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AHHoTanus. [IpuMeHeHre XOpouIo 3apeKOMEHI0BABIIEr0 ce0s s U30TPOIMHBIX N€0IOTHYECKUX
Cpel MEeTOoJa aMIIUTYIHBIX Bapuauuil orpaxxeHnil (AVO) 11 BocCTaHOBIIEHUS TapaMeTPOB TPAHC-
BepcanbHO-U30TporHO# cpenbl (VTI-cpenpl), COOTBETCTBYIONIEH B YaCTHOCTH CJIOUCTBIM KOJIJIEKTO-
pam yrieBoJopoJI0B, TpeOyeT He TOJIBKO HAJIMYKs TOYHOTO PEIIEHHs CHCTEMBbl YpaBHEHHUHM Ha HAXOXK-
neHue ko3 HUIMEHTOB OTPAXKEHHUSI, HO U TITyOOKOr0o IOHUMAaHUS CTPYKTYPBI U MIOBEJCHUS MATUMED-
HOM neneBoil GpyHkuu. Llenpio HacTosmel paboThl ABISIIOCH U3YUYEHUE CTPYKTYPBI U TIOBEIACHUS
MATUMEPHOH 11eJ1eBOl PYHKIMM KBaJPaTHUYHOTO YKJIOHEHUS KOA((UIHMEHTOB OTPaXEHHs IIIOCKOM
IIPOJOJILHOM BOJIHBI HA IPAHUILE N30TPOITHOTO U TPAHCBEPCAIBHO-U30TPOIHOIO MOITYIIPOCTPAHCTBA
C BEPTUKAIBHON OChIO CUMMETpPUHU. {7151 JOCTH>KEHUS MOCTaBICHHOM ey Oblila OCYIIECTBIIEHA Ce-
pHs YMCIECHHBIX 3KCIEPUMEHTOB 110 BOCCTAHOBJIEHHMIO YIIPYTMX IIapaMeTpoB Hukenexamero VTI-
MTOJIYIIPOCTPAHCTBA U MPOBEACH JE€TAJbHBIN aHAJIN3 3aBUCUMOCTH PE3yJIbTATOB MHUHMUMHU3ALMHU OT
HAYaJIbHOTO NPUOJIMKEHUS HCKOMBIX MTapaMeTPOB U CTPYKTYPHI MOMAPHBIX CeUYeHUH (yHKIMOHATA.
B pesynbTare cepun UMCIEHHBIX SKCIIEPUMEHTOB OOHApyKeHa YCTOWYMBAs 3aBUCUMOCTh Pe3yJibTa-
TOB MHOTOMEPHOI MUHUMM3AIIMK OT HAa4aJIbHOTO MPUOIIKEHUS U TIPEXKJIe BCEro OT napamerpa €. B
COOTBETCTBHHU C YHHUMOJIAJTBHOM AJUTMIITHYECKOW CTPYKTYPOUH OOJBITUHCTBA BO3MOKHBIX CEUCHUM
MSATUMEPHOH 11eJIeBON (DYHKLUU MPH HAIOXKEHUH IITyMa B UCXOIHbIE KO3()PHULIMEHTHI OTpaKeHHUs Be-
TUYUHON BIUTOTH 10 10% HaliieHHbIE B pe3yibTaTe JBYMEPHOM MUHUMH3AIIUS 3HAUYCHUS OBLIN CO-
CPEAOTOYEHBI B OKPECTHOCTH MOJICIILHOTO 3HaYEeHHUs (B TOM YHCJIE B CEUCHHH €, Vpo2). HanbOonpmmit
MHTEpPEC MPECTABIIAET ceueHHe O, Vso2, pe3KO OTIHYAIOIIEECs OT BCEX MPOUYMX HATUYMEM OBPAKHOM
CTPYKTYpPBbI U JIOKaJbHOTO MUHUMYMa, YTO MPUBOJIUT K CYIIECTBEHHOMY YXYALIEHUIO PE3yJIbTaTOB
JTBYMEPHOM MUHMMH3AIUHU 110 0, VS02, OTHOCUTEILHO TPOUYUX Tap mapaMeTpoB. [I0cKobKy qaHHOE
CEUCHHE SIBJISIETCS YACThIO MATUMEPHOM 11eeBOi (PyHKINH, U IOCKOJIBKY B PE3yJIbTaTe MATUMEPHOU
MUHUMU3ALNN TTapaMeTp O OnpeensieTcs paBHbIM CBOEMY HayallbHOMY MPUOINKEHHIO, BOCCTAHOB-
JIeHHe mapaMeTpoB aHu3oTpornHoi VTI-cpensl He mpencTaBiseTcss BO3SMOXHBIM 0e3 TiTy0oKoro 1mo-
HUMAaHMS CTPYKTYPbI MIATUMEPHOIO IPOCTPAHCTBA PEIIEHNUN M OLEHKH YyBCTBUTEIBHOCTH LIEJIEBOI
(GYHKIMU K BapUaIUsaM [apaMeTpOB aHU30TPOITHOM Cpebl.

Kuarouessie cinoBa: VTI, AVO, meton Hennepa-Muna, ceiicmopasBeaka
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Abstract. The usage of the Amplitude Versus Offset method (AVO), which has proven itself well
for isotropic geological media, to restore the parameters of a transversely isotropic medium (VTI
medium), corresponding in particular to layered hydrocarbon reservoirs, requires not only an accurate
solution to a system of equations for finding reflection coefficients, but also a deep understanding of
the structure and behavior of a five-dimensional objective function. The purpose of this work was to
study the structure and behavior of the five-dimensional objective function of the quadratic deviation
of the reflection coefficients of a plane longitudinal wave at the boundary of an isotropic and trans-
versely isotropic half-space with a vertical axis of symmetry. To achieve this goal, a series of numer-
ical experiments were carried out to restore the elastic parameters of the underlying VTI half-space
and a detailed analysis of the dependence of the minimization results on the initial approximation of
the desired parameters and the structure of the pairwise sections of the functional was carried out. As
a result of a series of numerical experiments, a stable dependence of the results of multidimensional
minimization on the initial approximation and, above all, on the parameter € was found. In accord-
ance with the unimodal elliptical structure of most possible cross-sections of the five-dimensional
objective function, when noise was applied to the initial reflection coefficients of up to 10%, the
values found as a result of two-dimensional minimization were concentrated in the vicinity of the
model value (including in the section €, Vpo2). Of greatest interest is the section d, Vso2, which differs
sharply from all others by the presence of a gully structure and a local minimum, which leads to a
significant deterioration in the results of two-dimensional minimization in J, Vso2, relative to other
pairs of parameters. Since this cross-section is part of a five-dimensional objective function, and
since, as a result of five-dimensional minimization, the parameter o is determined to be equal to its
initial approximation, it is not possible to restore the parameters of the anisotropic VTI medium with-
out a deep understanding of the structure of the five-dimensional solution space and an assessment of
the sensitivity of the objective function to variations in the parameters of the anisotropic medium.

Keywords: VTI, AVO, Nelder-Mead method, seismic exploration
Beeoenue

BoccranoBnenne ynpyrux napaMeTpoB aHU30TPOITHBIX CPEl AaHU30TPOIIHBIX CPET
MIPEACTABISIETCS aKTYaJIbHOUM U BOCTPEOOBAHHOM 3a/1a4ueii B CBS3U C HAIMYMEM Pa3Ind-
HBIX TUIIOB aHU30TPONHUHU B CIIOUCTBIX U TPEUIMHOBATHIX KOJUIEKTOPAaX yIJI€BOIOPOIOB.
JJ1st U30TPOIMHBIX T€OJIOTMYECKUX CPEJ XOPOILIO 3aPEKOMEHI0Ba Ce0sl METO]T aMILITHU-
TyAHBIX Bapuauuii orpaxeHui (AVO), OCHOBaHHBIN Ha UCCIIEIOBAHUM 3aBUCUMOCTH
aMJIMTY bl OTPAKEHHOM BOJIHBI OT YIJjla €€ NaJCHUA-0TPaKEHUs, B 3HAUMTEIBHOM CTeE-
MIEHU 3aBUCSIIEH OT COCTaBa MJIACTOBBIX (DIIIOUIOB U MOKET CYLIECTBEHHO Pa3HUTHCA
JUISL BOJIO- Y TA30HACHIIEHHBIX [IACTOB-KOJIJIEKTOPOB, UTO UCHOJIB3YIOT B IOUCKOBBIX
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uensx [1]. B ciiyyae MoaenupoBaHus pacipoCTpaHEHUsI B U30TPOITHOM CpeJie MIIOCKON
BOJIHBI aMILJIUTYJ1a 3aMEeHseTCsl Ha KO PUIIMEHT OTpakeHUsl, a yJaJIeHHe - Ha yTro
najieHusi cooTBeTcTBeHHO [6]. Kak mokaszano B pabote [8], mpy HAJIUYUU B MMOJICTUIIA-
IOILEM CJIO€ aHU3OTPOIUHU YHPYTHMX CBOMCTB HUCIOJIb30BAHUE MPUOIMKEHHBIX pelle-
HUW CUCTEMBbI YpaBHEHUN Ha HAXOXJIEHHE KOA(DPHUIIMEHTOB OTPaKEHHS MPOAOTIBHOM
BOJIHBI HE TI03BOJIIET BOCCTAHABINBATh KaK yIpyrue napamerpsl cpeabl (Veor, Vsor U
p2), Tak U Oe3pazMepHbie K03 dunneHTs ToMcena [9], xapakTepusyromuye CTereHb
AHU30TPOITHOCTH UCCIIEyEMOIO MPOCTPAHCTBA.

[{enpro HacTOSIIEH PAOOTHI SBIISLIIOCH UCCIICAOBAHUE CTPYKTYPHI U TIOBEICHHUSI 1151
TUMEPHOU 1eJeBO (YHKIMKU KBaJAPATUYHOTO YKIOHEHHS KOA((PUIIMEHTOB OTpaxe-
HUS TUIOCKOW TMPOJIOJIbHOW BOJHBI HA TPAHUIIE U30TPOIHOIO U TPAHCBEPCATbHO-U30-
TPOITHOTO MOJYIPOCTPAHCTBA C BEPTUKAIILHON OChIO CUMMETPUHU.

JIJist HOCTMIKEHWS TIOCTABIICHHOM II€JTM ObLIa OCYIIECTBJICHA CEPUSl YMCICHHBIX
HKCIIEPUMEHTOB 0 BOCCTAHOBJICHHUIO YIIPYTUX MapaMeTpoB Huxkenexaiero VTI-mo-
JYNPOCTPAHCTBA U MPOBEACH JIETAIbHBIN aHAU3 3aBUCUMOCTH PE3yJIbTaTOB MUHUMHU-
3allM¥ OT HAYaJbHOTO MPUOIMIKEHHSI HCKOMBIX [MapaMeTPOB U CTPYKTYpPhI MOMAPHbIX
ceyeHu PyHKIMOHANA.

Memoowvt u mamepuaivt

[IppumeHeHne ypaBHEHUN NUHAMUYECKOM TEOPUU YIPYTOCTA K AHU30TPOIHOU
VTI-cpene mo3BONMUIIO MONTYYUTh TOUHYIO CUCTEMY JTMHEWHBIX alre0pandeckux ypas-
HEHUI 110 aHAJIOTUH C IIPEICTAaBIIEHHOM paHee JUisl u30TpoIHoi cpeasl [2,3]. Kak mo-
Ka3aHo B pabore [7], Omarogapsi UCIOIb30BAHUIO BEKTOPOB pedpaKIi U TPUBUATb-
HOMY PELIEHHUIO JUIS YACTO MOIEPEYHON MPEIOMIICHHON BOJIHBI, MOKHO JIETKO HAaUTH
1IBa APYIUX PELICHUS], OTBEYAIOIIUX MPEJIOMIIEHHBIM KBa3UIIPOI0JIbHON U KBa3UIIOIE-
pPEYHOI BOJIHAM COOTBETCTBEHHO U MOCTpouTh CJIAY nis HaxoxaeHus kospduumeH-
TOB OTpakeHus P-BojiHbI [5]:

J1Jist yucaeHHOro 3KcnepruMeHTa Oblla 3a1aHa MOJIENb C U30TPOITHBIM BEPXHUM U
AHU30TPOIHBIM HUKHUM clioeM (Tabnuua 1). beuin paccuntanbl TouHble KO3DPUIH-
€HTBI OTPAXKEHUS MPOAOJIBLHON BOJHBI i 41 MprUeMHHKa C yriamu MaJieHus Ha rpa-
Huily ot 0° go 40° ¢ marom B 1°. Pacuetsl npousBoamiuce B [10 «kMATLABY.

Taoauna 1. Mopenb 11 TECTUPOBAHUS aJIrOPUTMA.

Vro, M/c | Vso,M/c | p, kr/m> € 5
[TapameTpbl BEpXHEro €04 2000 1155 2000 0 0
[TapaMeTpbl HIYKHETO CIIOS 3000 1443 3000 5% 7%
OTHOCUTENBFHOE OTKJIIOHEHHE HAaYalIb- 33% 20% 33% 5% 7%
HOTO MPUOTIKEHHS

Omnpenenenre nmapameTpoB MPOU3BOANIOCH MUHUMH3AIUEH TIEICBON (PYHKITUN —
CPEIHEKBAIPATHUYECKOTO OTKJIOHEHHSI MOJICIBHBIX U PACUETHBIX KOA(DPHUITUEHTOB OT-
paXEHHUS IPOJOJIBHOM BOJIHBI — o merony Henpepa-Mupna. Ilpu aTom B KauecTse
HAYaJIbHOTO MPUOIMKEHUS OpaiCh MapaMeTphbl BEPXHETO CIIOSL.
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Pezynomamot

[Ipy MUHUMU3aLIKK TIO BCEM IISITH TapaMeTpaM Obliia BBISBIICHA 3aBUCUMOCTD pe-
3yJibTaTa OT Ha4aJIbHOTO NpuoImxeHus. /g ee aHanm3a ObLINM pacCCMOTPEHBI pa3iny-
Hble KOMOWHAIIMM HavajJbHBIX NPUOIMKEHUN MapaMeTpoB: MOJIEIbHOE, 3HAYCHHUS
BEPXHETO CJI0s5, U MPOMEKYTOUHOE MEXITYy HUMH. AHAIN3 TIOKa3aJl Clelyoliee:

— ITapameTp 6 B pe3ymbTare OnmpeaesieTcss paBHBIM CBOEMY HadajJbHOMY TPH-
OJIMKEHUIO.

— TodHOCTH ompeneneHus napameTpoB Vpgz, Vso2 U P2 3aBUCUT OT HAYAIHHOTO
3HaueHus napamerpa €. Ommbka onpeneseHus 3TUX MapaMeTpoB TeM OOJIbIIE, YeM
OOJIBITIE OTKIIOHSETCS HAYAJIbHOE IPUOTMKEHUE €, U MAKCUMAJILHO TOCTUTAeT 6% 1Jis
Vpoz, " P2, U 4% JJIs1 Vso.

— Ilpu HayanpHOM MPHUOIMKEHUU €, PABHOMY MOJIEIBHOMY 3HAYEHHIO, OIIMOKa
onpeneneHust Vep, Vso2 U p2 yMeHbIaeTcst 10 2%.

— Ilpu 3amanny Ha4YaJIbHOTO MPUOJIMKEHUSI BCEX MapamMeTpOB PABHBIM HMCTHH-
HBIM 3HAYEHUSIM, OHH HAXOJSTCS TOYHO.

JIist nanpHeiero ananusa 1neaeBor GyHKIUUA ObLT BBIMOJHEH MOUCK MUHUMYMa
0 JIBYM TapameTpaM Mpy TOYHO 3aJJaHHBIX OCTAIBHBIX, ISl pa3HbIX KOMOWHAIIUHN T1a-
pameTpoB. Bo Bcex NBYMEpPHBIX CEUEHUSX, KPOME OJHOTrO, JIMHUU YPOBHS IIEJIEBOI
(GYHKIIMA UMEIOT BUJI QJUTUTICOB, M TaKasi MUHUMM3AITUS TI03BOJIsUIa HAWTH OTpeiessie-
Mble mapameTpsbl. Jaxe npu HaJOKEHUU IIyMa B UCXOJHbIE KOA(PPUIIUEHTHI OTpaxke-
HUs BenuunHoU 10 10% HaiineHHbIe B pe3ybpTaTe IBYMEPHOM MUHMMM3ALMS 3Haye-
HUSL OBUIM COCPEIOTOUYEHBI B OKPECTHOCTH MOJENIBHOTO 3HAYEHHUS, B TOM YHUCIE IS
CBSI3aHHBIX B anmpokcumanuu Prorepa mapametpoB € u Vg, (puc. 1). Ix pacnpenene-
HUE COOTBETCTBYET YHUMOJIAJBHOM AIUTUNITUYECKON CTPYKTYpE IaHHOTO CEUEHUs M-
TUMEPHOM 11eJICBOUN (PyHKIIUH.

2100 2200 2300 2400 2500 2600 2700 2800 2900

\Y/ /c

p2o' M

Puc. 1. PesynbraThl 2D-MUHUMHU3AIMY HA KApTE JIMHUN YPOBHS KBaAPAaTUUYHOIO
YKJIOHEHHUsI (cpe3 1o mapameTpy ToMceHa €, BepTUKaIbHON CKOPOCTH P-BOJIHBI Vp(,),
MAJIMHOBBIA KPECT - HICTUHHBIE TAPAMETPBhI, YEPHBIE TOUKH - HAUJECHHbBIC 3HAUCHUS
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OpnHako nByMepHas MUHUMM3AIMS 10 rapameTrpam o, Voo (ripu 10% mryme B uc-
XOJHBIX JAHHBIX - KOOPPUIIUEHTaX OTPAKEHU) MTOKa3aja, YTo 3Ha4YeHus O, Vo, pac-
IpeJieIeHbl 0 HEKOTOPOU OBPaXKHOM CTPYKTYpe LieiaeBor (yHKIuu (puc. 2):

log10 ¢

1.5

0.5

xS | | 1 | 1 J
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Vsz 0’ m/c

Puc. 2. Pezynbrarsl 2D-MUHUMU3aLUN HAa KapTE JIMHUI YPOBHS KBaJpaTUYHOTO
yKJIOHEHus (cpe3 1o napameTpy TomceHa 0, BepTHKaIbHON CKOpOCTH P-BoiHBI Vg(2),
MaJIMHOBBIN KpECT - UICTHUHHBIC MMapaMETPhI, YCPHBIC TOYKH - HaﬁHeHHBIe 3HA4YCHUs,
YepHbIE ITYHKTHUD - alllpoKcuManus Prorepa, yepHas JIMHUSA - OJHOMEPHAsT MUHUMU3ALIHs

HeynoBnerBoputenbHbie pe3yiabTaThl MUHUMH3AIUA U HECOONIOACHUE DILTUTI-
TUYHOCTH JINHUM YPOBHS KBaJAPATUYHOTO YKIOHEHUS B CEYCHUH O, Vsor IBHBIM 00pa-
30M yKa3aju Ha HEOOXOIMMOCTh JTaJbHEHIIIETO aHalIn3a CTPYKTYPhI A TUMEPHOM Iie-
neBol pyHkimu. OJHOMEPHBIN MOUCK Vo2 (B COOTBETCTBYIOIIEM “OBpary’” UHTEpBaJie
d) MPOAEMOHCTPUPOBAT OMMOJAIBHYIO CTPYKTYPY LI€JI€BOM (DYHKIIMK B BHIOpAaHHOM
ceuenuu (puc. 3):
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log10 ¢

_11 | | 1 1 | | | | | | |
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

o

Puc. 3. Pesynbratel 1D-MuHMMHA3a1MM 1ieaeBOl GyHKINN
(cpe3 mo mapametpy Tomcena o)

Hanee Obuta mpoBeAeHa 3D-MUHUMU3AIMSA IO TTapaMeTpaM €, Vpoz, P2, TOATBEP-
JUBIIAS HATMYKE N0 KpailHEeW Mepe OJIHOTO JIOKAJIbHOI'0 MUHUMYMa B CEYEHHH O, Vo2

(puc. 4):

log10 ¢

1.5

S -9
0.5 10

0 -11

\ -12

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Vsz 0’ m/c

Puc. 4. Pe3ynbrarsl 3D-MuHMMHU3aLMs KBaAPATHYHOTO YKIOHEHHUS 110 TapaMeTpam
&, Vro, P2,
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Oocyscoenue

[lepBoHayanbHOE MPEANOIOKEHHE 00 YHUMOJAIBHOCTH MATUMEPHON IIEJIeBOM
GYHKIIUM KBaJIpaTUYHOTO YKJIOHEHUS [4], OCHOBaHHOE HA OIBITE MCCIIECIOBAHUS U30-
TPOMHOM cpeapl [2], He moATBepAWIock. HapyleHnne yHuMO1aabHOCTH IATUMEPHOTO
GyHKIIMOHANMA KBaJAPATUYHOTO YKJIOHEHUS MPEINOJOKUTENBHO SBIACTCA MPUYMHON
HEYJIOBJIETBOPUTEIBHBIX PE3yIbTATOB MATUMEPHON MUHMMU3anuu. Tpebyercs naib-
HEWIIMK aHajdu3 YyBCTBUTEIHHOCTU 1€JE€BOM (DYHKUMH K M3MEHEHHMIO MapaMeTpoB
AHU30TPOITHOM CPEIbl B PA3JIMYHBIX HAPABICHUSIX, JIJIS1 YETO TUIAHUPYETCS IOCTPOUTD
reccuaH 1eneBoi (yHKIUHU U UCCIIEI0BAaTh €T0 COOCTBEHHBIE BEKTOPA.

3aknwuenue

OOGHapy>keHa yCcTOWUYHBasi 3aBUCUMOCTb PE3yJIbTaTOB MHOIOMEPHOW MHUHUMU3A-
U1 OT HAYAJILHOTO MIPUOIMKEHHUS U MPEXKJIC BCEr0 OT aHU30TPOITHOTO MapameTpa €.
B cooTBeTCTBUM ¢ YHUMOJAIBbHOW AJUIMOTHYECKONW CTPYKTYpPOM OOJBIITMHCTBA BO3-
MOYKHBIX CEUEHUH MSTUMEPHOU 11eJIeBON (DYHKIIUU TIPU HAIOKEHUH IITyMa B UCXOTHBIC
KOd(DPUITMEHTHI OTpaKEHUSI BEIMYUHON BIUIOTH 0 10% HaiieHHbIE B pe3yibTaTe
JIBYMEPHOW MUHMMH3AIUS 3HAYCHHS OBLIIM COCPEIOTOYCHBI B OKPECTHOCTH MOJICTIh-
HOT'0 3HaY€HUs (B TOM YHCJIE B CEUECHUU €, Vpo2). Hanbonpiuit uHTEpEC mpecTaBiIsieT
cedeHue O, Vg2, PE3KO OTIUYAIOIIEECS OT BCEX MPOYNX HATMYUEM OBPAXKHOU CTPYK-
TYpbl U JIOKAJIbHOTO MUHAMYMA, YTO HNPUBOJUT K CYHIECTBEHHOMY YXYJIICHUIO pe-
3yJBTATOB JBYMEPHOU MUHUMHU3AIUH T10 O, V502, OTHOCUTEIHHO IPOUYHUX AP MapameT-
poB. [TockobKy TaHHOE CEUEHHUE SBISETCSA YACThIO MATUMEPHOMN 1eIeBOM (DYHKIINH, U
MIOCKOJIbKY B PE3yJbTaTe MATUMEPHOW MUHUMU3ALNU MapaMeTp O ONpeAesaeTcs paB-
HBIM CBOEMY Ha4yaJIbHOMY NMPUOIMKEHHUIO, BOCCTAHOBIIEHUE MapaMeTPOB aHU3OTPOII-
Hoit VTI-cpennl He mpeacTaBisieTcsi BO3MOXKHBIM 0€3 TIyOOKOIro MOHUMaHUs CTPYK-
TYpbl IATAMEPHOTO IIPOCTPAHCTBA PELICHUM U OLEHKU YyBCTBUTEIBHOCTU LEJIEBOU
(YHKIIMU K BapUallUsIM MapaMeTpOB aHU30TPOITHON CPE/IbI.
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