTaBIIEH y)kKe KIACCMYECKOW IMoCTa-
HOBKE CBOJUTCS K OTBICKAHUIO TOYKHM MUHHUMYyMa 11eJ1eBOro GyHKIMOHaa, XapaKTepHU3yIOIIero 13-
MepsieMoe B HEKOTOpPOW HopMe (KakK MPaBHIIO, KBAJAPATUYHOMN) 3aperuCTPUPOBAHHOTO BOJIHOBOIO
MOJISl OT PACCUYMTAHHOrO ISl TEKyIIEH MOJenu cpelbl. HakOmIeHHbIN ONBIT MOKAa3bIBAET, YTO JJIA
YCHEUIHOTO MPUMEHEHHSI TaHHOTO MOAX0/1a HeOOXOIUMO BBITIOTHEHUE JIBYX YCIOBUH:

e Hanuuue HU3KUX BPEMEHHBIX YACTOT B 3aPETUCTPUPOBAHHOM BOJIHOBOM II0JIE;

e 3HaHue BEpXHEH yacTu paspesa.

KiroueBble cjioBa: 11e7eBO (PYHKIIMOHAN, MTOJIHOE BOJHOBOE MOJIE, JaJbHUE BBIHOCHI, MaK-
POCKOpPOCTHAsI MOJI€JIb, BEPXHSISA YACTh pa3pesa.
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Full Waveform Inversion in its traditional formulation is nothing else but finding the mini-
mum of the objective functional, that characterizes L, difference between acquired and simulated
wave fields. The accumulated experience proves the necessity of the following conditions for cor-
rect recovery of the wave propagation velocity:

e The presence of low time frequencies in the data;

¢ Information about near surface structure of the media.

We modify the traditional L, objective functional on thy base of decomposition of the model
space. This modification weakens the requirements for the presence of low time frequencies.

Key words: objective function, full wavefield, far offsets, macrovelocity component, near
surface velocity distribution.

1. Beeoenue

Meron oOpamenuss monHoro BosiHoBoro mois (FWI, ot anrmmiickoro Full
Waveform Inversion) Bce 00s1ee yBEpEHHO CTAHOBHUTCSI OJTHUM U3 OCHOBHBIX MHCTPY-
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MEHTOB JJI IMOCTPOEHUS ITyOMHHON CKOPOCTHOM Mojenu. B ero ocHoBe JIEKHUT pe-
[IeHHe OOpaTHOW NWHAMUYECKOW 3a/Jayu CEHCMHKH, OMHpalrolieecss Ha OThICKAaHUE
TOYKM MUHMMYMa 1I€JI€BOr0 (DYHKIIMOHANA, XapaKTEPU3YIOLIEr0 pa3HOCTh MEXIY 3a-
PETUCTPUPOBAHHBIMU M PACCUYUTAHHBIMU JAHHBIMU. OJHAKO HAKOIUICHHBIA OIBIT
OPUMEHEHUS! JaHHOTO MOJAX0/a K 00paboTKe pe3yJbTaTOB CEHCMUYECKUX HaOIrofe-
HUM TOKa3bIBAET, YTO MPH €0 peaau3ali HEOOXOJUMO YIENISITh 0C000€ BHUMAaHHE
JIBYM aCIIEKTaM:

1. Hane:xHOMY BOCCTaHOBJIEHUIO BEPXHEN 4acTH pa3pesa;

2. YCTOWYHUBON PEKOHCTPYKIIMA MaKPOCKOPOCTHOM COCTABJIAIONIECH B YCIIOBUSX
OTCYTCTBUSI HU3KMX BPEMEHHBIX YaCTOT B 3apPETUCTPUPOBAHHBIX TAHHBIX.

JIns BOCCTAHOBIIEHHSI CKOPOCTHOTO CTPOEHHsI BepxXxHeil dactu paspe3a (BUP)
B HacToslee BpeMsi HauboJiee pacnpocTpaHeHHOU siBnsiercsa Bepcuss FWI, onmpato-
1asCs Ha MCIOJIb30BAHUE BOJIHOBBIX ITOJIEW, COOTBETCTBYIOIIUX NIEPBBIM BCTYIUICHU-
SIM Ha JAJIbHUX BBIHOCAX.

[Iocne BocCTaHOBIEHUS CKOPOCTHOTO CTPOCHUS BEPXHEN YAaCTH pa3pe3a MbI UC-
NOJIb3YEM JJiIi BOCCTAHOBJIEHHUSI TIIYyOMHHBIX LEJIEBBIX OOBEKTOB MPEIOKEHHYIO
B paborax [1, 2] moaudukamuio neneporo ¢pyHkiuoHamta. HanomuauMm, kpatko, oc-
HOBHBIE €€ MOMEHTBI.

2. Onucanue MeToa 0OpalieHusl OJHOTO BOJIHOBOTO TOJISI C UCTIOJIB30BAHUEM
MOJAUQPUIIMPOBAHHOIO 1IENIEBOT0 (DYHKIIMOHATA.

[TonHast ckopocTHAsE MOJIENb MIIETCS B BHUJIE CYNEPHO3UIUU ABYX (PYHKIUN U3
Pa3IMYHBIX TOAIPOCTPAHCTB

e [loampocTpaHCTBO MEAJICHHO MEHSIOUINXCA (QYHKIIUN WM MaKpOCKOPOCTHAs
COCTaBJISIONIAs, KOTOpas OIMpeAeNseT BpeMeHa Mpodera BOJH MEXAY AOCTATOYHO
YAQJICHHBIMU BHYTPEHHHMHM TOYKaMH, HO HE BO3BPAILACT CEMCMUYECKYH) JYHEPIHIO
K CUCTEME HAOJIIOICHUS;

e [loanmpocTpaHCTBO Pe3KO M3MEHUYUBBIX PEIIEKTOPOB, HAPOTUB, HE MEHSIO-
IIMX BPEMS PACIPOCTPAHEHHE BOJHBI, HO U3MEHSIOIIUX €€ HalpaBleHue, ooecrnedn-
Basi BO3BpAIllEHUE CEeHCMUUYECKONU SHEPTUU K CHCTeMe HAOI0ICHNS.

Takas cynepno3uuys BBOAUT MPEICTABICHUE CKOPOCTH PACIIPOCTPAHEHUs IIPO-
JIOJIBHBIX U MTONEPEYHBIX YIIPYTUX BOJH B BUJE:

Vps =(0V)ps +(V)ps (D

IJIe p O3HAYaeT MaKPOCKOPOCTHYIO MOCIb (ITporaraTop), a » — MpOCTPaHCTBEHHBIN
1
pednekTop (cm. puc. 1).

! 3nech u gaiee moa pedIeKTOPOM MOHUMAETCS JIOKAJIbHBINA T€0J0THYECKUd 0OBEKT, B YacT-
HOCTH, I'PaHHUIIa pa3gena Cpell ¢ pa3sHbIMU YIPYTUMU ITapaMeTPaMUu.
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Puc. 1. Pa3nosxenue moiHoN CKOPOCTH Ha MPOIAraTop u pediaexTop.

CrneBa HampaBo: IMOJIHAsI CKOPOCTHAsI MOJIENIb, MAKPOCKOPOCTHAsI COCTABIISIONIAS, MIPO-
CTPaHCTBEHHBIN pedICKTOP

[Ipu u3BECTHON MaKpPOCKOPOCTHOM COCTaBISIONICH, pedIeKTOp KOPPEKTHO OIl-
penensieTcs B pe3ysbrare BHIIOJTHEHUS MUTPAIMOHHOTO MpeoOpa3oBaHUsl 3aperucT-
PUPOBAHHBIX JAHHBIX. bonee TOoro, CymecTByeT psii METOAOB, MO3BOJAIOIIUX OTO-
OpaxaTh pediaeKkTop B «MCTUHHBIX» aMIUIMTYJaX, KOT/Ia KOHTPACTHOCTh TPaHUIl Mpo-
NOpLHOHATbHA OTpaXKarolel COCOOHOCTH COOTBETCTBYIOLIUX JIOKAJIbHBIX T'€0JI0THU-
YeCKUX 00BEKTOB [5, 7]. DTOT (akT Mo3BOJSAET MPEACTABIATH HCKOMYIO MOJIHYIO CKO-
POCTHYIO MOJIEJIb B BUJIE CYTIEPIIO3ULIUU:

Vps=(V)ps +ILWMp g(pVp g)<s> (2)

rae Mp ¢(pV)<s> ecTb pe3yapTaT NPUMEHEHUS] MUTPAMOHHOIO IpeoOpa3oBaHus

JUISl TIPOIOJIBHBIX/TIOTIEPEUHBIX BOJIH (B JajdbHEUIIIEM MPOCTO «MUTPAIMOHHBIN Olle-
paTop») K Tak Ha3bIBAEMOMY «BPEMEHHOMY» pe(IeKTOpY, KOTOPBIi, B CBOIO OYepe/Ih
€CTh pe3ysbTaT MPOIOJbHONU/TIONEPEUHON «IeMurpauum» [6] mpocTpaHCTBEHHOTO
IpoAOIBLHOTO/TIonIepedHoro peduekropa . Oneparop W obecnieunBaeT KOPPEKTUPOB-
Ky IMOJIy4aeMbIX IIPU 3TOM aMIUIMTYH M300pakeHus, a npoekrop [1, obecmeuuBaet

HOTPYKEHHE MOJIyYeHHOTO pe3yibTaTa B MOAMPOCTPAHCTBO pedIeKTOpOB.
Takasti 1EKOMMIO3UIMUS TO3BOJSET BBINOJIHUTH MOIU(PUKAIMIO LENEBOro (yHK-
[[MOHAaJa:

2

O(pVp, pVs.8)=|F(pVp s + TLIWM p s (pVp ) <5>) - uOHLz(D)’ 3)
U paccMaTpHuBaTh CIAEAYIONIYI0 (OPMYIUPOBKY 0OpaTHOM 3a1a4u:
d(pVp,pVs,s) —  min (4)

pV,.pVs,s
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C MOCTEAYIOUINM MEPECYETOM BPEMEHHBIX pPe(IeKTOPOB B MPOCTPAHCTBEHHBIE:

rps =ILWMp s(pVp ) <s> (5)

3. Bepugpuxayua memooa
3.1. Cunmemuueckue OaHHblE

Bepudukannio mpesiokKeHHOr0 MOoAX0oAa K OOpalleHHIo MOJHOTO BOJHOBOTO
MOJISl MBI HAYaJlK C MPOBEICHUS YMCICHHBIX YKCIIEPUMEHTOB HA CHHTETHUECKUX JaH-
HBIX, MOJYYEHHBIX B PE3yJIbTaT€ KOHEYHO-PA3HOCTHOTO MojenupoBaHus. Ha wam
B3TJISI7] TOT ATall SIBJISETCA HEOOXOIUMBIM JJisi 00eCreueHHs] YBEpEHHOCTH B KOp-
PEKTHOCTH CO3JaHHOTO MeToja. JeWCTBUTENbHO, pe3yJbTaThl 00pabOTKU CUHTETH-
YECKUX JAHHBIX JIETKO MPOBEPSIIOTCS, TaK KaK UCIIOJIb3yeMasi JjIsl TeHepaInK JaHHBIX
MOJIeJIb U3BECTHA a0COJIOTHO TOYHO. 3aMETHM, YTO B HACTOALIEEe BpeMs, Oyarogaps
CTPEMHTEIILHO BO3PACTAIONIMM BBIYUCIUTEIILHBIM MOIIHOCTSM CTAaHOBHUTCSI BO3MOXK-
HBIM CO3J]aHHE BEChMa CIIOKHBIX TPEXMEPHBIX CEHCMOTEOIOTUIECKUX MOJIENIEH U TO-
ClIeyIolIee MOJTHOMACIITAOHOE YMCICHHOE MOJCIMPOBAHHE PACHPOCTPAHSIONIUXCS
B HUX CEMCMUYECKHX MOJeH. YKe B TEUCHHE psijia JIET B CTPyKType obmectsa SEG
(Society of Exploration Geophysicists) GyHKIIMOHUPYET CHEUUaIbHO CO3aHHBIN
koHcopiuyM SEAM (SEG Advanced Modeling Corporation), oCHOBHOE HampaBJe-
HHUE JIeATETHHOCTH KOTOPOTO COCTOMT B MIOCTPOCHUHU MoJenel, Haubosee BocTpebo-
BaHHbIX HEPTAHBIMU U CEPBUCHBIMM KOMIaHuUAMH (Oojiee JI€TaJbHO CM.
https://seg.org/News-Resources/Research-and-Data/SEAM). IMeHHO Ha TakuxX CHUH-
TETUYECKUX JAHHBIX U BBIMIOJIHAETCS anpoOalys HOBBIX METOJ0B OOpaOOTKM U WH-
TepHpeTalnn, IPUYeM MPOXOKJIECHUE ITOrO 3Tana SBIAETCS HEOOXOAUMBIM IIarom,
0€3 KOTOPOro Takue METO/Ibl HE MPUHUMAIOTCS K PACCMOTPEHHUIO.

Jlyist mpoBeIeHUsT YUCIICHHBIX YKCIEPUMEHTOB MBI HCIIOJIB30BAIN MOJIEb, MO-
CTPOCHHYIO B pE3yJIbTaTe€ HUHTEPIPETAlUd TPEXMEPHOIO0 CEeHCMHMUYECKOro Kyoa,
BKJTFOUAIONIETO B ceOst HEKOTOpoe 0600meHue pa3pe3a Bocrounoit Cubupu ¢ kpaitae
HEOJHOPOJHON BepxXHEW W cpeaHel yacThio (puc. 2). DTa MOJeiIb HaMH B3siTa U3
nyonukanwmii 3, 4].

—— _
= l .
] 1000 2000 3000 4000 5000 6000 7000 2000 9000

Paccroauue, m

Puc. 2. CKOpOCTHaH MO/JICJIb, UCITOJIB3YyEMaA JIJIA YU CJIICHHBIX OKCIICPUMCHTOB
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Jl7i peKOHCTPYKIIMH CTPOSHUSI BEPXHEH 4acTH pa3pe3a Mbl UCIOIb30BAIN BOJI-
HOBBIE TOJIA HA JNajdbHUX BbIHOCAX (puc. 3). B xauecTBe HaYanbHOTO MPUOIUKECHUS
ObLIa B35iTa BEPTUKAIBHO HEOJHOPOIHAS cpena (puc. 4, a). [locne 3aBepieHus UK-
na oOpallleHHs] BOJHOBOTO TOJIA Ha OOJBLIMX BBIHOCAX Mbl MOJYYHJIA CKOPOCTHOM
paspes, n300pakeHHbIH Ha puUC. 4, 6, KOTOPBIA YK€ C HETUIOXOM TOUHOCThIO COOTBET-
CTBYET UICTUHHOMY CKOPOCTHOMY CTPOEHHUIO BEpPXHEH YacTH, B TOM YHCIIE OTOOpaxka-
€T BBICOKOCKOPOCTHOE BKJIFOUEHHE, BBIXOAIIEE HA IOBEPXHOCTb.

4000 m

TlepBble BCTYIUIEHHS HA JATHHHX BEIHOCAX

4 cex

10000 M

Puc. 3. Mcnionp3yeMsble Jj11 BOCCTAHOBJICHUS BEPXHEH YacTH pa3pe3a
MIEpBbIC BCTYIUICHHS Ha JAJIbHUX BBIHOCAX

Hagaabaan CROpPOCTHAA MOJ€JIb
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Obpamenne NepBBIX BCTYIIeRHH HA JAILHAX BRIHOCAX
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Puc. 4. OGparnieHue BOJTHOBBIX MOJIEH HA TaIbHUX BBIHOCAX:

@) HaYallbHOE MPUOIMIKCHHUE,  0) Pe3yJbTaT OJHO BOJTHOBON HHBEPCUU
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[TonyuenHoe peuieHue Opajgoch B Ka4eCTBE HAYAIBHOTO MPHUOIMKEHHs Ha clie-

AyIoIeM 3Tane oOpalleHus, OCHOBAaHHOTO Ha MUHUMH3AIUU MOIU(PUIIUPOBAHHOTO
neneBoro ¢yHkuuoHana. Ilpu 3ToM MBI HCHOIB30BAIU MMOCTENIEHHO BO3PACTAIOIINE
BpPEMEHHBIE YacTOThI. Pe3ynbTaThl HECKOJIBKUX IIaroB MO BHINOJHEHHIO TAKOTO 00-

pallleHus NPUBEICHBI HAa PUC. S.

FIyGHHa M

I'myGuEa, M

TyOHHA, M

17

Oo0pameHne 0TPa:xEHHBIX Bo/TH (Reflection FWI), 8 - 10 I'ny
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OopamerHe OTPAKEHABIX BoIH (Reflection FWI), 11-20T'm
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Oopamenne orpa:xkénbix Bo.1H (Reflection FWI), 31 - 50 I'n.
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Puc. 5. O6parnienue oTpakeHHBIX BOJIH (OJIM3KUE BEIHOCHI)
TS TIOBBIMIAIOIICHCS TOMHUHHUPYIOIIEH 4acTOTHI

3.2. anHvle peanbHbix MOPCKUX HAOIOOEeHULL

Ilocne YCHGHIHOﬁ anpo6auHH MNpEAJIOKCHHOI'O ABYXIOTAIITHOIO MCTOAa HAa CUHTC-

THYCCKUX NAHHBIX MbI €TI0 IIPUMCHUWIIN IJISA JAHHBIX, ITOJIYYCHHBIX B XOJC ITOJICBBIX
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HaOmoeHuil. DT paboThl ObuUTH BBIMONHEHBI coBMecTHO ¢ OO0 «lIlerpoTpeticy
Ha TMOJTOTOBJIEHHOM CIEHHAIMCTAMH KOMIIAHHUH TECTOBOM JBYMEPHOM MOPCKOM
npoduiie. B kauecTBe 0HOM U3 MpeABapUTENIbHBIX 00pabaThIBAIOIIMX MPOLIEAYp Obl-
J1a BBIMIOJIHEHA TOJIOCOBast (PUIIbTpalus B LIENSAX MOAABJICHUS «IIYMOB MOpsS» B 00-
JIaCTH BPEMEHHBIX 4acTOT Huke S ['.

Kak u panee, mis peKOHCTPYKIIMM BEPXHEH YacTH pa3pe3a Mbl HCIIOIb30BAIU
HepBbIE BCTYIJICHUS Ha JalbHUX BbIHOCAX (pHC. 6). [Ipyu BhIONIHEHNN UX 0OpaIeHUs
OJIHUM M3 KJIFOUEBBIX SIBJISIETCSI BOIIPOC OLEHKU pa3MEpPOB LIEJIEBOM 00JacTH, TO €CTh
MUHUMAJIBHOTO U MAaKCHMaJbHOTO BBIHOCOB. UTOOBI OLIEHUTh IIyOMHY HPOHUKHOBE-
HUS peparupoOBaHHBIX BOJH U 30HY OCBEIICHHOCTH, JJIS KaXJIOTO CEHCMUYECKOTO
UCTOYHHKA, UCIOJIB3YEMOr0 B OOpallleHUuH, Ha KaKJI0M UTepalluu HEITUHEHHOro npo-
1jecca ONTUMHU3ALMU ObUIM BBIMOJIHEHO MOCTPOCHUE CEHCMUYECKHX JTyde NSl OLeH-
KM MUHUMAQJIbHOTO U MaKCHUMAJIbHOTO HCIOJb3yeMOro BBHIHOCOB. Bo mn3bexanue
KpaeBbIX 3(PPEKTOB MBI UCIIOIb3YEM CHEIHATbHBIE OKHA, 00ECIIEYNBAIOIINE TJIaJIKOE
OoOHyJIeHUE TPaIueHTa 11eJIeBOTO (PYHKIIMOHATA BHE 30HBI OCBEIICHHOCTH.

Taxetsr OT'T
0 50 100 150 200 250 300 350 400 450 500 550 600

HCI]OJ'II:'S}'EM]:[E BCTYILIEHHSA
HA JA/IBHHX BBIHOCAX

MakcHMAIbHBIH
*~=._ BbiHOC 7000 M

7S5 MHHEMAIbHBIH
BbIHOC 2700 M

Puc. 6. ®parmMeHT peanbHbIX JAHHBIX C BBIIECJIECHHBIMHU NEPBBIMHU BCTYIICHUSAMU,
WCIIOJIb3YEMBIMU JIJI1 PEKOHCTPYKLMU BEPXHEW YaCTH pa3pesa

B kauecTBe HayaIbHOTO MPUOIMKEHHS UCTIOIB30BAIaCh MOJIENIb HHTEPBAIBHBIX
cKopocTel, moctpoeHHas no Jlukce. B oOparmenuu ucnoias3oBanoch 114 uctouHu-
KOB, ¢ maroM 37.5M. [[ns Ka)XI0ro MCTOYHHUKA HUCIOJIB30BaIUCh 370 MpHUEMHHUKOB
¢ marom 12.5M. OOpartiieHre npor3BOAMIOCH TTOCIIEI0BATENBHO IS BPDEMEHHBIX Yac-
ToT 5 I'i 1 6 I'l. CpaBHEHHE CKOPOCTHBIX MOJENEN MOKHO BUAETh HA pUC. 7.

Ha cnenyromem stare 06pabOTKH 3TH JIBE CKOPOCTH UCTIOIH30BATIUCH MPU BBITOJ-
HEHUU MUTPAIUH 10 CYMMHUPOBAHHUSL, PE3YJIbTaThl KOTOPOU MPEICTABIEHBI HA PUC. 8.

Kax BumHO, n300pakeHne, MoaydyeHHOE C UCIOJIb30BAHUEM TITyOMHHON CKOPO-
CTHOW MOJENIH, TOCTPOCHHOUW MyTeM OOpaIleHHs MOJTHOTO BOJHOBOTO IOJS, UMEET
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ropaszio Jy4Illyro MPOCTPAHCTBEHHYIO pa3pelleHHOCTh U Oosiee BBICOKYIO MH(pOpMa-
THUBHOCTb.

Mogens no JIukcy
+ 4000
= 3300
E 3000
o 2500
E ——- A . ' - 2000
1500 1 1 ! 1 ! 1 1500

0 2000 4000 6000 8000 10000 12000
PaccTosHne, M
a)

Mogens mocie FWI

0 < 4000

1 i 1 1 1
0 2000 4000 6000 8000 10000 12000
PaccToAnHe, M

0)

Puc. 7. a) ckopocTtHas Mmozenb 1o Jukcy; 6) ckopoctHas Mozenb mo FWI.

Puc. 8. I'myOuHHBIC N300paKeHHMSI, TTOTyYCHHBIE C UCTIOIB30BAHUEM
TyOMHHOM CKOpOCTHOM Mojienu 1o Jlukcy (a)
¥ 0OpaIIeHHUIO TTOJIHOTO BOJTHOBOTO MO (0)
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4. 3axknrouenue

Pa3pabotan, peain3oBaH U anpoOUPOBaH HA CUHTETUYECKUX U PEabHbIX JaH-
HBIX JIBYXATAITHBIA METOJ MTOCTPOSHUS TIyOMHHONW CKOPOCTHOM MOJENH, TIpeIycMaT-
PUBAIONIMIA TIEPBOHAYATBHOE HCIOIB30BAHME BOJIHOBBIX TIOJIEH, COOTBETCTBYIOIIMX
NEePBBIM BCTYIUICHUSM Ha JaJIbHHUX BBIHOCaX. [IpoIeMOHCTPHUPOBAHO TOBBIIIICHHUE
pa3pemaromnieii CnocoOHOCTH U HHPOPMATUBHOCTH CEHCMUYECKUX M300paKeHUH MPpH
UCTIOJIb30BAaHUU CKOPOCTHOW MOJIENIM, BOCCTAHOBICHHONW METOJO0M OOpaIieHus MoJ-
HOT'O BOJTHOBOTO TIOJISI.

Paspabomxa ancopumma obpawenus, e2o wucieHnas peanuzayus u npuMeHeHue
011 PEeKOHCMPYKYUU CKOPOCMHO20 cmpoeHus 6vinoanensvl I aoviivuunviv K. 1,
Hexnoooswim J]. A., [lpomacosvim M. U. u Yesepooii B. A. npu noddepoicke epanma
PH® 17-17-01128. Aémopwr 6aazo0apuvr OO0 «IlempoTpaticy 3a npedocmasnen-
Hble OaHHble, UX NPed8apumenbHyo 00pabomKy u paspeuleHue nyoIuKayuu.
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