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BBeAenue
Introduction

BoccraHoBA€HUE BBICOKMX M HHU3KHUX YACTOT —
BA)KHBIII BOIIPOC AAA PA3AUYHBIX HPHUKAAAHBIX 3aAa49
BCII, Takmx Kak IPEACKa3aHUE aKyCTHUYECKOIO
HMIIEAQHCA HIDKE 32004 CTBOAQ CKBa>KUHBI U
SKCTPAIIOAANAA KAPOTA’KHBIX AAHHBIX BAAAH OT
ckBaKUHEBI. IIpeasaraeTrcss UTEPaTUBHBIN AATOPUTM
AAS BOCCTAaHOBACHUA CIIEKTPA UMITyAbCHOU
cericmorpammbl  BCII, aABAArOImuUiicA YHCA€HHBIM
METOAOM AHAAUTHYIECKOI'O IIPOAOAYKEHUA.
PaccmaTpuBaroTCsA  YNUCACHHBIE  PE3YABTATBI  AAA
MOAEABHBIX U peaabHBIX AaHHBIX BCII. Kpome Toro,
HCCAEAYETCA CXOAUMOCTb METOAA.

OcHOBaHUA AAA IIOCTPOCHHMA U IPAKTHUECKOrO
IIPUMEHEHUA IIPEAAATAEMOIO METOAA:

B 10AHA:A POPMA CUTHAAQ AOCTYITHA U3 MAAAFOIIIX
BOAH;

B BBICOKOE€ OTHOIIIEHNE CUTHAAQA K IITyMY ITOAYYAECTCA
6AaI‘OAap}I OTCYyTCTBUIO HOBerHOCTHBIX BOAH,

B BBICOKHE YaCTOTHI HE IIOTAOIIATOTCS
HI3KOCKOPOCTHBIMI IIAACTAMH (30HOM
MAABIX CKOPOCTEIT);

= cnektp Tpaccel BCII B oTcyTrcTBHE HIyMOB
ABAAETCA  AHAAUTHYECKOU (PyHKINEH, II0CKOABKY
BO BPEMEHHOI 00AACTH TPACCA OTPAHNUECHA CAEBA

TOYKON IIEPBOr0O BCTYIIACHUA, A
crapasa OBICTPO 3aTyXaeT;

N TOYHEIC ATIPUOPHEIE OTPAHUYECHUA MOTYT OBITH

B3ATHI 3 MOAEAH, IOAYIECHHOM AAA KAPOTA>KHBIX
AAHHBIX CKBAYKIHBI 1 HPUMEHEHHOM K MCXOAHOU
3armcu BCI1.

FanbnepuHckne unerns; -2006

Restoration of high and low frequencies is an
important problem to be solved for VSP data in many
applications such as prediction of acoustic impedance
beneath the bottom of hole and extrapolation of log
data away from the well. An iterative algorithm is
proposed for estimation of full spectrum of VSP pulse
seismogram. The method is based on an analytical
extension of spectrum. The computing results for
simulated and real VSP data are discussed. Besides,
the method convergence is investigated.

The reasons for applying of proposal method are:

= the full wave form of signal is available from
downgoing waves.

= high signal to noise ration is due to absence of
surface waves.

m high frequencies are not absorbed by weathering
layer.

m spectrum of VSP trace is close to analytic function,
because in time domain the trace is limited from the
left by the first break point and quickly attenuates to
the right.

m strong a priori limitations may be available from
model produced from log data in the well and applied
to starting part of the VSP record.
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MeToA aHAAUTHYECKOTO IIPOAOAYKEHUA AAA PACIHUPEHUA

1moAe3Hou yactu cuekrpa B meroae BCII
Method of analytical extension for expanding of useful part of spectra in

VSP

MertoA ureparuBHOI peryaapusanuu [3]
paspaboTaH AAA MHHHUMH3AIUHN BBIIYKAOTO
pyHKIIIOHAAA TIIPpH PsIAE€ OIrPaHUYUCHUI.
BasxHOM 0COOEHHOCTHIO METOAA ABAAETCSI €r0
yCTOMYMBOCTDH K IIOMEXAM.

Ero HpUMEHEHNE K peIIeHII0
UHTETPAABHOTO YPABHEHH:A CBEPTKH

Az f IIPUBOAUT K AATOPUTMY

Method applied was developed for
minimization of convex functional on the set
of restrictions [3]. The essential feature of
iterative regularisating method of
minimization is stability to noise.

As applied to solution of convolution
integral equation ., = ; algorithm looks as
follows

%ﬂ=1;11%{%ﬁ34‘(%—ﬂ] 0

Z — NpUOAMYKEHHOE PEIIEHNE HA n—OM Imare (apptroximate solution on n -th step ),

A — omiepaTop cBepTKHU (convolution operator ), f — M3BECTHAsA PEAAM3AIINA IIPOIECCA CBEPTKH
(known realization of convolution ptocess ), P_ — oneparop HPOECKTHPOBAHMA HA
DUYUELZEEL i 00AacTh  (operator of projecting to area of constraints),
-

>y

= .
O, = O—mapamMerpsl aaropurMma (parameters of algorithm).
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B AaHHOM 3apa4Ue AAA IIOAYYEHUA MAE€AABHON HMMIIYABCHOM CEMICMOIPAMMBI M3
3armmcerl BCII Beipaskenme (1) MO>KHO 3ammmcaTs CAEAYIOIIIEM O00Opa3om

(In the discussed problem of estimation the ideal pulse seismogram
from VSP records expression (1) may be written as follows):

%
S, — IaAaronIas BOAHA ITOCAe AeKoHBoAromuu (deconvolved downgoing wave),
>

0)

~ — cericMOorpaMma nocae AekoHBoAronmm (deconvolved seismogram),

e ™ — IOAyYEHHBII TOAHBIE CHEKTp Ha n -0 mTepanum (estimated full spectrum on n -th
iteration),

Py — OIEPATOp IPOCKINPOBAHN: HA OTPAHNYCHHYFO 00AACTE , (Operator of projecting to

5 area of constraints n, ),

— BECOBOU MapaMeTp MCXOAHOro crekrpa (weight of original spectrum),
— apamerp peryaapusanun (tegularization parameter ).

n
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PeaspHasa mpomeAypa BKAIOUAET B Ce0sA HAAOKEHHE OIPAHUYCHHA HA

AMIIATYABI BO BpeMeHHOU oOaactu. Hampmmep, 310 MOXET OBITH
OOHyA€HUE 3HAYEHHUU CEHMCMOTIPAMMBI (IIOCA€ AEKOHBOAIOIIMIF) AO HEPBBIX
nmukoB B Tpaccax BCII wmam anpmopHbie orpaHmueHma 1o moaeam. B
YACTOTHOM OOAACTH 35TO U3MEHHT KaXKAYI0 YACTOTHYIO KOMIIOHEHTY.
CaeAyroniee NpUOAIDKEHIE NMIIYABCHOM CEMICMOIPAaMMBbI IIOAYYAETCH IIyTEM
oOparHOro mpeoOpa3oBaHua Pypbe B3BEIIEHHOU CYMMBI MCXOAHOIO
COEKIpAa H  CHEKIpa, K KOTOPOMy IPUMEHEHO OrpPaHHYEHUE
npoekTupoBaHu:Aa. MreparusHasa nmponeAypa HOBTOPAETCA AO TE€X IOP, ITOKA
CECMOTrpaMMa He OYAET COOTBETCTBOBATH BCEM OTPAaHUYICHIAM.

Real procedure includes application of restrictions to amplitudes
in time domain. For example it may be zero values of deconvolved
seismogram before first spike of deconvolved VSP trace. In frequency
domain this will change every frequency component. The next estimate of
pulse seismogram is obtained by inverse Fourier transform of weighted
sum of original spectrum and spectrum of seismogram with projection
constraints applied. The iterative procedure is repeated until seismogram
corresponds to all constraints.
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DKCIIEPUMEHTAABHBIE PE3YABTATHI.
Computing results

MoaAeAbHBIE AAHHBIE
Model data

AAsL 9TON MOACAU OBIAO IIOAYYCHO BOAHOBOE Wave field was obtained with dominant frequency
moAae ¢ AomuHHpyromen dacrorour 40 I'm, x

TpaccaM KOTOPOTO AOOaBA€H O€ABI IIyM
nopsAka 2.5% ot aHeprum Tpacc.

of signal 40Hz for this model and white noise 2.5%
to energy of simulated seismogram was added.

r in in incl rati f
O6paboTKka AAHHBIX B qaer B cebs Processing cha cluded wave separation o

pasAeAeHHE BOAH B HCXOAHOM  IIOAE, original data, optimal deconvolution (regulrization
OIITUMAABHYIO  ACKOHBOAIOIIMIO (IIapaMeTp parameter — 0.001) and analytical continuation
PEeryAapu3anmmn = 0.001), a TaKoKe with a priori constraints derived from model.

AHAAUTHUYECKOE IIPOAOAKEHHME CIEKTpa C
AIIPUOPHBLIMI OIPAHMYECHUAMM, ITOAYIEHHBIMMI
COTAACHO MOAEAMH.

Puc.1 MoAeABHBIE AAHHBIE + Puc.2 Tpaccm IIOCAE Puc.3 Tpaccm IIOCA€ IIPOAOAKEHIA
2.5% mryma (Model data + 2.5% AekoHBOAronH (deconvolved crnekrTpa (analytically extension
white noise) tracks) tracks)
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AHAAUTHYECKOE IIPOAOAYKEHHE CIIEKTPOB
Analytical extension for expanding of useful part of spectra

Bpemennasa ob6aacts YacroTrHasg 00AACTH

(time domain) (frequency domain)

Punc. 4 AHaanTrgecKoe IPOAOASKEHHE CIIEKTPA AASL OAHOM MOAEABHOU TPACCHI BO BpPEMEHHON U YaCTOTHOU
00AaCTAX (2 — MOAEABHAA TPACCA IIOCAE ACKOHBOAIOIINY, b — ITaAaroInas BOAHA IIOCAE€ ACKOHBOAIOITHH, C
— TPACCa IMMOCAEC AaHAAUTHUECKOT'O IIPOAOAYKEHUA CIIEKTPA, d — MOAEABHAA UMIIyAbCHAA CEICMOrpaMMa:
0-250 I'm)
Analytical continuation of spectrum for one simulated trace in time and frequency domains. (a-
Simulated trace after deconvolution , b - downgoing wave after deconvolution, c - trace after
continuation, d - simulated pulse seismogram (0-250 hz).
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PeaabHbIE AaHHBIE

Real data

Puc.5 PeaabHble AAHHBIE Puc.6 PeaabHbIE AAHHBIE IIOCAE
(deconvolved real data)

Puc.7 PeaabrHbIe AAHHBIE IIOCA€ IIPOAOAYKEHUA
cnektpoB (Real VSP seismogram after extension

of spectra )
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AHAAUTHYECKOE IIPOAOASKEHHE CIIEKTPOB
Analytical extension of spectra

Bpemennas o6aacTb YacroTrHaa 06AaCcTh
(time domain) (frequency domain)

200 1 hz

Prc. 8 AHaAnTHUECKOE IPOAOAYKEHHE CIIEKTPA AASL OAHOM PEAABHOM TPACCHI BO BPEMEHHOU 1 YACTOTHOM
00AacTAX (a — peaAbHAA TPACCA IIOCAE€ ACKOHBOAFOIIHY,
b — maaaronias BOAHA IIOCAE€ AEKOHBOAFOIINH, C — TPACCA IIOCA€ AHAAUTHYECKOTO MPOAOASKEHHA CIEKTPA, d —
peasbHasA MMIyAbCHasA cericmorpamma: 0-250 I'r)
Analytical continuation for one real trace in time and frequency domains. a - real trace after deconvolution,
b -downgoing wave after deconvolution, c - trace after continuation, d - simulated pulse seismogram (0-250
hz).
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HccaepoBaHTIE METOAQA AaHAAUTHYECKOTO IIPOAOAYKEHIA CIIEKTPA AAA OAHOTO
MMIyAbCA
Investigation of method of analytical extension of spectrum for one impulse.
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initial wave field/ frequency spectrum

Ateitataiied/ ~afnoiof 0¢é fAi 4603 T 1TA6& 1-16 e0ddaoee

W ave field /frequency spectrum after 1-st iteration
Ateitataiied/ ~afnoiof0é fAi 4603 1 1A64 1.000.000 ¢0&3acece

W ave field/ frequency spectrum after 1.000.000 iterations

Prc.9 BoaHoBOE moAe (2) 1 €ro YacTOTHEIN CIEKTP (b) AAS HyA€BOM 3aA€P7KKH 110 BPEMEHH U IIPU
OTPaHUYEHUU 110 AMIAUTYAE cnekTpa 1.01.
Wave field (a) and its frequency spectrum (b) for zero time shift and spectrum restriction - 1.01.
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W ave field
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tim e (s) frequency (Hz)

EfoTaitaiiéed/~anoiofi 0 é& Al 4609

initial wave field/ frequency spectrum

Ateitataiitea/ +afnofloi 0¢é i d600 iTnNed 1-17¢ eo0dodacee

W ave field /frequency spectrum after 1-stiteration
AteilataitTed/ +anoloi0é AT 4eod 1 1A64& 1.000.000 ¢o0ddaseé

W ave field/ frequency spectrum after 1.000.000 iterations

Prnc.10 BoaHoBoe mmoAe (a) u ero 9acToTHBIN CHEKTP (b) AAA 3aA€pP>KKH ITO BpeMEHHU 5 MC U IpH
OTPaHUYEHUU 110 AMIAUTYAE cnekTpa 1.01.

Wave field (a) and its frequency spectrum (b) for 5ms time shift and spectrum restriction - 1.01.
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Kosdpunuentsl koppesdanun
Correlation coefficients

Homen #Tenarrsm Ak AITH E rOf ETLAITHE BOCCTQ.HOB/\CHI/IC O6HY/\CHHOI‘/‘I
—— ] A ——
100%
69%
36%
19%
10%
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HccaeaoBaHIIE METOAA AHAAUTHUYECKOTI'O IPOAOAYKEHUA CIIEKTPA AAA TPEX
MMIIyABCOB
Investigation of method of analytical extension of spectrum for three
impulses.
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Reference wave field/ frequency spectrum
EnoTaifadareiitalédiied/ ~anoiofi 0é Aideos

Initial wave field/ frequency spectrum

Ateitataiited/ ~anoiofi0é fAi 4603 17764 1.000.000 ¢04d3a6eée

W ave field/ frequency spectrum after 1.000.000 iterations

Pnc.11 BoaHOBOE moAe (a) B €ro YacTOTHEIN CHEKTP (b) AAS HyA€BOW 3aA€P>KKH IO BPEMEHH U IIPU
OTPAHUYECHUU IO AMIAUTYAE crieKTpa 1.01 AAd 3-X IMIIyABCOB .

Wave field (a) and its frequency spectrum (b) for zero time shift and spectrum restriction 1.01
for three impulses.
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BriBoABI
Conclusions

m  IIpuBeAeHHBIE PE3YABTATHI HOATBEPIKAAIOT BO3MOYKHOCTh PACIIIMPEHUA CIIEKTPA OAMHOYHOI TPACCHI
BCII c noMompbr0 aHAAUTIIECKOTO IIPOAOAYKEHNA cieKTPa A0 250 I'l mpy HaAMYMy aIpHOPHBIX
OrpaHUYEHHN, MOAydeHHBIX 110 AAHHBIM I'MIC u npu ypoBHe 1myMoB 2.5% .DToT pe3yAbTaT
KOHKYPHPYET C Pe€3yABTATAMI OIITUMAABHOI A€KOHBOAIOIINY U HAKAIIAMBAHUA IIPHU IIAOTHOCTAX
HabAroAeHUI 6 Tpacc/MeTp 6e3 UCII0AB30BAaHUA AIIPUOPHBIX OrpanuyeHwui 110 Aauabm I'TIC.

Reduced results confirm an opportunity for spectrum expansion of one track VSP with help of
analytical spectrum extension up to 250 Hz in the presence of a priori restrictions from LOG and 2.5%
noise level. These results compete with optimal deconvolution results and accruals with observation’s
densities about 6 tracks per meter without using an a priori restrictions from LOG .

m  IIpwu orcyrcrBum anpuopHBIX orpaHundeHu 110 AAaHHBIM I'MIC ncnoAb30BaHHEBIN UTEPATHUBHBIN
AATOPUTM aHAAUTHYECKOIO IIPOAOAYKEHIA CIIEKTPA IMO3BOAAET ¢ mHTEPBasa 100-300 I'm BoccranOBUTH AO
70% sHeprum B HeM3BeCTHOU yactu cuekrpa mupuHon 0-500 I'm Ha yaaseHuax Ao 10 mc, uro Aaet
BO3MO>KHOCTP OIICHUBATH OAM3KHE OTPAYKEHUA B 30HE, O0BIYHO 3aKPBITOM II000YHBIMH SKCTPEMyMaMH
ITAAAFOIIIEIT BOAHBI IIOCAE€ A€KOHBOAFOIIHN.

Without a priori restrictions from LOG iterative algorithm of analytical spectrum extension used allows
us to restore about 70 % energy of unknown part of spectrum from frequency interval 100-300 Hz up to
0-500 Hz on the distance up to 10ms. It gives us a chance to evaluate close reflections in area usually
overlap by secondary extremum of deconvolved downgoing wave.

m  Hwuskme 9acToThI (A0 HyAsdT) BOCCTAHABAUBAIOTCA Ay4IIE, YEM BBICOKHE.

Low frequencies (before zero) are restored better then high frequency.
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