METHOD FOR FULL- BANDW DTH DEGHOSTI NG OF MARI NE SEI SM C
STREAMER DATA BACKGROUND OF THE INVENTION 1 Field of.
the Invention [0001] This invention
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Description of the Related Art [0002]In the oil and
gas i ndus PHeg! y used
to aid inaé%eH§€§$§ﬁ’for an&@%Wi Jg??%%ﬁﬂ§§subsurface
earth fornmati ORMAREOPISESSMEC SARIFEER DA Techni ques
yi el d know edge of the subsurface structure of the
earth, which is useful for finding and extracting
val uabl e m neral resources, particularly hydrocarbon
deposits such as oil and natural gas. A well-known
t echni que of geophysical prospecting is a seismc
survey. In a land-b i s seismc
signal is geneF%¥36%§%ﬁ8§8ﬁgghggiﬁﬁégﬁFﬁgg surface and
then travel s downward into the subsurface of the
earth. In a marine seismc survey, the seismc signa
1. Figy ofithsdntensioel downward t hrough a body of water
overlying the subsurface of the earth. Seismc energy
sources are used to generate the seism c signal which,
[OOOQ;t erT 'H)Q/@%ﬂ f@atb@%@netrzhfy RAHeNfielld SofagedpBisital prospecting. More
rt| y reflected by subsurface seismc reflectors.
pamaumhy sk mretiongklagstoths figjhptddghgstingemimmeseisave gtreamer data.
bet ween subt erranean formati ons having different
el astic properties, specifically sound wave vel ocity
2. IBErptRkofdRIRETaded Avpi ch lead to differences in
acoustic inpedance at the interfaces. The reflected
selsntc energy is detected by seismc sensors (also
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ranean formations in order to ad;ggately i mage
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and interpreting seismc data. The process of
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is a continuing need to inprove the processing and
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surveys. Sonetines particle accel eration sensors or

pressure gradi ent sensors are used in place of or in

addition to particle velocity sensors. Particle

vel ocity sensors and water pressure sensors are
for fugherdrcgssiiown in the art as geophones and
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the water surface, fromwhich the wave is reflected
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subfn@ fgf:@ eisthit QBHFBE towRh |b$ a shipeanWekRbdistly f28G@itddSo ?e&?ﬁg an acoustic
ector and the retlection coefficCient at the water
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placg glegic i addifien %}W BGlosty gnars Tt logiy REHGTS ahd water
seismc recelvers attached, typically hydrophones
(al t hough other types of receivers can be enpl oyed).
These receivers register a portion of a scattered
acoustic wavefield originated fromthe sounding of a
seism c source. The acoustic wavefield generated by
the seismc source is scattered by reflections and
refractions in the earth. In conventional marine
seism c acquisition, the receivers of the streaner are
Iocated |n array conflguratlons at a partlcular dept h
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invention for deghosting marine seisnmc streaner data,;
[0015]FIG 3 is a flowchart illustrating a final
portion of a second embodi nent of the invention for
deghosting marine seismc streamer data, begun in FIG
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tion for an iterative
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the invention is intended t0 cover ternatives
surfaesdi tYRieali ¥raboutap detiupyd centpias tShlamICnWUigélon rﬂghund@dt such as

fj t he .
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stregimers westowedbahaml 4 se\semsmsselofTha scyBit efitametdcontain sensors to detect
In one exanple of this

the re{]%cteéle Waﬁéﬁ%@gﬁ’i}}ﬁ%&f% qIH%tﬁebsH*gc sgura%ralnq,eraﬂ?qﬁed( ﬁ@m reflecting
intetfagds ac eCaoemionallywhibe escisheic f Qreamed beHMiRCSressure sensors such as
mat j on fromt% E}gce time domain (x,t) to the
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backvvard L?gnl ace transformation is defined as 27-exp

to hydrophqnes. dhie gressurepsenggrs andcpertiqla motionensers area{yrm@m/ dgployed in
closz pr(fx‘im%g %otl(?ctaféh mapTalrs{& pg'stof ahQ}s z;[o la £ é)d}b 2 hHere,

. X is space, | =JiJd 1s the | magi nary unit,
[009% SAft§r fhe wfrd “W’%Cf@@h@%/ ﬂpaﬁfa@mteercabld,l fheuwsed comtinues to
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i nvention w ustrated as actl n ont
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d.,, Modi f foI | owi ng equati ons
st e B U B et i et s st
acts[lﬂ&@%Oﬂiltdﬂ Wwhieh teptagrctrdl3Rches MBhé ARodby ﬁ@nz@b&l?ﬂgn% R difficult to
ons Lapl ace paraneter s
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someTRgudbleY inHeResrdadslghas afdehiphigdd asi s%melﬁ%guen#:l%g arfe’attelgu”)ézed
mo%\@ere co is circular frequency andfis re requency.

02 15 Er5#LB i Bas of eaphiHea masing seisrhie praspessing.oveadel tows very
lond @RhAER WHIGHASD EinP iGN r&%ivers attached, typically hydrophones (although

other types of receivers can be employed). These receivers register a portion of a scattered

acoustic wavefield originated from the sounding of a seismic source. The acoustic wavefield

generated by the seismic source is scattered by reflections and refractions in the earth. In
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given in Equation (3). Spectral notches in the
recorded seismc data occur when destructive
interference takes -pl ace between seisnc waves with
particul ar conbi nati ons of frequencies and
conwentienal nxeing .seidh@nadghisitioaUtheeecdivpE ot e s@baf@IROFchiRE in array
Congggatlon is solved for these frequencies fwhere '

gliqng 2 n"_btpéﬁ’églabcflfﬁ , Pesifasn b_?lﬁ‘é( theasear Bufagg. gidgcapissr of this
arrah Benscht, OB EY-udlb d @AManf reﬁé&%ﬂ?ﬁ@!&%ct%&oﬂ@vﬁ ggﬁ%até)lns%bsurface

dze[)o, since only background noise is recorded.
and, supsgguently 40 thee eeceiverguisridgudsd rantbe eghost treflection, ploore [the wave that
trave RE@bH 3brce $8!GhbsaFadedddngbsé i ) Ve, qthe .

i nversi on process Decomes Sn@feggrgfa @Eiség’isﬁrg cgbtlgltlh% yoCHVers:
Remaydng the ghost sefleqtion frepanarbiecseismi¢ flate isthbdirsigtagatin priutettssing

the i : : i sm vefield . -
e e p I ISR R Tt ¢ e
[001Q)st abhusi & yeed existstfong micthorh fohdepbossipe ctariab seiahic hies, thit Remains
_ L.ovent | o a_ Lapl ace frequenc)
s ORE Fepebif o 8 bR e e Pl  BEbRop s,
adduied, thermgthndishousbopesate Wihusy ajheridr &pbvaledgd SfeRRBS ¥ ace.
paraneter s i s now given not by Equation (3), but by:
s=j cote=j 27cf +6*,(4) where E is an additional rea
part of the cB®RIEESUMMARCCOFTRIFBNINPRNNELEr S. |n
the following, the term"conplex" will be used to
designate that the Lapl ace frequency paraneter has
[00Dtit h Tleainvemibni FBgiMékyd Fé tonveRg! &is%ﬂb'a&a'tap?&fc()@eed uigergarine

Thi s conpl ex Lapl ace frequency paranmeters w |
SIreRIHers o B%HP% SCIHC Syac e peitpingnia reqorded fenmmthe aweding strcamers

are bHGinélE YABShd QAL UaE bERE r@fredehiGril LrjaQthisti%E of subsurface earth
di scussed bel ow. [0023]In one enbodi nent, the real
fo"%‘lofls' cThsrseispic dasarpteeagauited| bycdepioy mquierieyplpraliioi tseismis receivers
Mg B8 Aed BN MARbsuleld r ' SevahlBal §&h B2 Lismi
(“mgﬁn%y va?y as a fu%ctfgﬁngfmggggﬂ ?ﬁg%i%ﬁhgﬁgh“%higesm““w
receivsrassRe@iing aklepstrpae of patdlestridabemd ppiival sipndlrie qespogsy.to seismic
ug, &x188kacd sed as.  but.is not
e S P e A B B 0 o
space-t{mxe' doa@ain x@p;spectiab (lothain. efu jtbiative-cafjigatesgridieft) schdnd, @ising a

I 1ar re..horizontal tial coordinates, such as
o B RO 0T TR R DR R, TSR,
squax®s sdutinviera naalal sq atfi egliation® Ifeh NdbghostirigCysRm Se@®uBtions. The

.0024] The ] nvent i .S, a nmethad for deghosting marine
solaG & il O bR A Rpdt" T, P, o o pepiat 66 Sepspeismic
datagwlich ispustfat for lonapidgatig eartdfs subgirfaspsur f ace. The

deghosting operation is performed on the recorded data
for every shot separately. Then, for every frequency,
the invention conprises a nethod for solving a system
of deghostin% e%gations. Sol ution of the system of

equat i ons i sPEBFRPFSGRIRTIRY QF JHEIRAMINGSed conj ugat e

gradient iterative nmethod. The preconditioner is based

on the physics of the problem at hand, rather than the
[0012dt herhstinteatigmandyisiadyanfages meaycsrmenatersilyaindersipod &g 3 ferdsce to
the BNowik idehent deE’d'rg)@iQﬁ] did i Qﬁe{che& {]’gwlngy 85 XGB! the

horizontal streamer is enployed, srrice a nbre genera
[0013]; ediHer cadn ab8owehsatt dlistating pefirstueibedimantodf thee invention for
deghRstiR BarfifeQUisAl ARUh&ANLR! streaner. [0025]However, the

conventlona? é%ghostlng’nethod usi ng the inaginary
[0014dp| dTE- R ey floewchartiramengan nitiaEparéion ofa §BYnd@nbadithddt of the

becone unstable at the notches in the frequency

domai n. Thus, the nethod of4the invention enploys the

conpl ex Lapl ace frequency paraneter of Equation (4),

whi ch provides stability for the deghosting procedure.

Thus, the wavefield deconposition can be applied over

the full seismc bandwi dth, even in the presence of

spectral notches in the seismc data. The use of this

conpl ex Lapl ace frequency paraneter is described in
detail below in the discussion with reference to the
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depl oynent of a plurality of seismc receivers
overlying an area of the subsurface earth formations
to be evaluated, the seismc receivers generating at
| east one of an electrical and optical signal in
invergiop fmsleghostiman arifieGeienirsg¥amérQ@a8] | n bl ock 12 , a

I Iaefre ency paraneter is used to
1007 BT i of Bisc iushafh aind f rom poriiencona stephpmbodiment of th
inveaiag ﬁ)rfdkg‘ﬂbstﬂigﬂﬁarﬁletsersrﬂ1c%ﬁ§§rhérﬁiatadQé@hnn Ff(@@zgrld n bl ock

Ooiély teratlve con ugat e gradi ent schenme, using a
[ Si 41s gflasee hHingi a@rf-‘@FbOdln@naprihﬁ énventgont foean iterative

preddhﬂﬁﬁﬁéﬂ&‘ﬁﬁﬂgﬁ@ gﬁmeﬁt s@ﬁén?e us‘é@ f&rﬁgﬁoqgn@?rgl%?esstel MR rreerﬁer data
iolutlontoanormal set of equations for a eg St

[00 (st eWhie bguinvensios V‘[I]G)OL?O] descrified c kn Mnnd:chen Switls nitsc preferred
ainfents RWiPLO " ack .t

emspace1 ti e doGrrﬁéileng%tog tﬁ%ﬁ&ﬁ@&&g LS f t‘ga;élgéf% 83&5 contrary,

the [‘UO@!PPF? @tendeq tg cqvdr| adi\mtthrgatuvqsl Ilnu$ﬁca|:tons; gnquulwldn]lctﬁhat may be
1Rt e inventi.on for

inclBRER B 05 sopS SEAR B b Rthetby b Bpb NS P e
portion w I | be discussed below with reference to the

fl owchart &Q{}%ﬁ m c data
recorded WI aI%rIF:aD'rsPﬁée S éﬁe&i&é ﬁ%@fﬁ@ The
recei ver data for each shot (seismc source
tivation ositiqgn, and for. all recorded tines t, is
[00 ken&és |()ﬁf)cﬁir ° d g?ﬁh8sa{lﬂl§tlga"%ée‘§‘}3’§t flap li)é%ldﬁi’%lifpoé? seismic

wavtfieds eokild e 8p-going weadfleRBdoaipoh &I GnB Aetndi' 8 Re it ofp¥&hion of
In the i nvention, the receiver

Selsralicpmvif%féRJn%eg €8ing ud) down-goiag yeaveficld| wawonanticis tnsolve a

Foufiér-ty peesyiel F@ftiations RONEN@E 8SlutfoRi@Rds %68 an JJH’E‘T’On e System
s are_not vertical, but not necessaril
Wlt%ﬁyf’@g%r fl Fogsies kpipels dn Oflfh@‘aﬁ’@éﬁ qfitip methfods the S)fS@UE(Df\ﬁquaIlons is
derrVé“d RAGhe L Rf180R ly vent |
L B0Ra1 b e \ARr o AShl LR W spoce-
timg dog1aie @ o to dlapuleamdage gemaimés gris defingd qumenabas ( 4) is
determ ned. In various enbodi nents, the real part s
may be as expressed in the exanples gi ven in Equation
(5) above, but the;ﬂmweet .%qy%xggﬁtricted to (1)
these exanples. By usi ng *di f f er ent | ues of the rea
part in the Lapl ace frequency paraneter s, the
and geabirbdpg@iihObucRvardNRplabd inSioBfatidh i Bﬁirﬁﬁtam’d of the
i nvention can be varied to provide for further
stabilization in solving the system of deghosting
equations bel ow. [0034]1n blogk 23, recorded seismc

data for a shot yaiEp Obi) &l_dedﬁémﬁ)gexge%sm c data 2)

obt ai ned in bI ock 21. 277 S

1
with ,?,’T(t):{LE,O} for te{l,0T,T'}; T={teiR;t>tO};6T={z‘eiR;z‘=t0};T={te9‘i;t‘<to}.

Here, 1 is time, x is space, j=+-1 is the imaginary unit, and s is a Laplace frequency
parameter, discussed in more detail below.
[0019] In the following, the invention will be illustrated as acting on the pressure

wavefield p(x,1), typically detected by pressure sensors such as hydrophones, although the



[0035] I n block 24, the recorded seismc data for a
shot from bl ock 23 are tenporally transfornmed fromthe
space-tine domain to the Lapl ace space-frequency
domai n. In an enbodi ment of the invention, the

types chwvavefield avxdi\‘/lﬂtftj/;&l of sprisbrsaemplbyedrie a@tiavestrid A ki iGvdnSion. The
t me (4,4,4,0 domain to the

t ransf orned f{o hg ace-
iy “é‘BP Y ROyt r’ilE!}FpJ HeE 9 %@ﬁ’lﬁbated%f?mlﬁ sggor prd its detected
wa\feﬁéld@r HOIL@'El e&@lﬁplterﬁﬁ'r\ﬁcﬁ@himt)h %v@ﬂiéf&rhnld DaFeRahb@h dediors could
gr }é Xx2R .x3R ¢, r;s); using the
be EIGHIBP/ l\é{ﬁbq f efg!]% Wiy prationst for acsommOfHE by cwveBRds is
stral t&h@&ﬂtransfornl as given not by conventi onal

uat i on , but by Equation (4) above. Here, p"' is
000k slnae @aceafé%@m%thnegm«m aioye imEquagions (1) and (2), the Laplace

pare?rﬁ)éi&'es i LHURREY SodRdi), llsxcdﬁ%ﬁtﬁ)ngl Elﬂulle%%lag?n%gyR}{uerrrlber and is

coordinate, g I's an in-line rece
defigedass- 1 i ne receiver coordinate, r is a cross-line
recei ver nunber, Xqr is receiver depth as a function
of x,Rg and 4" and using E, as determned in bl ock 22,
as the real part of the scoppkeRzlfgpl ace frequency (3)
paraneter s. This transformof the scattered wavefield

h at recelverdgocat ons is done for each shot
w %Sg)llf FIB‘W ar [iGEuEEPY #1dd|iteR! BeUeRanst or med sei smic data

[ooR1pm Al gekeRdarReL WAl atifedhd @6nv@ntﬁJn§ﬂE§;ﬁ&¥ fﬂ (Je]' uﬁhrameter s

. block 26, the transforned seisnic data for
giver ig R AR ERNK3 2 5SRcEaltofaheT Bt acpidesreisneic @atploa@ter when destructive

intePRARGE: fak QPARDEARNRE Qe Qv @res mtﬂaﬂlcuﬁ r 1 natlolﬂ]s ap fraquencies

enbodi nent” of the invention, the 'scat wavefi e
andpwawegumbeaﬁsf\*&mé@e Fousier-tipe sebpf é®OSmg®qu¢tioeq ﬁﬁeml\xed for these

frquglg% %&%r&pﬁ?g@?ﬁs%&%g%%%ﬁg&% glgfar {i‘xﬁ,ge con’lbmatlons
of fﬁ'@jJ@t‘tClQ@Zdﬁ‘d)vgﬁVEnqmbej_s 1§ zerotkince oaM bla]:kgmbtefdeimﬁas Fecorded. When
usiﬂ%(f’aﬂacg‘ frfelplllehcyzpa%n(tgter)t%gt is ]gusr?aly imaginary, such as defined in Equation (3)
above, the inversion process becomes unstable. This instability then results in irreparable
artifacts being introduced into the results of the seismic wavefield decomposition used for
deghosting.

[0022]  To handle the instability resulting from these spectral notches, the method of the
invention employs a Laplace frequency_. parameter s that is a complex variable with both real

and imaginary parts. Thus, the Laplace frequency parameter s is now given not by Equation
(3), but by:

s=jo+e=j2nf+e¢, (4)

where ¢ is an additional real part of the complex Laplace frequency parameter s. In the
following, the term "complex" will be used to designate that the Laplace frequency parameter
has both real and imaginary parts, as in Equation (4). This complex Laplace frequency
parameter s will be used in the Laplace and spectral domain transforms and in the deghosting

equations of the invention, as discussed below.



and: Here, 19:"; is the scattered acoustic

wavefield in the spectral domain, nis an in-line

spectral number, mis a cross-line spectral nunber,

Axin-1ine receiver sanpling distance. Ax cross-Iline
[0028L ei Iremesabpilimeyt, diegeaimed & gfdbmedmplexrlaplnce fflnguency parameter s

mazfégcalt qu’llstagtou[l 8ﬁlexpgf@(§$1%1§1{ts fﬁg %@Ql aist H’lagl f}’egg %Cﬁ%ﬁ&lon of a

ance mis a cr
conﬂnnatuoersquapammttes as Aifref bpatiak locatoms elt frncelescpec’tfhlasl, the real part ¢

f I
may BEB SR ARG i) BRI P oes i ne

receivers. The conplex Laplace frequency parameter s
of the invention |s alsq Qsed inthis transformto the
spectral domai n. TH bl ock 27, a syst em of
equations is deterH1 &)f owhategkdst ing )t he transfor med
seism c data for a fzrgg(grergcy {J’[Sm bl ock 26. The system
of equations wl| i ned”® ng the Lapl ace
frequency paramet er=s£(of); t he=d(myEhtion to provide for
stability in solving the equations. In the genera
case in which the receiver |ocations are |ocated

Hergs psi endayj arg horizeatalyrpatipl @orlingies; echesdping ang)sipss-Hne directions,

resg&ﬂo&ly A8 x et SEMLN &P Rlokihith YouchRekepihor e, the

ostlng procedure of the I nvent i on conpri ses
[0024] vi Age anvsytierein vfmathpdafar gteshostog maniae gelmicabtregmee data. The

1nv%téolﬂsgréegéttr aﬁ?ft%%uﬁrgdﬁﬁl’ d ?hzogoﬁﬂ % 5}%‘6 subgurfaée 3 The! delgﬂostmg

e de € receivers ar
opghtﬁmlnismcrfamddngl ehevizborded ﬂamacfbr @nery)fshcuthﬁpareﬂyzoﬁ"hai for every
receivy

freﬂléenv\x Itﬁ% glﬁe 10n I)(igﬁa&)gsses 8}8&8% Caslollv}ﬁ P gte ocfe &egg(l;stmg @&Ll;htlons

Somnqm lo$ itHei s@l;temycﬁftefqnﬂmnt lis sbtameedi Iusnﬁg anmmohdhﬂnned conjugate gradient
oot o AL BTG AT B A48 P SO0t PO REGTOYoB L Py raver
tha@f tiR0uaitiedatcs IasNwdAldEREghe= cos@htidhall appidach P As Mn efficient
prercl:gﬁd_it?onz% -l:c}]fe rigif_eé'éﬁt) the ﬁgriz:o’nga:l'%zreamer is employed, since a more general
streamer can be treated as a perturbation of the simple regular horizontal streamer.

[0025] However, the conventional deghosting method using the imaginary Laplace
frequency parameter of Equation (3) can still become unstable at the notches in the frequency
domain. Thus, the method of the invention employs the complex Laplace frequency
paramete.r of Equation (4), which provides stability for the deghosting procedure. Thus, the
wavefield decomposition can be applied over the full seismic bandwidth, even in the presence
of spectral notches in the seismic data. The use of this complex Laplace frequency parameter
is described in detail below in the discussion with reference to the flowchart in FIG. 2.

[0026] FIG. 1 is a flowchart illustrating a first embodiment of the invention for
deghosting marine seismic streamer data.

[0027] In block 11, seismic data recorded from marine streamers are obtained, the
seismic data representative of characteristics of subsurface earth formations and acquired by

deployment of a plurality of seismic receivers overlying an area of the subsurface earth

formations to be evaluated, the seismic receivers generating at least one of an electrical and



in which the systemmatrix Kg,,;,,,n, is given by \

N2i MKg,r;n,m= A (sa) A (0)E exp (-jsanx-jsflm2R r)

2 sinh (Srn,nmX3,gx .(11) zln-2 n=-N+1 nm= 1M+l Here,

t he unknown vector Pndgmh is the deghosted acoustic
optieal\s@haleh ebspdnse ey wisdépédergnd i s given in the spectral

100gRET ol Ao e TRt Ll g ERE mhiabispondt e G ffpstorm the

seisghad déat{i froth BRCE ﬂmﬁ@mfaf @ﬂ%@ﬂ’lﬁ&’ d&ﬁﬂﬁltcﬂa slgk:t\r‘ﬁ RoMgin. I
1 Sc! RRR =Px "X and the vertlca
[0055 bpafablPdn 1%0@19 fterat %fiqforgvga,tfz gradlegt schemgen hging j physieally-based

preé&*lam(n'ﬁﬂ,rhs )agplled to the transformed sels;nlc data, to provide a least squares solution
to a normal set of equations for a deghosting system of equations.

[0030] In block 14, the seismic data from block 13 are inverse-transformed back to a
space-time domain to provide deghosted seismic data.

[0031] FIG. 2 is a flowchart illustrating an initial portion of a second embodiment of the
invention for deghosting marine seismic streamer data. The final portion will be discussed -
below with reference to the flowchart in FIG. 3.

[0032] In block 21, seismic data recorded with a marine streamer are obtained. The
receiver data for each shot (seismic source activation) position, and for all recorded times ¢, is
taken as input seismic data. The spatial position of the receivers in a Cartesian coordinate
frame is given by x” = (le,xf,st ) In the invention, the receiver depth xf = xf (le X5 ) isa
single-valued function of the horizontal coordinates x; andx.. Thus, the streamers are not
vertical, but not necessarily horizontal. Otherwise, the positions of the receivers is not
intended to be a restriction on the invention.

[0033] In block 22, a real part € of the complex Laplace frequency parameter s in
Equation (4) is determined. In various embodiments, the real part € may be as expressed in
the examples given in Equation (5) above, but the invention is not restricted to these
examples. By using different values of the real part € in the Laplace frequency parameter s,
the stabilization of the inversion in the method of the invention can be varied to provide for
further stabilization in solving the system of deghosting equations below.

[0034] In block 23, recorded seismic data for a shot are obtained from the seismic data
obtained in block 21.

[0035] In block 24, the recorded seismic data for a shot from block 23 are temporally

transformed from the space-time domain to the Laplace space-frequency domain. In an

embodiment of the invention, the scattered wavefield p° at the receiver locations is

transformed from the space-time (le,xf,xf,t) domain to the Laplace space-frequency

(le, xf,xf,s) domain by the forward Laplace transformation given in Equation (1), so:



)2, (14) C where c is acoustic wave speed in

wat er. The systemmatrix ic,,;",", is a function of

the conpl ex Lapl ace frequency paranmeter s. [0039]1In

bl ock 28, the process continues on to block 31 of FIG

3 to solve the systemeof %atkmq@ deyerm ned in block

27. The use of the fgrly confl €x’ Bapl dce frequency ©

paraneter s with a nonzero real part E, from Equation

( L i nstead of from Equation (3), provides stability
using{ng mrvmlﬁgL@nieceétfaa%qcm Raranfety 4 OF Hiednvedtipm ingthis [trausfbrar, taS given
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domai n, a | east-squares solution in

the s¢sgered Maeffflﬂfd,fh oy ddheaieeeives legagbuyie dorierfot ¢aeh evb pokiitivant
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roo35) ¢ iy R, WRTkeer B S R e el bt ohaf iy a frequency
£ matrixand the results are sunmred over all values of
e .and cros e Jreceiver. nunbers
WO?Zﬁpeﬂ“t l’]\‘?ng ﬁg t (A0S OH’c" SHERL il foren |f¥sﬂleeé9y §q9m1ﬁlo%r%5 are

trar@ft@hed] frRdl the an@labdpaddRLERTY Qéfrﬁﬁmntoaﬁdspg&tnﬂl (ﬁ%ﬁi‘irﬁ Min an
of normal equations iIs obtained, as fo

embagéimeng of ihe, ingenkinwvihe Q@anlledtwaveﬁsldgpsfi &R tﬂaysformed from the Laplace

space-frequency domain (x1 Xy, X ,s) to the spectral domain (san,sﬂm,xf,s) by:

1 1
5N M

Bin=AxAx > > exp(jsaxl, + jsBal ) e, 7

q=—%N+1 r=—%M+1

where:
sa, = nA(sa), s, =mA(sp), (8)
and:
2 2
A(ser) = N—Ax’% , A(sB)= MA”x§ . )

Here, P, is the scattered acoustic wavefield in the spectral domain, # is an in-line spectral

number, m is a cross-line spectral number, Ax is in-line receiver sampling distance. Ax} is



An' ,m;n,nEKg, r;n"m Kq,r;n,n16) g=-P V +1 r=-11 f
+l and the vector B, a known quantity, is given by
114 B = Esc, EKq,r;7 2',m P q,r gs=-4N+1
r=-p4+1 (17) where n and n' are in-line spectral
crosstlinb e¢csivensapmplingilisiance, gsasis-ahiimtins geetl abuﬁw@ﬁhﬁter ando) is
the overline above the systemmatrix | ,n.,
in- 11@@:§Pf§ﬁa1t S@mpbnﬂ”ré)llsfémec oRPutaet C1OBs- hr[e(mdal]a]l'ﬁemenpenamemn A(sp) is
: Ii for owdlngthe solution of this
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.restriction of the invention. The I nvent % 0
seisppfedaly 5 acieagey drony blgel 36- Ade ISZW af e@lah@anmlﬂlsbeakﬁned using
the WRplhcfeduend r r r
O s ey o By Hioh 1 SR o spabiiy im soling the
equationgs tlp dheegenerat sasefinrwhitte thsi wpd:leerdaeaaom gretlbeited ﬂbltfahgr the
I se of . a .conventjo
waVdROR i e pafal AL NG  ARE SA3E0 R PIREHPR e Apehosting
procstlvre snfghe mwerftiog wompiisns, solving aisystan speqiatbns ab& taé gbhreal case
..ge Beral case handl ed by the invention. In this sinple
w‘ﬂh%r [ABh feS PV ROBItOpsH & re(éewzerxsd pinhhp sedctrrlodpmadn,i the depths of
th onstant and the i. ir;%er Si gg of the_ system of equations
© Feéa‘dﬁrésa“‘i §VEhEY & UpRiGV YU efe Sttsten AGtsrhselseniplereceryrs coordinates.

Spe&ﬁé&lﬁ’m {Rf rEQHRL 'dgpl'ﬁa rlptgn ! \e d bz.ye an k r)ve{@ gvg?rg njinarme

di screte Fouri er orm n prartF' ’fﬂ &r

S

acql%%as@rﬂ%2%%@159@%3@@%2@2&%@59 LRl e g orerion

can éa@p be compasily weittersasdhe sol@ivn, Of)aZEySemhféc;mHQnSXSR grh (18)
pscr (x1R g5x2R, r9x3R ), =- N1, ..., N r =

Iy L
2 2 .

dgh
E E Ky nm Pr =D, q=—1tN+,..,IN, r=—iM+,..,M, (10)

1 Y
n= -2-N+1 m= 7.‘\4+I

in which the system matrix K

q,rn,m

is given by

—M

Z exp(—jsa xlq ]s,Bme,)2smh(sF"mx3qr) (11)

n=— —’V+1 m=-. —M+1

X A(sa4)ﬂA(sﬁ) Z

g.rimm

Here, the unknown vector £%" is the deghosted acoustic wavefield at zero depth and is given

in the spectral domain as:

pjg;:_p:gr:(san’sﬂm’o;s)’ . (12)

10



Here, the deghosting for constant x3R can be carried
out explicitly in the spectral domain. The deghosted
field in the spectral domain at zero depth |evel,
pndg"," as defined in Equation (12), can be obtai ned

whdi*é ERCdoWnaRetoP Rs ﬁﬂ:sre@orﬁ d Bignid fdQ{A 1(15613('53 aC([, Qr{c:)c?'u (gfo?i?{nam
the solution of *t he genera set o i near “equat’

givdinhe: normal equations given in Equation (15), many
efficient solvers are available, such as direct
solvers and iterative solvers. A vegy effiC|$nt
iterative solver is a«precendi & oped,conjugate
gradient iterative e hod gﬁs’écel"éh e m ni m zati on of (13)
the discrepanci es between the neasured data and the
nodel | ed response. In a further enbodi nent of the

and ithreverticalopropagapirait doeffic{ehO)T j sisconsi dered and a sol uti on
to the spectral deghosted wavefield Pnth is devel oped
enpl oyi ng a conj ugate gradlent iterative schene, such

that an error ERR gi ve EE
gq=-. 11N+1N+1 h Fq, Kjir n, m,me- 4Mkl Qs
ng tjo H@) é
lock 31 are

ni ni m zed. [0045 R&t U ‘bl ock 32, the (14
normal equations from

where ¢ is acoustic wave speed in water. The system matrix K, . is a function of the

complex Laplace frequency parameter s.

[0039]  In block 28, the process continues on to block 31 of FIG. 3 to solve the system of
equations determined in block 27. The use of the fully complex Laplace frequency parameter
s with a nonzero real part ¢ from Equation (4), instead of from Equation (3), provides
stability in solving the equations.

[0040] FIG. 3 is a flowchart illustrating a ﬁnai portion of a second embodiment of the
inventijon for deghosting marine seismic streamer data. The final portion continues the initial
process discussed above with reference to the flowchart in FIG. 2.

[0041] In block 31, a normal set of equations is determined from the set of deghosting

equations in block 27 of FIG. 2. Since the known vector p,; is defined in the Laplace

space-frequency domain and the unknown vector Rffn" is defined in the spectral domain, a

least-squares solution in the space-frequency domain is employed in the embodiment of the
invention. Both sides of Equation (10) are multiplied by the complex conjugate of the system

matrix K and the results are summed over all values of the in-line and cross-line

q,r;n'\m'
receiver numbers g and r, respectively. After interchanging the latter summation over g andr

and the summation over » and m, a system of normal equations is obtained, as follows:

Yo D A PE =B on = INH, LN, m= —LMAL,., M (15)

n=-iN+1 m==2M+]

11



preconditioned with a physically-based preconditioner.
A preconditioner is often used in conjugate gradi ent
iterative nmethods to make the equations
wel | -condi tioned. Standard preconditioners, such as
Hergy fthe mafrigyd} .| &Ko WE eippliet s diveady Upper deconp03| tion)
types, for exanple, are usually based on the
mat hemati cal structure of the system matri X.
Unfortunately, for the pr@sen];, probl em these
mat hemat i cs- based, precon ge ginefficient. In (16)
an enbodi nent of tH’é’ I ny€ +tll Y, d b'f'edéh’(’:iltl oner is
used which is based on tHe physi cs of the problem
bei ng sol ved, which is the general case of a streaner,
di scussed above 0046] An i rregul ar non-hori zont al
a“dstk?%eéFFEan'@vaﬁ gwp \"Pé”a’e}se‘iﬂ"e&§ya perturbation of a
regul ar horizontal streanmer, so the inverse of the
systemmatrix of an irregular non-horizontal streaner
i s approxi mated by the Hiwersa of the systemmatrix of
a regular horizonta, s:t:rgé} jﬁencep“‘;he i nver se of (17)
the system matri x of anq_equw .ent "hor'i zont al st reaner
is taken as preconditioner. Note that if the streaner
is horizontal, then the conj ugate gradient iterative
wheré I?zecﬁﬁﬁ (ﬁ edrrmnnl‘ﬁ{e eé%a”? ?&i G 'a?eegr"élgs 1 ﬁ@&ﬂl ﬁL[HibSers and
precondi tioner. For a or|Zon streamne
theoiertioe atmlve thgupdtéronmtrdd KEgyatiésignated bymplsx ebrglggeﬁ@i and
the solution is directly obtained as: pdgh =Ar
[0042} f Aherinyertion Bavides a nethad [fompravidingizbel isotatian of thisHaear set of

dj t ed |.owi n
noxJE%Ea a'tlgﬁk'( T6?&uarﬁo§c(?ﬁ\ n 53%8%393%']\;“1"%% thé %lr{ﬁce oq spectral
notnheﬁ 1in2thM+$1sﬁm datan\banusmg:e cd‘mplat |Lrapla¢e1(ﬁ)eqmny ltparameter The

' % npac {a f.or .
geognetr rF)a arradlgem%r{ 3}1 %ecewe( (i)ogb?ns IS\HO a}.ﬁ%strbcsg & e pysREpn. The
1nvanmn|@p]absftol retsirople ehsetdf @cguiarhbgxontA Birédeerd dise\QMEzEthyS the general

r.anet I n bl ock recq
coR BT G nea Deraty e anBor Sl Padacg fist for the
simptd aage dridehedyfsi epaferabaasat i ons in Equation (23), the
[00%3?00[}%(': ts%n?p g %ageogpgl CO?I\e/énUgIlal rﬂgr?rtxel gt?esémer considered as a strictly
horizontal streamer configuration, is just a special case of the general case handled by the

invention. In this simple horizontal case, the receiver depth position xf is constant and the

inversion of the system of equations reduces to the standard deghosting procedure. The
system of equations can be solved by an inverse discrete Fourier transform. In particular, the

system of equations given generally in Equations (10) and (11) become the simpler system of

equations:

M Z —Z exp(—jsa xlq —jsp,xx )251nh(sF X )R:ih

s
47 n=~IN+l m=-iM+1

(18)

_ _.sct R R R, r 7
=p (xl’q,xzyr,x3 ,s), g =—N+,., 3N, r=-iM+,. M.



fromblock 32. In each iteration, designated with
nunber k, an approxi mate val ue of the spectra
deghosted wavefield /37(k) is obtained with a residua
error r.at the kth g iteration, the kth residual error
is given by: (k)set - E vdgh(k) q13,n n A particular
enbodi nrent of the invention for a preconditioned
Here othp wiggitostimy forlicomdtanit txr eni eecatibeo®t dxpliclap o tHeapedel @vmain.
with reference to the discussion of the flowhart in
Therdeghostied figld mb Ispecbhlodumaid at zero depthiddver, e definedhin Equation
frequenci es selected in block 25 of FIG 2 remain. If
U2}F€&%@ﬁ%¥@@‘@@#ﬁ“ﬁ, the process returns to bl ock25 of
FIG 2. If no frequencies remain, then the process
continues on to step 35. Hence, the solution by
conj ugat e gradi ent |te;at|onsPFS repeated for each
frequency f. [0050]I n POEE ggﬂ,lt s determned if 19
any shots selected in bloC G 2remin. If
shots remain, the process returns to block 23 of FIG
. If no shots remai n, then the process continues on
[0006] st Bqy 186 solierc ef thergeneral sittiaginoyr cqmajlmgah ehgynadiad RYuations

r Q ch_shot
gw%%ﬁl Eﬁﬁa?g é%@étn%g soﬁ%ﬁto{%‘% rom b Vall%tki qé!a%%‘rCCt Sofvers and
lterittrvarsgfvc_rsned Verp effidvet sprite adlveloived prebatiiidned t:xblﬁugate gradient
iterétR%%fe_t ecid?ascgdo ?rﬁ{eheSHBAlfg%l%earéﬂogbgﬁlbnﬁlj{n‘g?é?ggag hé)e;té e measured data
andV\thvefﬁode]ledi repptgke., il ghfuftherReribodinenteof tBe Gavelich), .Eq@htion (10) is
zero in the space-tine domain is obtalned as:

conﬁléfgﬁq g a §Qll{t§§169 the ppeciral @eghosteq:\wa‘@@nldEP li iszipy¢idped employing a

conj ugate gradlent iterative scheme, such that an error ERR given by:

2

%N le ;LN %M )
ERR= > > pii- > > K,,..Be (20)

g=—g N+l r=—1N+1 n=-1N+1 m=—1p+1

is minimized.

[0045] Returning to FIG. 3, in block 32, the normal equations from block 31 are
preconditioned with a physically-based preconditioner. A preconditioner is often used in
conjugate gradient iterative methods to make the equations well-conditioned. Standard
preconditioners, such as multi-level ILU (Incomplete Lower Upper decomposition) types, for
example, are usually based on the mathematical structure of the system matrix.
Unfortunately, for the present problem, these mathematics-based preconditioners are
inefficient. In an embodiment of the invention, a preconditioner is used which is based on the
physics of the problem being solved, which is the general case of a streamer, discussed
above.

[0046] An irregular non-horizontal streamer can be considered as a perturbation of a
regular horizontal streamer, so the inverse of the sysfem matrix of an irregular non-horizontal

streamer is approximated by the inverse of the system matrix of a regular horizontal streamer.
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The deghosted wavefi el dPdgh is a function of the
conpl ex Lapl ace frequency paraneter s. [0052]FIG 4 is
a flowhart illustrating an enbodi nent of the
invention for an iterative preconditioned conjugate
Henge.alte dpferssctfethe sysen maskix d gioatuivialgnivherizeatal sirepies is taken as
SHUEBRE! (W fa FhSsitankNR REBSHE
pre figner, O ,aa oVes 6%61053 ot b 1, E}%E@ﬁer &91%1} gte acmrﬁcfﬂératwe
sch%nst,@ iteraninates owithin ey amglcnlt‘tr@nm e*flthktlns orepcsndwlnect d@r d horizontal
| h
stre’grg%q%{g?sﬁlg%{ﬁeée}tr nOé'Itﬂ ] ugﬁ(grtsn&t gql*a?wn %? 1% ﬁ ag%neaég c(g &pet ﬁ,?lutlon is
direictly thtainedeast i mat e of the conjugate gradi ent schene may
be used. For exanple, the different choices can
i nclude, but are not limted to, the solution obtained
for a previous frequeng hgrAthe sglutlon for a 21
di fferent shot p05|t|oriy O@ﬁTﬂn Block 42, an @)
estinmate for iteration counter k =1 |s calculated I n
one enbodi ment, these estinmates are: " § 1)
[00&AL paljrimamiodrgh cshe, irieptipny 53 oSgonicen L emploghd following
Emm?cnaﬁs)lz En I"br, I EQ1lK, n0)12'" | =a(lv-) , (1)

B = [uman ] [ )2 Z K J : (22)
q=- —N+1 r=— —M+1

For convenience, Equation (10) can be written in the compact form:
2K, BE =p, (23)

where » stands for (n,m) and g stands for (g,#7) now. The preconditioner f’n_m is a function of

the complex Laplace frequency parameter s.
[0048] In block 33, a preconditioned conjugate gradient iterative scheme is applied to
solve the system of equaﬁons in Equation (23), the preconditioned normal set of equations

from block 32. In each iteration, designated with number &, an approximate value of the

spectral deghosted wavefield £, is obtained with a residual error ~*'. Thus, at the k"

iteration, the & residual error is given by:
(k) scl d h(k)
7 ZKq B (24)
A particular embodiment of the invention for a preconditioned conjugate gradient iterative

scheme is described below with reference to the discussion of the flowchart in FIG. 4.
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n E ign(k)12 v./3(k), g(k)+ "I Enlg(nk-") 12

g(nk) 15n E Kg rq(k -1) n(k) = Eicnvnuo, (k)Enl g

n(k) 2 (28) E 1kKv" (k)12 5
[0049] In block 34, it is determined if any frequencies selected in block 25 of FIG. 2
remain. If frequencies remain, the process returns to block25 of FIG. 2. If no frequencies
remain, then the process continues on to step 35. Hence, the solution by conjugate gradient
iterations is repeated for each frequency f.
[0050] In block 35, it is determined if any shots selected in block 23 of FIG. 2 remain. If
shots remain, the process returns to block 23 of FIG. 2. If no shots remain, then the process
continues on to step 36. Hence, the solution by conjugate gradient iterations is repeated for
each shot.
[0051] In block 36, the deghosted solutions from block 33 are transformed from the

spectral domain back to the space-time domain. After obtaining the deghosted wavefield in

the spectral domain, the deghosted wavefield, p®" = p™"(x[ . x5 ,0;5), at zero depth in the

space-time domain is obtained as:

L (sa)A(s,B

ppn Z Z exp( —jsa, xlq —jsp, er)Pdg". (25)

n=— —-N+1 m=—-M+1

The deghosted wavefield p®” i

is a function of the complex Laplace frequency parameter s.
[0052] FIG. 4 is a flowchart illustrating an embodiment of the invention for an iterative
preconditioned conjugate gradient scheme used for deghosting marine seismic streamer data.
This is the scheme referred to in block 33 of FIG. 3, above.

[0053] In block 41, a zero initial estimate for iteration counter k& = 0 is selected. In one

embodiment, this estimate is:

dgh(0) _ (0) sct
PO =0, O = ps (26)
In other embodiments, different choices for the initial estimate of the conjugate gradient
scheme may be used. For example, the different choices can include, but are not limited to,
the solution obtained for a previous frequency or the solution for a different shot position.

[0054] In block 42, an estimate for iteration counter £k = / is calculated.. In one

embodiment, these estimates are:



pdgh(k) == rq pdgh(k-1) ce(k)v(k)(k)(k -1) rag-
[0057] I n block 45, an error criterion is calcul ated
for the current kth iteration estinmate of the residua
r (k) fronrblock 44. 1n one enbodinent, this error
criterionis: 2,,(k) Z--i ql< 0-3. Eglpgs. 2 (29)
[0058] I n gmeqﬁ(z r|<°t i's det\é‘rmmgd if the error
criterion'in bfock 45 is sati'sfied. 1f the error
criterion is not satisfied, theozfpe)zteratlve process
returns tp, lLopk-43nto contijue another set of
esti mat es. "Ifg?hé "er’r or crlterlgg 8N |icswBati sfied, then
the iterative process ends. [005%'Wi usi ng t he
i nversi on approach and utilizing the conplex Lapl ace
frequency @mr3@@ﬁ9qﬁﬁo¢¢he dephost i pgrgeconposi tion
met hod of "the i’hventi ofi ‘can be ref ornulated into
dlfferent domai ns, including, but not limted to, the
requency- slomness domai n, or. the tau-slowness doma
[00651 t b blogk 3. the jigratiefheounter & [SGo®eAsThBY { nVis £ ork hésvleldmg k=
2, 3beeReqlemtagsed above as a nethod, for illustrative

Eur poses ontg but can al so be |nplenented as a
[005Gkt el blavked4k s eatimase farHicratiop eauntek isscanulateds hiying estimates for

1terégm%'c%ﬂfﬁ511keﬂ RY%nBERABSRAEn CATUSERAS i1 N particul ar

I gital conputers, along’wth other conventional data
processi ng equi pnent. Such data processi ng equi prent,
well known in the art, will conprise an¥§9 propriate

conbi nat i | Lk of cogpu % rDGERS] N
equi pnent8y |ﬁi§ﬂ§iﬁgl)but ndt Hesd k) d L, ﬁﬂardmare
(processors t dmporary and pernanent %rage devi ces,

and any ot her appropriate conpuiker| pyocessi ng
equi pnentgu® sof knae, (operagﬂngngELgﬂs, appl i cation (28)
prograns, mat KEmafics progranwl}P@@ﬁ@Fs, and any ot her
approprlate sof t mare) connect i ‘ot ectrical
optical , RifPet BEL™ oebiher o se ™ and Kod?i pher al s
(1 nput and out put devi ces such as keyboards, pointing
devi ces, and scanners; display devices such as
[00BP]I t &f Blo@045, R b RsrichQTBAERkted SATRD Srest rdrleeﬁlorr%%ﬁate of
such as tapes, disks, and hard drives, and any ot her
the agihuelor, ’ efteen bigdk p4relnt0)1¢ erp@@ﬁm]tﬂtntharmtoh enitesorbisdi ment ,
the invention could be inplenented as the nethod
descri bed above, specifically carried out using a
progranmabl e conmputer t prnrthe met hod. In
anot her enbodi nent, the?zﬁﬁe ﬁcould be i npl enent ed
as a conputer progranrsgg conput er readabl e
medium w th the progra haﬁlng | ogi c operable to
cause a progranmabl e conputer to performthe nethod

descri bed above. In another enbodinent, the invention
[0058L1 dIbblopkré.hisrreteamingd i thoapen eiteniasazid dtidck 4Peidisafisfied. If the
errg! ctrili]erﬁ GORRULEL B! AA ﬁl@lé;aa(/@gr Q%E'straﬁmg%jblldm 4% H)Ccl:ontmue with
that the programhas | ogic operable to cause
anqthren gt afrpstiiages c ditheierear critsripe isfsetisfiet Hbemtbe Herdtivhagoveshends.
[oﬁggcegvrgeg%f?@%e ﬁr{i)é’r%'rog &Eﬁ' &]ﬂdagldg“é@%lp haéorrrpli]e La lace ffreguency
paremreds, miendeghosfting Hecs)mpnwlem morhodi nﬂtkte hm&tennmﬂ@lndlﬂsrefonnulated into

. nodlf I.ons, natlve
air L AGRug” aiviiE o el o8 ASECR S b bt By gy the v
slotvh&s dbragih @8 thegpdvetinewiohadit departing from the scope
of the invention. The precedi ng description,
therefore, is not neant to limt the scope of the
i nvention. Rather, the scopg of the invention is to be
deternmined only by the appended clains and their
equi val ent s.

27)

(29)



CLAIMS W claim [d] A nethod for converting seismc
data recorded frommarine streaners into deghosted
seism c data, conprising: obtaining the seismc data
recorded fromthe marine streamers, the seisnic data
present ati.ve of ,char.acteri SLLES of
1006 e FoRC g 1t S ST i b i don ety phrposes
onlygbuS&@inSdiioChe ipdmvaitedl @3\veesylsiein) g TAA sﬂteﬁﬂof)ﬁletlﬁl\%ntlon is preferably
ubsurface earth formati ons to be evﬂluated th

implegientyl oy meatsy e SOPRHERall REtiqelar digde B‘Pf%p%?rs’aﬂong with other

con®in€6idl d&aproading REhigAbntS ISgBRHath Proc &SGR @pheht SWEISRAGWN in the
energy; using a conpl ex Lapl ace frequency ggraneter to

art, ¢ Wikln SP@PT§ct ABY SWPERIiRte d%t‘%blf“i‘tt% &r §}§§’é‘§kt Pimsompwal Precssing
equ@m%f?te ¢lchRlingd 0N be ARREY ) Baﬂ(llafet (?fcﬁ@és&% ERAPSHBALHR permanent
gradi ent scheme, using a physi cal based
storggee eierist iabheany elBert ARPTONTHS fcemm;@r PEOSFAING  daitipmenth software
u 0 t,.of
o] A S5kt BREAR0 MBI Ryl Pl B2 By it
appionviate seftwarek efnaestions)(clagaical ptiqabrvitedask of ethervdssacad pengherals

(mpﬂ?% cﬁ}aﬁu? dWI?ﬁ\élsg(gla%Spﬁy%%%gé ?n;i&év%g%ﬁnery cﬁ%)zﬁyoqewces

sucte hsanmltbrs a.dde)rleters, térepuigirerglable stomgge enedisaptlaasgages adjsienayl hard
ar amet e nlng seism c data recorded

(hwe&aﬁ g“ﬁ%?ln #é%gkﬂﬁg&éig term ning a nonzero rea

[00pE) t Imf aridier oammmkienent,amé aﬂeenftlbﬁ(m)ﬁmcye paprfented ;as the method

ng r sei.smc data for a sm c source
des e o 10 PETRRAE SRl D) S ER o mispimn D e e 1 pevtorm the
metR&d. iR 6thert deoﬂﬁhitSlf @lfd'ihﬁelmﬁoﬂ €604 ge finsieh & CasGaomphRF pRgram
ism c source tion.fromthe space-finme donmain
stor?i Qﬁ?’

I §B‘38‘éterf 8 ’E‘ WYYt tho Brogramt Arying Lt eperagly to cause a

proS8infiiAbIe cempatef ©pedorn] B8 HRMM dediBedSRNE B omeNEMEDEiment, the
apl ace frequency paraneter to transformthe

mvetrmaﬁ SPYA e dmplemshied agatcampier Eafptiemefigin With poppguter program
storédp dRend Fn%@lﬂl%n §1Ychd195@th@ pl;d%ratnli‘ Gas Ripsd 5&¥ab‘f@maﬁse a %gé,l'ammable

he met hod of claim2, wherein the conpl ex Lapl a
conmu@eq Emmﬁpnpéfrean@h@d%cri@d gbeMen by: s= | co+g— j 27r f +e,

rej
[00 LU én§cl:1>§/ulP g#@g%ﬁ&gﬁ?ﬁt thé\lg;% %(Ygé ?%ﬁ{ef et gq{etalle% description of
specifin zarhodingsats phithis afiventien endnihas xnunzgpduscehangesguedifications, and
alte%i@&e{{) He d?sdc{s?g'l l@aﬁ?éﬁ% Qi q)e %adg ll@éc%r%ancw{hqbpditsagsure here
using the co ace requenc ar ame

withqua deffanting firére tlueesnoptdeﬂths enveniion. dﬁh@pl@mdm‘rgl d&saiption, therefore, is

nottglé)e%gfz toy gt r%%(%cgfsg(ggﬁ{ggyr?@o%% ',f B&?%@E 'oFe L OMohNE to be

detaaed-ohlyasyukaappeldbdx BRnx@R, thyir elpismiantsusi ng a Lapl ace
transform so: psct = psct (4.7 ; x212, ; x3Rq,r; s
where p' is the scattered acoustic wavefield in the
space-frequency domain, xiRg is an in-line receiver
coordinate, q is an in-line receiver nunber, x2R is a
cross-line receiver coordinate, r is a cross-1line
recei ver nunber, and x3Rg, is receiver depth as a
function of 4, -and x,R, . [CS] The method of claim 4,
wherein the using a conpl ex Laplace frequency
paraneter to transformthe transforned seismc data
conpri ses:
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transform ng the scattered wavefield psct fromthe
space-frequency domain (45 x2R5x3R, $) to the spectral
domai n (san,sfi""x3R $) by: Axi RAX2R E JLE exp (j san

XR + jsig.x2R r)p' = \ 1,9 g=-1N+1 r=-2-14+1 where:
san= nA(sa),sign, =mA(s1lHPampged: A (sa)= N2 AX7 5
27r A (sfl) = mAd and P,cm s the scattered

acoustic wavefield in the spectral domain, nis an
i n-yhRgigpectral number, mis a cross-line spectra
number, Ax,Ris in-line receiver sanpling distance.
Ax2R is cross-line receiver sanpling distance, jsan is

[Clﬁlﬂ_z%x ﬂfelt}joﬁ q‘or%%ﬁ&q i%SCII:O 1 ida?‘[r rgc?)gc% %o%r @?rila\n(,e’ss?gpgl{l%s into deghosted

I ne spectra mpl1hg ai

seispriodafa,Icomerispect ral Fourier paranmeter, A(s)3) is

rogs-l.l ne spect.ral . sanpl.ing distance, Nis total =
nurbEIRiRE the, 5T Yetad P d Trom, dhqyating sremerribiseignic data
Cr 0ss- | irdpeesemaidieVey &grac{e@ﬁ]csﬂf%ulﬁmﬁﬁ&det aoth ffehﬁdtﬁg%a%dn%cqmred
further copprising:. defermning a system of equ
for degR$ lﬁ?jmi’rﬁg(’ftar 8#‘[’%‘?1‘63? RESCIgBicReavernPYertyie an area of the

f r equengytisudle @aith foritidns @I BlvaRekd Afe SAYR: irQJéf'versoé'enerating
t he deghosting system of eguatl ons; and applying a

physi cali 2% 98] ap elseBiseli and ondsal signdl irerepronsralo seiemicahergy;
equnink ANéomplex Laplace frequency parameter to transform the seismic data from a
space-time domain to a spectral domain;
applying an iterative conjugate gradient scheme, using a physically-based
preconditioner, to the transformed seismic data, to provide a least squares
solution to a normal set of equations for a deghosting system of equations; and
invefse-transforming the solution back to a space-time domain to provide the

deghosted seismic data, useful for imaging the earth's subsurface.

[C2] The method of claim 1, wherein the uéing a complex Laplace frequency parameter

comprises:

obtaining seismic data recorded with a marine streamer; -

determining a nonzero real part of the complex Laplace frequency parameter;

obtaining recorded seismic data for a seismic source activation;

using the complex Laplace frequency parameter to transform the recorded seismic
data for a seismic source activation from the space-time domain to a space-
frequency domain;

-obtaining transformed seismic data for a frequency; and

using the complex Laplace frequency parameter to transform the transformed seismic

data for a frequency from the space-frequency domain to the spectral domain.

[C3] The method of claim 2, wherein the complex Laplace frequency parameter s is given

by:
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[C7] The nethod of claimé6, wherein the determ ning a
system of equations for deghosting conprises applying
the followi ng equation: EE K gq,r;n, mpdgh = "sct q =
-, r = Fq,r, n=-41J+1 m=- 1M+l in which the system
matrix Kg,,.;n,", is gizv by mZqunm—
(sa)A(sP)g E exp (- Jsanle%l% Jsjgﬂ'z}x Rr )2 sinh
(srn,nx,R4,r). 471-2 [CB] The nethod of claim7,

wherb £1s emmgmdw uﬁiet\/é—ﬁ MoNd Elgbufer TREHGRCyY, T8 fr&{ueﬁ‘é}uéﬂd' é8he determined
conpri ses gx the follow ng equation: n EE

nong[o e R‘}rh%fdﬁ’g gll’@p}ﬁca frequengp pargetleng - 1- 1 where, the
rratr|X|sg|venbyIN-'2142Anm n,m= EE KKg,r;n,m5
q=--- 12

- N1 r=- Ml
[C4] The method of claim 3, wherein the using the complex Laplace frequency parameter

to transform the recorded seismic data comprises:

transforming the scattered acoustic wavefield from the space-time (xf,xf,xf,t)

domain to the space-frequency (le,xf,xf,s) domain using a Laplace

transform, so:
sct __ __sct R R R
p - p (x],qﬂxz,r’xS,q,r’S)’

where p™ is the scattered acoustic wavefield in the space-frequency domain, leq is
an in-line receiver coordinate, g is an in-line receiver number, x5, is a cross-
line receiver coordinate, r is a cross-line receiver number, and x5 4 18 TECEIVET

depth as a function of x;, and xJ, .

[CS] The method of claim 4, wherein the using a complex Laplace frequency parameter to

transform the transformed seismic data comprises:
transforming the scattered wavefield p* from the space-frequency  domain

(xf,xf,xf ,s) to the spectral domain (san,sﬂm,xf,s) by:

N M

resind 38 ety opd )

q=——N+1 r=— —’VI+1

where:

sa, = nA(sa), s, = mA(s,B),
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t he known vector Bnm is given by Bnm sct
= EEPpPQq," r=1.A4+1 and n and n' are in-line spectra
nunbers, mand rd are cross-line spectral nunbers, and
the overline designates conpl ex conjugation. [C9] The
q$d of claim7, wherein the preconditioner

ises an inverse of the systemmatrix for a
horlzontal streamer. [Cl0] The nethod of claim?9,
wherein the applying a, preconditioner conprises

X _
applylng the fol yati oni(s 5n,%f = [A= ( 2IN 2
Elicqg"."12 [Cl&?w#hHAmﬁthod of(é?aHWﬂl ‘wherein the
applying an iterative conjugate gradi ent schene

conprises: selecting an initial estimate for iteration

coyng e ks Thelscaied Qdu@Sway e f0hars é&)cralzdorﬂ%ﬁr'é,]nl iSq%ls R-line

cal cul'4ting estinates for Iteration counter
fol | ows shelird (rhintr, 174 Y& TlosiMe peckal number, Ax} is in-line receiver

sampling distance. Ax} is cross-line receiver sampling distance, jsc, is an in-
line spectral Fourier parameter, A(sa) is in-line spectral sampling distance.
JspB, is a cross-line spectral Fourier parameter, A(sf3) is cross-line spectral

sampling distance, N is total number of in-line receivers; and M is total

number of cross-line receivers.

[C6] The method of claim §, further comprising:
determining a system of equations for deghosting the transformed seismic data for a
frequency; _
determining a normal set of equations for the deghosting system of equations; and

applying a physically-based preconditioner to the normal set of equations.

[C7] The method of claim 6, wherein the determining a system of equations for deghosting

comprises applying the following equation:

l l
2 2

dgh _. _ sct 1 i 1 1
o> Kq,,,m PEY =pf,  g=—iNHL.,IN, r=-LiMH, M,
n=-—%N+1 m=— %M+1

in which the system matrix X, is given by
—M
K, nm ——(M Z Z exp( —jsa, xlq —jspB,x, ,)2smh(s1“”x3q,).

4z’ n==LN+1 ==l 41

[C8] The method of claim 7, wherein the determining a normal set of equations comprises
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(1)12 ao) Enlgn E Kv(i) 12 n pdgh (1) = pdgh(0)

per form ng “the following until an error crlterlon IS
nmet: increasing the iteration counter by k = k + 1;
and calculating estimates for iteration counter Kk,
applyfrignhe filewingueguatiohi mat es cal cul ated for k - 1, as

follows: Vi(k) 2 (k)(k) n,(k) nngn Ig(nk-1)2 En 'n 5
Enlg(k)12 11(0)12 gn Iv = 1(k-1) a(k)v , (k)

ce(k) n
l
my M= =INHLLLAN, m'=—iM4l,., 1M,

o
dgh
Z Z Anmnm n.m Bn', '

n=— —N+1 m=— —M+l

where, the matrix 4, .. is given by

An',m‘;n,m = Z Z Kq,r;n',m' Kq,r;n,m >

g=—iN+1 r=—lun

the known vector B, . is given by

2 2 [ —
sct

Bn‘,m' = z Z Kq,r;n‘,m' pq,r 4

_1 __1
q= 7N+1 r= -2-M+1

and nand n' are in-line spectral numbers, m and m’ are cross-line spectral numbers, and the

overline designates complex conjugation.

The method of claim 7, wherein the preconditioner comprises an inverse of the system

[CI]
matrix for a horizontal streamer.

[C10] The method of claim 9, wherein the applying a preconditioner comprises applying the

following equation:

ot $ 5 ]

g=— IN4L = —M+I J

[C11] The method of claim 1, wherein the applying an iterative conjugate gradient scheme

comprises:
selecting an initial estimate for iteration counter k£ = 0, as follows
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n [C121 The nethod of claim 11, wherein the error
criterion is given by: [Cl3] The nethod of claimb5,
wherein the inverse-transform ng the sol ution
conprises applying the follow ng equation: [Cl4] A
conmput er readabl e nedk@nmgﬁ h’@)goaputer program
stored thereon, the program having?l’ogi c operable to
cause a progranmabl e conputer to perform steps
conprising: obtaining seismc data for each seismc
soualcdatingtestimateofor derdtidrogovstee b =f I, egjtedlnwy; using a
conpl ex Lapl ace frequency paraneter to transformthe
seism c data froma space-tine domain to a spectra
domai n; a Iyig?—an [terative,canjugate gradient
schene, u§?ﬁ41 ﬁhychalIy-bggééhﬁyeconditioner, to
the transforned seismc data, to provide a | east
squares solution to a normal set okﬁ#ﬁuations for a

deghostid@%%y§£éhyd?,equati@ﬁ%?§§7d7;7,
i nverse-transform ng the sol uti qﬁack to a space-tine

domain to provide deghosted seismc data. [Cl51 The

medi um of clainb}ﬁ, mpqrein Hhe gsing alconplex

Lapl ace fR&GreRtty” pauibt er rfompr i€ 8KvBbt ai ni ng

seismc data recorded with a marine streaner;

determ ning the nonzero real part of the conplex
Lap)efpfnihé BRYQRAMInPMAARESS crlodiifinBg recorded

sei'smc data for a seismc source-.activation; using

t he complcgsesing Blediceation ey kpak anfkeert to transform

the r ec%lgﬁ?tg%rer:eﬁﬁﬂle&e@%xa ifePltio SGInki £, %tgiﬂgcﬁrevious estimates

activation space-tine domain to

space- f r equesdsulaiedior - loat filowsig transfornmed seisnmic
data for a frequency; and using the conplex Lapl ace
frequency paraneter to transformthe transforned
seism c data for a frequency fron1the;§igag-frequency
donai n t g% bep ShrChI*al, domaift. = pEl'6] diim of

cl ai m 15, "wher @ n“the conpl ex Lapl ace) f fefiqijency

paraneter s is given by: s =jco + a); ] 27-1-f +

g
k } : K k kY n
I(V'S ) = q,nvf' )7 a( )— - 6 22
n E g Kvn
dgh(k) _ pdgh(k-1) (), (k) (k) _ .(k-1) 10) /SR O)
P*"" =P, +ay,, B =T —a Ky

[C12] The method of claim 11, wherein the error criterion is given by:

%qqu(—k)rz <10
q

sct

P,

[C13] The method of claim 5, wherein the inverse-transforming the solution comprises

applying the following equation:
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“where j.is imaginary unit iii, co is circular
frequency, fis frequency, and E is the determ ned
nonzero real part of the conplex Laplace frequency
parameter s. [C17] The nmedi um of claim 16, wherein

the using the A GD Lapl age frequency parameter to

t ransf or rpé(’h:e_(fc_eggk_@d eis t—ﬁsacq?rpﬁﬁs)g“d)Pdg”.
transform ng t heA& cat tzgéed, ?ﬁ@u?;(l c wavefield fromthe
space-timeR R R, x2 x3 , t R R R domain to the

space-frequencg (x" X" x3 ,$) domain using a Lapl ace
[Cl#} anednoputgr reastablgguegdium p@bta ¢OuREET progRam storg@iRgeneon, $l)e program

' e
e 508 Berh . SSRGS
c o®bthinizg ejsmyc data &m eagh-seismes soer;eiavtieratinmmbﬂeﬁor eacl Requescsa
?ngzfi%% léiircrg)e EFbCl?apYace e)%ge}r:g% %%rtag}le‘%eé éoe I%r\z}résrfgréqg ?ﬁ!ﬂlsrrrllc data from a
functionmmémnmRmnandomzﬁmnahkﬁﬁﬁi The nedlun1of clalm

th f
BT o RHNE T BT UG ST e & Dyoel-based

conpr i sefecoditdief, cxbrthagraﬁsff@rn&aacteisﬁﬁedlawaueﬁﬂoeidé #PRradt squares
fromthe Space- fr%ﬂ% domai n % , x3R,$§ L0 o
the speé?lPUen YGHg e%‘fé“’?s, ﬁde%osw SySIeTAR] PAUARAR: an

EE ifvepselttafdrming tte to‘hﬁtlon b4&iRtd A Bpace GimmeZdotndirttb M@ﬁﬂ@deghos’ted

san= nA(sa),s = mA(sP), and: 27z- A(sa)= N AxiR
seismic data.

[C15] The medium of claim 14, wherein the using a complex Laplace frequency parameter
comprises:
obtaining seismic data recorded with a marine streamer;
determining the nonzero real part of the complex Laplace frequency parameter;
obtaining recorded seismic data for a seismic source activation;
using the complex Laplace frequency parameter to transform the recorded seismic
data for a seismic source activation from the space-time domain to the space-
frequency domain;
obtaining transformed seismic data for a frequency; and
using the complex Laplace frequency parameter to transform the transformed seismic

data for a frequency from the space-frequency domain to the spectral domain.

[C16] The medium of claim 15, wherein the complex Laplace frequency parameter s is

given by:
s=jot+e=j2nf+e,

where j is imaginary unit v-1, w is circular frequency, f'is frequency, and ¢ is the determined

nonzero real part of the complex Laplace frequency parameter s.
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and Pn",nl is the scattered acoustic wavefield in the
spectral domain, nis an in-line spectral nunber, mis
a cross-line spectral nunber, Ax1R is in-line receiver
sanpling distance. Ax2R is cross-1line receiver
sanpl i ng distance jsan is an in-line spectral Fourier
aranmeter, A(sa) is'in-line spectral sanmp Iln%
[C14} dhg mrediun effclaimil$, whessip dhe psingsthe semples Lamesgriicauency parameter
to traﬁgf@rﬂpﬁq@fecoﬁeééélamlbaatsEaﬁﬁnbésne spectral sanpling
distance, Nis total nunber of in-line receivers, and
M itrandfotneihg nherbeitteel awowsis- andield G efeSspacd- Gho] xTh;g“ 1)
medi um of claim 18, further conprising: determni
Syst em aém&AURYS it SpdceriredfaRgS (NG  Lines)t iBRSHOLYR g a Laplace
seismc data for a ?requency, etern1n|ng a nornma
of equath@ieni 66: t he deghosting system of equati ons;
and applying a physically-based preconditioner to the
normal set of equations. [C20] The nmedi um of cl aim

19, wherein the deteﬁﬂ1n % shen}of equations for
deghosti ng conpri ses app+ |nﬁ’2h OMAng equat i on:
N12- M 21 EEpodgh = sct q = - N, r =

-W1, ..., W, Kq,r;n, n1 n, mPq, r 5 n—-thl m=-pl+l in

vvhineret P& Bythé soatterad aémalccwa efield insth@bpeedtfioyuch@flddmain, Nk,
= (sa) (sg) x-Liqg Z.4E exp(--Jsanxi Rg-isflinxr) 2

si nh. 4% #h-likdRedivetheorddicl i0hn Gl-RidPeddiver WhRb&l )t & cross-
deternmning a normal set of equations conprises

appl yi Ngné Feecilal doopiag, euadroslinelrbeoNen Audiiuz] M@t H | is receiver
Bh., m n" =, m = m=-.1M+1 where, the matrix

4i ., "7, dépth as & fungiioneot ﬂﬁyaﬂd\l@’}é\l

[C18] The medium of claim 17, wherein the using the complex Laplace freqﬁency parameter

to transform the transformed seismic data comprises:

ct

transforming the scattered wavefield p™ from the space-frequency domain

(xf,xf,xf,s) to the spectral domain (san,s m,xf,s) by:

N

P = AxAxy Z Z exp(jsa x5+ Jsp, er) set

g=—3 N+l r=—1M+]

where:
sa, =nA(sa), s, =mA(sB),
and:
27 27
A(sa)=—2_,
(s) NAXF (s5) MAE
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22 An' ,ne,n,nE Kq ,r;nm Kg,r;n,m5 +1 r=-111+1 the

known vectoris given by Bhm= EE Kg,r;n.,m gqr Psc, N

+1 r=-2-Mt1l and n and n' are in-line spectral nunbers.
mand m are cross-line spectral nunbers, and the
overline designates conpl ex conjugation. [C221 The
medi um of claim 20, wherein the preconditioner

conpd i Bgsis dire soattered acaybtic wevefipld enthampedtnel flgmain, 7 is an in-line
hori zontal streamer. [C23] The medium of claim 22,

wher ei nspeealapmpibet, my laamr@&sdmdlsmmbnumbﬁm xS ds in-line receiver
appl ying the follow ng equation: [An,mmn, mn, m\

-1- 1/ =Explingistpnee. ip etopgrtine {eg::zw]r sapili %@@ﬁtw ofs@, is an in-

claim 14, wher t.ne I t -
gr adi enf!ng &P I‘E‘B’Hﬁrr Paggrget\é %n ‘%@elfg}aff ?;p}%&{q? i Estance.

S(szylh?g; ejszgor ;3tsgo;sghf;x@%e‘é{gégrlicogfle#?arr%nq)eé%rt | Mekso ss-line spectral

iterati @ih]ﬁlﬁllgn&i@tﬁndé, N 1 toddl dudhdeP WS in-difle receivers, and M is total

number of cross-line receivers.

[C19] The medium of claim 18, further comprising:
determining a system of equations for deghosting the transformed seismic data for a
frequency;
determining a normal set of equations for the deghosting system of equations; and

applying a physically-based preconditioner to the normal set of equations.

[C20] The medium of claim 19, wherein the determining a system of equations for

deghosting comprises applying the following equation:

N M

dgh _ 1
Z Z Korwm BS =D, q=—iN4LL AN, r=—iM4,., 4

n=-—N+1 m=——M+1

I
S

in which the system matrix K is given by

q,r:n,m

M

Z exp( -jsa, x]q ]s,Bme,)251nh(sF,,mx3q,)

n=——-N+1 m=— -M+1

Kypum = M Z

4r’

[C21] The medium of claim 20, wherein the determining a normal set of equations

comprises applying the following equation:

Z‘ El
dgh _ 1 1 1
Z Z An snm ])n mo Bn‘,m" n'= —?JV+1,...,7]V, m'= —-—;‘1M+1,...,?’M .

_ ] _ 1
n= 7N+1 m= '2_M+1
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gnu, = priE K ,nrgq(0) Kvn(l) = EicnVn(1), v(1) P
g(1) , ao) nlgn(1)12 E g 1K/ i () I n pdgh(l)
pdgh(0) a vn ,(1) =a (1)T1 ."(1) n performng the
following until an error criterion is net: increasing
the iteration counter by k = k + I; and cal cul ating
estimates for iteration counter k, using previous

whegss theaties 4eak.e i HYSPY or k - 1, as fol lows: v(k) =

g(k) + Elg(k)2 V (k) Enlgn(k_.)12 n (k) EV(k) q,n
na(k)- KV = KEn, gn

nmnm_ Z Z qunm q,r;n,m?

g=— —N+l r=— —M+1

the known vector B, . is given by

l
2

Ly
3N

sct
= 2 X K P

1 1
q=- EN+1 r=—iM+l

and n and n’ are in-line spectral numbers. m and m' are cross-line spectral numbers, and the

overline designates complex conjugation.

[C22] The medium of claim 20, wherein the preconditioner comprises an inverse of the

system matrix for a horizontal streamer.

[C23] The medium of claim 22, wherein the applying a preconditioner comprises applying

the following equation:

-1
_M 2
Bo-[a. Tt [ S S K. ]

q———N+l r=——M+1
[C24] The medium of claim 14, wherein the applying an iterative conjugate gradient scheme

comprises:

selecting an initial estimate for iteration counter £ = 0, as follows:

Pndgh(O) — 0, (0) . p:ct

calculating estimates for iteration counter k = /, as follows:
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(k)12 EglKv" (012" pdgh(k)pdgh(k-1)(k) (k)= ,(k -1)
a(k)Kv(k) [C25] The nedi um of claim?24, wherein the
error criterion is given by: v ir(k)12 Eql,,,"(1 2

[ C26] The medium of claim 18, wherein the

i nverse- transfonﬂLn the solutlon conprlses appl yi ng
the fol | &if rd, 2o a,trj% E AY%a)Pg%p\ , dgh E
exp(_Jsanxq- Jsi?l er rnx2R r) pnd: gnh. P = 47-r2 n= N+1
m}?

177=-1 M1 22
2, g
) ) W= n
Ky, E K. v
dgh(l) _ pdgh(0) 4 (D) M) — (0 _ 0.
PE = PR+ aty,, vl =r —a Ky,

performing the following until an error criterion is met:
increasing the iteration counter by £ = k£ + /; and
calculating estimates for iteration counter k, using previous estimates

calculated for £ — 1, as follows:

Z g(k)2
) _ p (k-1) (k) — (k) n|=n (k)
gn —Pnqu,nrq > Vo I)ngn + (k——l)zv" ’
7 > e
2
(k)
. . b Dunl8h
Sy o= .,

R'dgh(k) — R:fgh(k-l) _‘_a(k)v'(lk), ro = ’:l(k_l) _a(k)va’k).

[C25] The medium of claim 24, wherein the error criterion is given by:

(k)
SHT e

§ sct

Py

[C26] The medium of claim 18, wherein the inverse-transforming the solution comprises

applying the following equation:

W
P :MA(‘g—ﬂ) z Z exp( —jsax, xlq —jsB,x, ,)Pdg” .

2
47 n==IN+1 m=~iM+1
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