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METHOD FOR DEGHOSTI NG MARI NE SEI SM C STREAMER DATA
W TH | RREGULAR RECEI VER PQSI TI ONS BACKGROUND OF THE
INVENTION 1. Field of the Invention [0001] This
invention relates generally to the field of
geoiFEHORN FORIIPSEHOTIGN GUHIAR INDSSEISMICaS TREAMIER DATA
i nvention rel mar i ne
seism c strea %fﬁdg%mg;%%ﬁgﬂagﬁ% Rel at ed
Art [0002] In the oil and gas industry, geophysica
ro(gec%hg is conmmonly used to aid in the search for

BAC i IGFE BYVENIH@Nr anean f or mati ons.
prospecting techniques vyield know edge of temmmm ll” mflll’“m
[

subsurface structure of the earth, whi
. Fldldhélf thg Iardtioext racti ng val uabl e m ner aI resour ceg.
particul arly hydrocarbon deposits such as oil and
natural gas. A well-known techni que of geophysi cal
0s t o8
[OOOQL S%ﬁfé fsnggr\lltgo?h ?elftgée %gﬁrfé]}%mg?% na ﬁlleigi gfé e&ﬂ‘y@lgﬁleﬂrosigectmg More
particubatly, tHa:eneambh relates td the diehhel delgbosting aveeing seidmivgsteeather data.
into the subsurface of the earth. In a marine seismc
survey, the seismc signal may also travel downward
9. geggr%ggogt}{}qgé{at@gA\@pter overlying the subsurface of
the earth. Seismc energy sources are used to
generate the seismc si gnal whi ch, after propagating

Lhto,t rtially reflected b o
10008124t 5 P sk, LSEBY B B Ll R g i i
search Y} @Al |e)(/a1u§ﬁ&1 loPts@bteAGRSN DBIMARIs S UGESIHySidSaProspecting techniques

formati ons havi ng different elastic gr operties,

yieldskneovledgeadf {he shswdacgasteuciuse i thy earihl, piidh enssflyfor finding and
| ence
oS BRSRLRERURL PRSP 1o

gas. Bywskikaowa teshnfue of @abplysical preshesting is Lseismsic euweys)n atland-based
or near the surface of the earth, in an overly

seismy¢ SyRyF¥ra seipmiet sighad ik SaRGIRIAS onj of 158F Eiforad)’ Saﬁlafac% and then travels

dowrvHrd Erﬂ?%e {uBOQPlce brthe &5l tTh A9natfleSstid@lde? ?ﬁ@éeﬁ‘s%@ ¢ signal may
In perrormng a selsmc survey IS processed to

also irafed dowhwerd thedughi mlgpdyooﬁ\haaexgmmlrlgmgcths?subthCceoﬁﬂxd earth. Seismic

roperties of the subterranean lops in the area
ener ﬁhceg Gfev'é%'?g do g%eéatﬁrtﬁ% SISRIG Sé@agwg‘gz Ecg prapagating 1nto the earth,
is at Eﬁﬁ%ﬁfaﬁ rE@éctéli BPLuARd seRAAE YedlestoR. NRhABIshA¢ reflectors typically
hydrocar bon content of these subterranean formations.
are lmthréacg@bletmn sgbtﬁgmqgncfamtpn@bwsg dgffqrgnttezbasmmr@@mes specifically
cound 0L R LRF RSt BT 0, SR b anc o
interRE& UBLE keflecroagRisntie ega@[ydgldetesuebsbyr Jetuditic sbﬁlsorto(edﬁf cdlled seismic
identify locatigns in the Earth's subsurface where
receiygigkal or gegy the swhase of the qagh, mj angavieglying body of water, or at known depths

in boreholes and recorded.

[0003] The resulting seismic data obtained in performing a seismic survey is processed to
yield information relating to the geologic structure and properties of the subterranean
formations in the area being surveyed. The processed seismic data is processed for display and
analysis of potential hydrocarbon content of these subterranean formations. The goal of
seismic data processing is to extract from the seismic data as much information as possible
regarding the subterranean formations in order to adequately image the geologic subsurface. In

order to identify locations in the Earth’s subsurface where there is a probability for finding
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petrol eum accunul ati ons, |arge suns of noney are
expended i n gathering, processing, and interpreting
seism c data. The process of constructing the
reflector surfaces defining the subterranean earth
petroleageasunfuldtiongr lesge funonof heneycor deptnded smigathdeng processing, and
) rovides an imge of the arth ip depth or tinme .
inter el PTG T9ffige B PIORESS PF GRPTPSNRE (i, geffssiarypilfaces defining the
subtefrHRSH daftfi Qayeds BI fstefictrdA tRY FRbrde@ sBRARN 8ata Provides an image of the
interpreter  to select locations with the greatest
earth ot ¢pilb ot timg. of havi ng petrol eum accunul ations. To
ri th . .
[000 il Ifr}e{% 1m%elo§fft?1§ gff%zetﬁ{escﬁﬁgé %%\g#g}s&gsﬁl\gﬁk gﬁé?u&ﬁ in order to enable
an ipetprateus gepasiéatianse witlesthot giatesOtprobability et havimd ypetroleum
expensi ve and tinme- consum ng undertaking. For that. .
accurplations, Thuerefyithe preseniceio peiglenBed wedl mﬁsgrbsxﬂéﬂkeﬁe Drilling wells to
. . Cepl ¢ S _ -
e AR PR3 a0, SESTI Sy Bl P Bontf and e
cons\8hing whiercaking) aF orvthhtl reasopy tiere is laccoatinding yeaf toaimprove the processing
interpreter, whether the interpretation is mde

, by :
and dignlpyioethopeismicudaim, So 85 4 BENCY AR 1PREBABIthT SYUITHE: ofyfpe Eart’s
subs EEY Tt S5t e B SN G TR hS el whsyBEfilc Bkt kAbtation is made by
a corggpperapra atnears ¢o sssess the prabability thaty em eccammulgjionhe pegiokemincexists at a
.signal .in.land.seismc .surveys may include expl osives
pm“?ﬁgg?%ﬁﬁPHP@@q%ﬁﬁﬁﬁgb§5ﬁ§ﬁic surveys typically enpl oy
[0008] SURERpSRPriaRi seifific SOUCELdr PaRetatig eheSs¥igni8Neknal in land seismic
periodically activated to generate an_acoustic .
survepawvedyl alciudeTenplesvesnorc viboaipise kniae seisnyic sheveravtieallygemploy a
subrmgFRee SEist, SEEL FyddBET oo Oy At Pu B an acousti
wavefisld, Thpseisthicsoue @enerafliethesedeficld maybe ef geverateypdseincluding a
a water gun, a vapor gun, and, nost typically, an air
smallggqp_losww‘gqaw, W’e?eatrmg%orsgpswrlgg Y RIOE ARd; t:ypgcaﬁ&a gun. The
: Lnhgl e u ) f ti o :
Selsnglé sstalrnl%gu%nd nga?'r g?/%ogj aso:i% cé ae:daepr?gn%@.’ Sa'sliﬁi g’f’d ask ?f}él?}léglr}r"énz}n ol g
Typitalypamidrimel saishjic souree fansistd notgifrassingle woureaeleynenhebutro§ o spatially-

.. .£0 n formof marine sei.smc source. .[0006]  The .
disriEH GBYaPE SOYEREIOTerLE: ST ACREBIGH ip REAIGHD HuF gk air guns.
curreR@Y tHeGh&st Y6 ANt Hérri @R RRAFie seiftBlclsoGiebar |y in land

surveys, and water pressure sensors, partlculaply in
[00063r i Abe sppropsiate tyBsroftstivméc seasars eypicatlyspeludeparticle velocity sensors,

ArtiS§OBOL S IL;J(grti cle accf:el Erati N SeRsars
P lﬂ‘ﬁ%f | Sht' NG SHESY: At ISR IET &€ O0Y
Sométindyapdrticle ediyRhRiehy s&ROE harticRandceetfioviedeqsir,yor pressure gradient

sensors and water pressure sensors are commnly known
sensqrp axerisediin plaee feasin aAdision fipH{iele yplosie gensors. Particle velocity sensors
vl i ol -
o FEEBERHE LTI E g8 GBI g pontons
respedtivelys. Sdadlid sanailsl say precdeplogeds bpsthernsavad, hat tare Ineore commonly

vel ocity sensors pay b? . .
deployed in semnsor arrays. Additionally, pressure sensors and particle velocity sensors may be

y 2 OF r :
%arrtlclztfnl)ér dzlilfltrlﬁ%rhne surveys.

deployed together in a marine survey, collocated in pairs or pairs of arrays.

[0007] In a typical marine seismic survey, a seismic survey vessel travels on the water
surface, typically at about 5 knots, and contains seismic acquisition equipment, such as
navigation control, seismic source control, seismic sensor control, and recording equipment.
The seismic source control equipment causes a seismic source towed in the body of water by
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depl oyed together in a marine survey, collocated in
pairs or pairs of arrays. [0007] In a typical narine
seism c survey, a seismc survey vessel travels on the
wat er surface, typically at about 5 knots, and
the sqjsmica\ieﬁ@l sepethite aggdg¢tgd timse: éqi;ir@cnetmamess; @ﬂsoagllled seismic cables,
nav trol se| ce contr
are QA TETF SO ies PSR JORL O RARNEY e plPuE Tufiey vessel tat
fows HUIEeGEni6 @Btcelor Y UAHOEFRA seiS LS ﬁﬁv@ §fp.S mﬁm@nr I £ lur@We &f seismic
in the body of water by 2 the seismc vesse
streargers @t Wed bebindca eadsmicriessel sdhe seismis st@amr%conéale gensors to detect
the reg]t%lr:tlﬁcg Svl?slgfga?goﬁntgaq hhe s%fsgnce L(?Ur] rr%ggétf%grbélgreg%:tmg interfaces.
Convsmuon‘aUy,V&ﬁSﬁdlsrhhaitreaImm cbrh&rnsprlesmrcc: semorC udh abyhydrophones, but

. anot her seismc survey ip. Typically, a plurality of
seismiG SEFAMRETS JipYe DReh §r°é’r°ée‘f gﬁﬁé&% H N@teq F@éﬁ“%?nvéf‘\%&ssépsors such as

th?r S atd] SerfsORLALN 25 &R RFcindtrs Idt fftionttB Biydroph

Beop ?f t)ed vvavefi&g ds ffmgl{glsat ea ﬁ&t he selssm C sg)lﬂlrcey rophones.

The pwdswefsbm:e@nﬂrmmclefmeum rsgnsors endyabesdeployed in close proximity,
Convent i onal | éso he sei sm c streapers contain pressure

colloggletig pairs G PRISOT Y S HABRASCISBIf a0 e sii ¢ streamers

[0008RVeABRERNP RROGES WAR! réaeRdsakie WRéRferPedtld, CIHR wave continues to
vel ocity sensors such as geophones or particle

propagetcetoethat waser/aie meforfacesafcthe a&ataes;tgfaeﬁ,ofremewhlchu tnhe wave is reflected

addi,tion, to dr pphones. .. The pressur.e Sors
dovrizidi PR oeedh GRREATE g PEuBBERRYS 4P AR Ste, The water
surfad¥ @ goodVrefleciOl arRiCiht @efldcliop@béfficleht Meathé Sva@efr sAffa@y s nearly unity in
along a seismc cable. [0008] After the refl ected wave

magnitade h@%lsmgats\ter iahasy fog prAsaure sigaalia e svaves rflested gt the surface will
(0] t t I ter C e
s BOBABSAR 1S5, WBHEEL Ul 8" DB Rafad BBl yoves. T
downavagdly sprapapatingl evaet redotniycdtﬂ},et}teynbcewhmnrssconmnbnlg referred to as the
streaner ca

., The water  surfage is ood r.efl ector
surtae TR G Iheciehorl” ctigrt | Becaee af Tiensorfias Soectipp ot ater surface
acts 10&24 Yt Rilivh 'cfbateg%ggétfal}' %@tcﬁé’sdrrf the qg&ﬁ‘@léd’ ﬁﬁh;ﬂ ﬁiaﬁﬁ‘rg iPHifficult to

pressuré signals e waves reflected at the surf
recordidata out$ids abelepﬂedstmnémdfth eBedBGe 0 Qreemﬁucrmeaif the sunﬁace reflection,

some, RGBT o BoGUR RPala BYP L POcadrdcr it i aipryetcd

[ooospf eMaRthif aA€nidiRn »smrécaﬁreatrfeédueﬁdlésom)r hidthhe EHREhtion distance
I gnal . Because of the surface reflection, the water

betwmrﬂﬂacteteca@gshxdirmoae fanftthe waipri susface dateayalsieeng-half wavelength.

Maxi?igltn%: E%Bldﬁ{latlolﬂ%glﬁl gﬁrggt?éesqlélglgcaecf %)P%Wﬁrgtthﬁtpr%la g{lﬁ@gh}gﬁ’& between

the détbeingyldugphoge aid theewsterr fuaface Ts&fdeepbnmwavdﬁigﬂr The wavelength of
frequencies in the recorded si gn% g@an‘pl ified and
the ageyistic PravguUe Farastoathe VAIacEH HaYider bY [toodsflumsy; ARfhihe velocity of an

acoudtlc! ARG Oa gf lid a%Sﬁturl%(% ﬁét&%ﬁé&ﬁges AlcBbrd IV, hthteBﬁ)catlon in the

propagat i on stance et ween t et ect i ng hydrophone
frequarmy dphetrvm to nhsnesrﬁlang spestreluth tsaeadih- deadrmineble| Eorgidample, for a
Maxi mum an‘gl i fi c vvi |1 occur at frt%quenm es f

sersmlsgﬁarflefe Iaos% @p@f&a BaYShe &4 vertical 1n01d%¥10e, maximum

attenuation will occur at a frequency of about 107 Hz and maximum amplification will occur at

a frequency of about 54 Hz.

[0010] A particle motion sensor, such as a geophone, has directional sensitivity, whereas a

pressure sensor, such as a hydrophone, does not. Accordingly, the upgoing wavefield signals

detected by a geophone and hydrophone located close together will be in phase, while the
3



the detecting hydrophone and the water surface is
one-quarter wavel ength. The wavel ength of the
acoustic wave is equal to the velocity divided by the
frequency, and the velocity of an acoustic wave in

downgaing rwavsfigldotignal69ill beresosdedelOndbgress out df plydsy, Vamous techniques

ocation iin the requen specirum of . the resul.t,in
have b Thbiatben St e hisERAT GosBPEF fo lRine Bl T Ricted aused by the
surfadeOfefReticiL hfdll i€ tBd FRBFMAgstdre andRPM RS scAfIBBE, Q6 atteditlle water borne

waves with vertical incidence, maxi num attenuation

multipje.| It sheuld batnosed: thet re pligrnaiveatoohavingnthe Hgeonkrnerand; drephone co-
o LEGRL1 GBS0 REETey & LOBOCDT80Hi vt
record@Diph cirehydigshodle mad geopimhe sambe tinteipblatedMredempolated to produce the

pressure sensor, such as a hydrophone, does not.
two waveBelds Aighg same localiofyi ng wavefi el d signals det ect ed

a e t : t
00 e AR e g e, BRI sl tows very
long strepnadrs whiidhl hdve mexyscdedicl®0cidaygs vpsabythydfopbbaese attached.  These
.Various techni ques have been, propased for usjn his .
receiyiih @ T BFLRR 8L § ST GHIBOLIE SELE oA STA Eh Lo e sanding of a
seismY sbtd@e. SYAL aESustie! WaklicR géftdated byl R §RGRILMIUER B Sattered by
made on the seafloor, to altenuate water borne
refleatiohs apd esfractipns fro thedEdrth. n Breealise tiase streathers ranaitveryelong, have many

.havi ng t he one and hydraophone co- |ocated, is.to, . .
recel Y AN a1 PERE NN Rl MUt o o0 SRS B Bedbion dfineprection i
very laggepect i ve wavefields recorded by the hydrophone and

eophone can be interpolated or extrapolated to
[0012} odirceonviationalmajiag sqismiccsquisitioneths aepsivierscaftthe sireamer are located

in so[cgﬁg'(il' er%rc{ﬁﬁ]%drgtiérﬁ zlthae ﬂi{:ul?; dg@g %ﬁiioﬁﬂelmrtflygea surface. This
s8I ST prospecting, a vessef t very 1ong

enforsémmenneras fiwkd dbribentd eeelyis sehened by etmidast sethogdpi cldddayse of this
hydr ophones,  attached. These _regceivers register a

arrangi et ofhcio-GaIE8 TR L Aee0 08 1E RbbIPaTe droy shuedo subsurtace

and su %}J&HI@ RAHO U RE e iRclof@®idSHY) theSBLEAAGI gHAE rdTRHSH,! ﬁ?org the wave

b
wavef i el"d generated by the s€ismc source is scattere
that thayels fei sptr¢osubsiuface indsthsenenily viattke FarsutfaceBedheiseeivers.

ese streaners,are very |ong, have man ecelvers, .
100130 Reor GRate oA 5 G RO DE SberonTER el Ged Gt siase in pre-
procestifg 8R! data @ intrehdetBe rélblvasd pAer! ThisvbYedudd B&knolA @3 2Heghosting”.

I'n conventional marine seismc acquisition, the
In pressoeflajemariog seismic pequasigonsathe pasitians df the repsivesd trggrecorded.  For
e 3, BB B 3a o B LUl R B cu by
relatif€ly i stple adl gdbeate lopetition ltheied budyin shieaspdatral dorhdindspresentation of the
Because of this arrangenent, the so-called pripary ,
recorded flaas jIdgre, thralegthy el the rseqivms dn theotpigpigrstigamer 1s the only physical
. j#pﬁﬁ.; ce and subsequently to the receivers, is
nput oucé%aby the so-called ghost reflection, fromthe
[0014hv e The standard deghosting procedure is conditioned on the receivers being positioned

on a horizontal level parallel to the sea surface. In practice, it is difficult to keep a long
streamer with receivers on a constant vertical depth level. Further, an example of a
purposefully non-horizontal streamer is the so-called slant streamer. However, when the
receivers are irregularly positioned both in the horizontal direction and vertical direction, the
standard processing fails or at best gives an approximate solution.

[0015] Thus, a need exists for a method for deghosting marine seismic data recorded at
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that travels from source to subsurface and

subsequently via the sea surface to the receivers.

[0013] Renoving the ghost reflection fromnmarine

seismc data is the first stage in pre- processing the
arbitraha/t gerticali angr b(a$z@ntalh geceden| positignp oviseferabity, sthp moethelliskould operate

s known  .as ". . In present-day marine
Wlthoé‘&?"%?’rﬁrboré@aﬂ’ escfg? gﬁ? Eﬂgfaﬁ'&sl tions of the receivers
are recorded. For receivers in a streaner parallel to
the water surface, osting can be carried out by a
rel atively si r@R@EFaSQgBYI gﬁé’ﬂ“ﬂ@ IHERNIAPNed out in
the spectral domain representation of the recorded
data. Here, the depth of the receivers in the seismc
[001 GL I eTAE linventibh €is 0 Inyethbty $oiC dbghoistip tseismi@ kiatae fecofde@ 18igm marine
e standard deghosting procedure is condltloned on
strearmers Wideureghlas res&ivel PRBEONS oYadnic shitazara gptassAigr eacdasismic source
rall I C
sotivfffin i philnt Nl i 0AGE BT AL Feitg i Bfommed to 2 spectral
domaimnAnaindrates torgadatel gmtih:nt scheime, Esmg htqvhysa;ally}iomril meamditioner, is
pos fg)ull non:- hori zont al, Eearrer [

a. p
apph%toc‘gﬂt@&s SYERE: OHBQNéQFe? Warteﬁé"ﬁfl%é‘? gdyognal set of
equat?(fn% fbi § BeHRLA %sﬁ,@b?ﬁ bFe %l% oROt Thd §b115t|ﬁﬁ1 RAVeEQOE A sformed back to a
direction and verti cal rection, the standard
spaceptime dsmamgofpadvide (ba'ghatste@e@sm@da% an approxi mat e
solution. [0015] Thus, a need exists for a nethod for
deghosting marine seismc data recorded at 4
arbitrary vergrpgt DESERIPTICRO WRTHEG3RA WANGRSI ti ons.
Preferably, the nmethod should operate w thout any
prior know edge of the subsurface. BRI EF SUMVARY OF

E ENTI ON 6 Lnhvent | '
10017 L dBY TG00 Pl e Ay ool FRACHA80d B reterence o the
folloﬁtrfg&ﬁt‘ﬂill‘ed desckiptibh aedtheartacledeiraveingnds whichns.  Sei sni ¢

data_are_obtai ned f each seism ource. . activati
001fy ¢ KAGrh iy mdoweharh flstraiing 4 it @aﬁwﬁfr&eg&qﬁémweﬁfe% r deghosting

marups%eﬁgmz: eI els qe&ﬂdﬁd RO A rec BitioA iterative

conj ugate gradi ent sc usi'ng a p yS|caIIy based
[001P] ecdﬂhGL 2iipmdiqwdhart ilimhtantleg at onitihkepartiam of erseeehdsanlgdiment of the
rovi de.a | east u s solu |ontoanr

inverggltpa%’grf éeogggﬁgkgl RN SgISmic Eité ag ée“é’y etdeqlnabbfltrary recelvelr positions;

[oozeﬂua'men% is i Bowehdt i1ARrhEng a\m{aﬁ 9ohfoﬂr&f@gée%91d Ratdodifent of the
space-tine domain to provide deghosted seismc

mverummefor SrRhBFipESORNEIi T cGReathEr EIRAIACNGS [aDarbittarY ieceiver positions,
b |nvgﬂé% 8nd its advantages nay be nore easily
ceUR Y 8§84y reference to the follow ng detail ed

[002@’850'1“1@t 4OB aancwéter Alub@aithrdérabédigient dMthehhedntion for an iterative
018] FIG 1 is a flowhart illustrating a first
precmmpﬁﬁﬁmuaﬁtegwélqnhs%tneon for deghosti ng

[0022] While the invention will be described in connection with its preferred embodiments,
it will be understood that the invention is not limited to these. On the contrary, the invention is
intended to cover all alternatives, modifications, and equivalents that may be included within

the scope of the invention, as defined by the appended claims.
DETAILED DESCRIPTION OF THE INVENTION

[0023] The invention is a method for deghosting marine seismic streamer data recorded at
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marine seismc streaner data recorded at arbitrary
recei ver positions; [0019] FIG 2 is a flowchart
illustrating an initial portion of a second enbodi nment
of the invention for deghosting marine seisnc
arbitraty eaciger phasitions ewih disdlpmivisaombihat the dephceiovdinates are uniquely related

to thgggpéﬁéﬁa Fﬁ?f)f&lg%ggi gg@Bg’ﬁ‘d’“éﬁB‘aHﬁ? vvchart Irl?(!ﬁgvsetr rc%f)leg 9 In modern
maride" Y&t §Rterdle@osdckner PBLiliNE iSBiAANdh Bl fe8HdBd. d@dmidering the
recorded at arbltrary recei ver positions, begun in
deghedtiGg rocedn: Psoqu;olmu@ of] aj Iéowlef-tmﬂyaﬁem pf leawatioas ishgws that the
nvent | [ op |

solu i (BN FBABILINP G GbE Sy Qraar shPisB b POy Sncfquer kemmel

IndeddBr ihe\tasd dfahe m)ﬂlionbﬂ cals16 el d?@l@ml df eqoamiee rédudesrotthe bitrple case of
preferred enbodinents, it wll be understood that, the
an algehyaiaoperatars Q{bthemthﬁrth@ad:tf@r thecegge ofcp sirgasnes gyith warying depth levels

(smgrrg\gal*lé?iv gtnédcﬁrhdr&ogfaf‘gsgig R %lﬁ)g?gﬁ‘% @ be %lcﬁlg{/&f&,’éﬂég@ robust least-

I catrons ui va may be inc
squan&'s sdlition oithe sy ofEqudtions, whent now all 8w mediveraltptiy stiive as physical
ppended CL&H}%ﬁ DET. léED DESCRI PTI ON OF THE | NVENTI ON
mp“t[mter?ltfé I fees! pthe SY§Mod for deghosting narine

[002&2' STHE ifldnEidH®S gefiﬁésawitﬁ%rﬂ'@da WriorPkASWIHEADY the subsurface. The
recei ver positi wWith the provision that the depth

deghonimgdipesttios iaperfomalien yhe sicarded dataofor lezetyoshior seragdtely. For every

coordi nat es I QV. ecl udes. verti cal
frequE BRGH SBMPESESI U TEROR Iy T U1 g g solyion gf the system
of ec%%hénsr ?sc%t!(ﬁl@dﬂ% (%t h YRedonRIOABS IcOMfupste '@sdEMERerative method. The
nsi dering t eghosting procedure as the sol ution

precayiditionenisrtiased oxyph@ physice of 8fc nrgblam a3 hend Hathsr thaatthe mathematics, as

lut on,derives.from k.hver sjon. e
TR S N Y —
emplbpéd, tshee casieregiilat henlhorizomalt swleamabtan b erestydtasra p)érturbatlon of the

t d t
regulg.bggralg(ggg S&ﬁ%a%llggs& ?p@tturﬁ &rl‘rlp 1:trggl(1: gﬁgtr%fggc‘éa}g (? | gr msen51t1v1ty of the

deghﬁgtfrﬁ Lediitd Yidnghl g&Btlﬁfg Eo moat tl(éﬁ(ﬂ%& iy ﬁiel'f?&ﬁu@ﬁcy domain.

ori zonta p03|t|on stlng can be achi eved
[0025] t h FIG: dbsis flomehart ;lhsqarmmﬁsso embpdimenf of the inxestiemfasfdeghosting

equat th
i S T R ER £ OB DGR AR TR mel of ¢ he

[0028) St 8b1dROPA seibhfc dRMané bBRIRASOALSS WidnhieouRRYacBvation and for
priori know édge of the subsurface. The deghosting

eachqunatcw@lﬁter beipg trisforseeddn atshectrabdomelad data for every
ot s a For.every  freq I SOTRILSES
100271 oo R BB 5 1 e R TRl TR ially-based
prec&tditidiRr, Sy apRIed t@ftheet%ﬁfdrﬁ’@& s¢1§mQhIa@d ﬁkﬁﬁrolv&lel’bgle@t squares solution to
precondi ti oned con ate gradient i terat i ve net hod.

a normed setf egeations fo g astipgsusenof eaeationysi cs of the
[002%5 Obllg Tk ﬁ?'ﬁge seris%lnliJ Hatd D3R PRERSIRE sk (35 space-time domain

to provide deghosted seismic data.

[0029] FIG. 2 is a flowchart illustrating an initial portion of a second embodiment of the
invention for deghosting marine seismic streamer data recorded at arbitrary receiver positions.
The final portion will be discussed below with reference to the flowchart in FIG. 3.

[0030] 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

6



conventional. As an efficient preconditioner, the
i nverse of the horizontal streaner is enployed, since
an irregular non-horizontal streamer can be treated as
a perturbation of the regular horizontal streanmer. A
framef B3l eSOk ” é’}x{“ r ){f?ﬁs’g) .aIn theliBRIEbN, the k&oBler depth x7 = x7 (le,xf) is a
insensitivity of 'th deghosting procedure to
ey AOREN ) t.[.Q0: t be gh s NHe NG: t
sl VUATROL Al TP1A. ho% BROEOBR ey R BT ook reamersare o
verticlag lé')ﬁg éétfh%%é‘&a@ﬁh‘oﬁ%nt?l%%@iﬁ M thgfin\;e g?ﬁ HE H&Jizgngx(tﬁl g{)ordinates x

ne-sersmc streaner a recor

arbitrary receiver. positi.ons, [,002 .0ck . .
and x e‘iagrﬁeclrgeﬁglgfpeos%’?’gﬁin ejgmf’ ’otrheehé’éﬁgilétél# g%géggso%trléfg receivers in the
[ ' . : cy after being
Strea‘??%ns%drt?r‘g%&?%ﬂ %%g%%fagﬁhg?ﬁg?ﬁ; [0027] In block 12,
[0034] i Ireblick\22, cevopdegatetsngc aldtaefur assioemes obtgined feom the seismic data
.physi cal | y-based preconditioner, is applied to the
d“mﬁ?%ﬂéﬁ%*ﬁéd seismic data, to provide a | east squares
[003%2I Ut 8fbck 23, 3hdQbdTRdedS&lisnpt REH8 ! £8Botf @6mablock 22 are temporally
ghost1 ng system of equations. [0028] In block 13,
transfommed Giosnthe spateetitae domatnge thee sprem EEQraneyl dpmein. tlo an embodiment of
.Space-tine domajn tqQ proyjde deghgsted seismc data.
the invsotion. thy eratterqdswavg el i ot Ehmrg%fweaﬁpwgloaﬁ ' Hpastorfiied from the
portion of a second enbodi ment of the, jnyention for
spacajliuh dat i p ity ApmADdD 8 Pacs Heqersy (Pat-a) e e by SRIRAIRgSO!
arbitrary receiver positions. The final portion wll
be di scussed below with reference to the flowhart in
FIG 3. [0030] In block 21,,seispic,data recorded with
a marine streaner arepobfﬁidédwxﬁhé;s ecei ver data for (1)
each shot (seismc source activation) position, and
for all recorded tines t, is taken as input seismc
whmggta' The spatial position of the receivers in a
rtesian coordinate 6 franme is given by XR = (xR x2
, X3). In the invention, the receiver depth X3 = X3
(xR, Xz) is a single-valued f n%tion of the
hori zont al coordi nates X*?éﬂﬁféé? .> Thus, the streaners
are not vertical, but not necessarily horizontal.
Further, in the invention, the horizontal coordi nates
and B e XRattRE B&Usti€ SAVEREIA Yn BRSigat@ReGuent P Wdmatd)ex” is an in-line
orizontal positions of the receivers in the streantrs
are . cessari hy i ri 003Lbrdi :
receiflcPRlipRESFS IR e ihcficl RMG, oF i BRI Mirocti R0t Wbndinate, i
obtai ned .fromthe sei sm c dat bt al ned i @k R .
a crqRu RS Hereivs BiRbSs 5 farstat QepRobr dftcdel & et s s the
shot from block 22 are tepporally transfernmed, from
complee Laplage transferny paenmetere/ tshibe dpasisany, Wwitiehdy @ dheirqlar frequency,
. odi rent of the invention, the scattered wave
and#&Q@EW%% t at the receiver locations is transforned
[003B3] OMTtHLtrarsRRGELOL thERcdreed Wave fiKld p*tat tHOFREIVet chiins is done for
space-frequency (xR, x3 , x3t, s) domain, so:
each shot position and can be accomplished by applying well-known transforms, such as

standard Fourier transforms.
[0034] Inblock 24, transformed seismic data from block 23 are obtained for a frequency f.
[0035] In block 25, the transformed seismic data for a frequency from block 24 are

transformed from the space-frequency domain to the spectral domain. In an embodiment of the

invention, the scattered wave field p*' is transformed from the space-frequency domain

7



Sc! sct RRRR p =P ~X,9, X2, r1X3 ,S where s =
jca= j21rf , and p' "( is the scattered acoustic
wavefield in the space-frequency domain, X; a is an
in-line receiver coordinate, g is an in-line receiver
(x{?,fmwp,az,tofﬁésbeétﬁalaoﬁlms |2, £jegpbyer coordinate, 1 is
a cross-line receiver hunber, x3 is receiver depth as
a function of X Rand xz r, s is the conplex Laplace
transform paraneter, j is the imaginary unit , wis
circular frequency, and fi4s frequency. [0033] This
transf or m g thteasht Der edﬁ\m(ﬂioek@, mb‘ﬁgleéspfche ()
recei ver |ocations is-ldenedor each shot position and
can be acconplished by applying well-known transforns,
such as standard Fourier transforns. [0034] In bl ock
where4, transfornmed seismc data fromblock 23 are
obtained for a frequency f [0035] In block 25, the
transforned seismc data for a frequency from bl ock 24

are transformed fromthe, space-freque domain to
t he spectral domdfin= "1 s&), enboﬁémﬁ%@@%t he )

i nvention, the scattered wave field ps't is
transfornmed fromthe space-frequency domain 7 (X
and: » X2, x3,8) to the spectral domain (san,s/3m X3 ,s) by:
ZN zM Pn dx; x exp (jsanxRq + js/3 xa ) pt (2) m2,r
g=- ZN+l r=-zMH where: san = nL(sa), s/m= MA (S, 8),
(3) and: 0O(sa)= N x , ,0(s/3) _ MAR . (7; 1 2 Here,
P'mis the scat ggg@)k A tic V\@\(gﬁyel n .t he @
spectral dommin, n 1sMNAxin-line spectMadk, number, m
is a cross-line spectral nunber, Ax; is in-line
recei ver sanpling distance. Axe is cross-line
Herer gﬁl.vge %gg r:elgnragglgs:nghgz?v%ﬁéldjd?mgtgi ISS%C?rrEh Id(r)]r_nlafnp% is an in-line spectral

spect?

number, m is a cross-line spectral number, Ax," is in-line receiver sampling distance. Axf is
cross-line receiver sampling distance, jsa, is an in-line spectral Fourier parameter, A(sa) is
in-line spectral sampling distance. jsfB, is a cross-line spectral Fourier parameter, A(sf) is

cross-line spectral sampling distance, N is total number of in-line receivers, and M is total
number of cross-line receivers.

[0036] In block 26, a system of equations is determined for deghosting the transformed
seismic data for a frequency from block 25. Since the receiver locations are located arbitrarily,
the wavefield in the spectral domain cannot be determined explicitly. Therefore, the

deghosting procedure of the invention comprises solving a system of equations. For the
arbitrary receiver positions x" =(qu,x§,,x3k_q,,) in the spectral domain, the depths of the
receivers on a non-horizontal streamer are given by a single-valued function of the horizontal

receiver coordinates. Specifically, the receiver depth is written as x;,, =x3R(x,Rq,xf,). In

modern marine acquisition systems, this receiver position information is recorded. The

deghosting operation can then be compactly written as the solution of a system of equations:



in-line spectral sanpling distance. js/3mis a
cross-line spectral Fourier paraneter, 0(s/3) is
cross-line spectral sanpling distance, Nis total
nunber of in-line receivers, and Mis total nunber of
cross-| e rﬂmelversﬁ§%0036] In block 26, a system of
equat|o§§ i syde =frjf, deghosihg. her 4 r aisf.ormed (5)
selsn1£Jdaha-@0r a frequency fromblock 25. Since the
receiver |ocations are | ocated arbitrarily, the
wavefield in the spectral domai n cannot be determ ned

. gﬁ£%|0|tl Ther ef or e, theb deghosti ng procedure of

in whig{the SYSLerp oatrix rw§§§‘§8l¥|ng a system of equations.
For the arbitrary receiver positions xR = (x q, x2,r,
X3q r) in the spectral domain, the depths of the
receivers o hqwlzontal streaner are given by a

Mg Ielnd]

| h
iggrdsﬁéﬁes £¢%C|f| QZ} ﬁ%m é%é? ﬁ?gﬁdﬁfﬁﬂ ) ©)
X2 )

witten as X qr = x3 f In nDdern mar i ne
acqui sition systemns, thls recei ver position
information is recorded. The deghosting operation can
Here} the nkeoveo wgaett [P’ vis iet daghasied amustid wavafteldbt zers yeptbrand is given
of equations: 8 TN ZM K Pdgh __ scr g,r;n,mnmPy,r' q
in thespectrdltdbmainas:i N, r i M, (5) n=-'N+1 me- 1Mz i n
which the systemmatrix K9 r;n,n, is given by
A(sa)A(sl) 2N 2Mr [/~ 7~ 1 Kg,r;n,m- 2 1 E exp

-JSanx| , gq-Js/-"mX2 r1 42Si|® . (6) 4dlr

n=-ZN+l ne-ZMel \ / wéjbvﬂ@ nZ% t)ilecto Pdmh is 0
t he deghosted acoustic wavefield at zero depth and is
given in the spectral domain as: dgh dgh //~~ Pn,m=

the kREWAVERSN pBListh®rcdbrdetl &disnted Ve YRt Ifeqidndy doﬁlafuh @iven as:
recor ded sélsn1c data in the space-frequency domain,
given as: scr _sct r RRR3,9,r" S' (8 P9.r - P
\X1,9" X2.r" X (

sct

sct R R R .
pqr =P (xl,q’xZ,r’x3,q,r’S)’ (8)

and the vertical propagation coefficient sI", , is

STy = j\/ (2:1) —(sa@,)' ~(sB,) ©)

where ¢ is acoustic wave speed in water.

[0037] In block 27, the process continues on to block 31 of FIG. 3 to solve the system of
equations determined in block 26.

[0038] FIG. 3 is a flowchart illustrating a final portion of a second embodiment of the
invention for deghosting marine seismic streamer data recorded at arbitrary receiver positions.
The final portion continues the initial process discussed above with reference to the flowchart
in FIG. 2.

[0039] In block 31, a normal set of equations is determined from the set of deghosting

scl

equations in block 26 of FIG. 2. Since the known vector p;° is defined in the space-
9



and the vertical propagation coefficient SFn mis: z
SFnm=J r2cf 1 (San)2 (Sfm2 (9) | CJ where c is
acoustic wave speed in water. [0037] In block 27, the
process continues on to block 31 of FIG 3 to solve
frequblty Gothdiaandf the epuabwonectdet B Mindsdined ihl thelsp@fral domain, a least-
[0038] FIG 3 is a flowhart TIlustrati ng a final
squarP®rsblution oin ehes sppadrequiiagi danhinofs tmployedivienthe osmbaliment of the

imverio; {304 P OB FOGHSBS) BieoRUPEBY R Eirnlet €pReats of the sysem
matrlg l?‘gr,(r;ﬁ ngd {hg%?énunﬂsH 9&8@5‘ aﬂ 'ﬁé%\l@ g?ﬂ-n[egggé]@ Eﬂ)lss llEe receiver
numb;éési q g?&] 5 fgﬁéecﬁ%l OfAf?eg lfl?t%f‘cﬂ%%%dlg g]q EérZGH'Ig?at{gFlgveg E%nd r and the

eg ostln equat 1 on
sumnBitioa®veihe akkhaywm systah of n@dhal equatides isrobthingd, ahollopace- 9
frequency donmai n and the unknown vector Pdnh is
defined in the spectral dommin, a |east- squares
sol uti on, |n.hhe Space- frequency domain is enployed in

the e f t hgyaeni yent i on th,sides _of,
Equat:.rﬁjj rreztare “wt € 1pl |é’d’" by théﬁgor’rp]?ex conj ulgat’M (10)
of the” sysf"em matrix Kg r m and the results are
summed over all values of the in-line and cross-Iine
receiver nunbers q and r, respectively. After

Here] tht @fativangi,ng is pvehadyt er summat i on over g and r and
the sunmation over n and m a system of nor mal
equat| ons is obtained, as follows: N M Pdgh , m(10)

‘n.,m;n,m-n n—-2-'N+,m: VI Here t he rratrixAn'
mnmlsglvenby NZMArZ“: ﬁ Kq,r;n" ,m
Kg,r;n,m"' (11) = - 21 Kandn tI%enknovvn vect or )
Bn, m Is given by g==gN+1 remgM 4]
and the known vector B,.,. is given by
N M
Bn',m'= z Z qunm p;C:-’ (12)

1 1
q= 7N+l r= §M+]

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

overline above the system matrix K

o.rm designates complex conjugation.

[0040] The main processing in the invention comprises the solution of this linear set of
normal equations in Equation (10). The solution is of a general nature for existing streamer
configurations, but can accommodate new streamer configurations, such as slant streamers.
[0041] Note that a conventional marine streamer, a strictly horizontal streamer

configuration, is just a special case of the general case handled by the invention. In this
conventional (horizontal) case, the receiver depth position x; 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. Equations (5) and (6) become the

system of equations:



ZN zMsc Bt n, m Kq r;n, m p, (12) g=-'N+1
r=-' M+l where n and n' are in-line spectral nunbers. m
and mi are cross-line spectral nunbers, and the
overline above the systemmatrix Kgq r;n',m designates
conpl ex conj ugation. [0040] The main processing in the
|nvent|on conprlses the solution of this linear set of

normalAsrq sign %uatl 1Q & n i b

a general, mafﬂgrzfor Xle§P()I’-{é& )éééfd?z ffs"l{h 9” 38)[%
conflguratlons“' tt™cHn accormpdate new streaner
configurations, such as slant streanmers. [0041] Note (13)
that a conventlongt Janine streamer, a strictly

hori zontal str&dfe %qdbnﬁugaratTod“”wsJYuéf awﬁpeeMé

case of the general case handl ed by the invention. In

this conventional (horizontal) case, the receiver

The 5o B PoBlar | SHeos BUTEAOU ¥ Hd L f it pEpetel domain. The

deghisiflygae k@ﬂgf’ﬁ%ﬁxﬁiﬁe@am@%ﬁsy@emﬁ%@@%? @i Equation (7), can

5) and (6) becone the system of equations:
be Obi’fg S&{i} ﬁ)&%% 3) ZN ZM 2 exp(- 7SanXRy

7S~mx2~r) 2si nh( SrnnX32) pdmh  47r n= _1N+1 m=-ZMHl (13)

=psct (XRy, X r, x3R ; sq=- ZN+1, yZN, r=-ZMtl, ... I'M R

The deghostlng for congfant x@?ﬁcan be carried out

explicitly in the speéhwaggﬁgﬂgtn77§he dgh m as (14)

defined in Equation (7) gitbsted field in the

spectral donmain at zero depth |level, pn, be obtained

directly as: pscm Pdmh = n,m(14) 2 sinh (sl'n, mX3
[0042] [ O@F2knhdQ81utibe oF Qhé‘tgeﬁ&apfsett belisenedqabtieit il Eqhdtitaagl 0), many

equations in Equation (10), many efficient solvers
efficianteschveas leshhilablec Rucksagilivess sobystsvandsitervd salversi v very efficient
1terat1veI YEIVEr 1sA &y eprr condltio%I & néonjugate gradient iterative method based on the
minimization of the discrepancies between the measured data and the modelled response. In a

further embodiment of the invention, Equation (5) is considered and a solution to the spectral

deghosted wavefield P*" is developed employing a conjugate gradient iterative scheme, such
n,m g

that the error ERR given by:
W LAY :
ERR= Y X [P 2 2 Kywnbl (15)
q=—%N+l r=—%N+l n=—%N+l m=—%M+l

is minimized.

[0043] 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 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, a non-
11



iterative solver is a preconditioned conjugate
gradient iterative nethod based on the mnimzation
of the discrepanci es between the neasured data and the
nodel | ed response. In a further enbodi nent of the
}mdzmnMeMEmmm; Equat i on (5) is considered and a solution

L e T N L R
regul&ﬂ"‘ﬁérlidﬂ@al eftfe@ieF;RiRe GinV&se RY: th@NyHemNnMrgx o¥%h rEéﬁBFar streamer is
P-t - Kyr; nnPndgn1h yr y=-zN+l r=-2 Nn=- z N+ - ZMt|
appraximatedblritheciatverse ofi e sreemrmatniy af @ lmr@ntal, stregmigt. pI:IRn@z the inverse
of the Q%E%OME ng&g‘lla%({/ zeglfé }g}régl(lt:agﬁge%&erqg ?akeﬁrag B%%thhh&’ﬁk‘?d Note that

if thepsﬁtbﬁmlﬂist hcmzeﬁtal shef therconfigdtei g}adlemn;angateescgemel iternfinates within a
i terative methods toq make the equati on

singlyaferatiep nvith ithjs guecondifioagt: d Fop rae'&sﬂemai éH@%rger dhgcpysigm of normal

s I yoHid based

equatii :oﬁghﬁmt g%n});{tsitdga%%ﬁ%lta%gé}tleﬁgr&wfl s ﬁg&glyst emh%atlsru X.
Unfortunately, for the present problem these
mat hemat i cs- based preconditioners are inefficient. In
an enbodi nent of the |ﬁV;ﬁTPbmmmhlﬂpreconditioner is (16)
used which is based on the physics of the problem
bei ng solved, a non- 11 horizontal streaner. [0044]

i nce an i ul ar. non-hoti z taI reamer can
100451, e s sambochiniic B s B5yteeon P LG AT GPLESF i
streaner, the inverse of the systemmatrix of an
irregular streanmer is approximated by the inverse of

the systemmatrix of a hori ongal S} reamer. #bnce t he
inverse of t Sy Een1 £ X% eﬁglva 17
hori zont al streamet“is.take 2; irtgr er Not e (17)
that if the streaner is ho Pzﬁﬁtah““then t he
conjugate gradient iterative schenme term nates within
a single iteration with this preconditioner. For a
For cBVdn#@oé,dHqustibe B RAn bé ReiteN st Scomph@Ifomh: equations
of Equatlon (10) is diagonal and the solution is
directly obtained as: Pn nmh = LAn,mn,n~-1 Bn, m (16)
[0045] In an enbodi nent of the invention, the
i i hy »_sct
precondi tioner Pn m enpl gyedispzN ZM Z (18)

where # stands for (»,m) and ¢q stands for (¢g,7) now.
[0046] In bock 33, a preconditioned conjugate gradient iterative scheme is applied to solve
the system of equations in Equation (18), the preconditioned normal set of equations from

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

deghosted wavefield P#"® is obtained with a residual error r( Y. Thus, at the " iteration, the

K" residual error is given by:

rq(k) sct Z Kq "ngh(k) (19)

12



(17) Pnm[A ,mnm - 1Kgr;nm qg=-=Nt+1 r=-'A4+1 For
conveni ence, Equation (5) can be witten in the
conpact form | KOnPdgh __ pga, (18) n where n stands
for (n, and stands for (g, r) now. q[10046] In bock
A pag@ulan eprt@dunmtto oﬁhednmﬁlpngfat e preentidgiome tcematgat@egradlent iterative

me i the s of t i.0 [
schenl SR rihea BRRW it Hie 8o hd A R¥R STIR bt RiG! &
[00415]qua1r1 BIosk f340m isbddednided ifl dhyefeduenties %élle@t@d in block 24 of FIG. 2
esi gnated w th nunber k, an approxi mate val ue of

remal@pelcft feél}leﬂ%FégfﬁS@tfbdh%KPéﬁﬁséPEImFsd@rRlR‘)k 4 ob & ﬁedlfm frequencies
rema f F}]%ﬁlrtgé"?L c@%g gd'ntl};nysson % stteE%g Hen(cEt ﬁ}%astohﬂi%n l%g]ceonjugate gradient

error 1S give
iterations ghrepateaiofof @80h freqligndy Hart i cuI ar enbodl rrent of t he

100487 o1 i P8k 38 i S Tam e P SEPth SHLAIE ™ HOPoP & OEREG: 7 gemain. If
shotstgFrggi% &fé%ééé&@ r&@hrrshE bidc?"ﬁh(ﬁflt‘ 1G. r? FifGo ¢hotd Q%Yr] theéh the process

Is determned if any frequenci es selected
continues hnlnaokstépdﬁ@f Hen@, tBe soletian by cbhjufategradientaseratemaiin repeated for
t.he process returns to block 24 of FIG 2. If no
each $h0Loiencies remain, then the process continues on to

[004¢ epIrﬁ@locmethetdb%h§9$dltsbﬁﬁo@§’ floaN bRt 83 k@ GaBStbrmed from the
iterations is repeated for each frequency f. [0048] In

Specttall d@mam?paclx to the spageetims d@rdamf Adtey oblabting @@Id@g @@bdu wiavefield in the
ck 22 of FIG 2 re t,Ss Lenmain,
SPeCt{ﬁ‘nl dewals. erdsehesemBredeld 22 oprJ” o DEnat %ﬁﬁ%ﬂf‘svel in the space-
nain, then the process continues on to step 36.
time ﬁi%‘ﬂ%‘é is QRN PYit i on by conjugate gradient iterations
is repeated for each shot. [0049] In block 36, the
deghosted sol utions fromblock 33 are transfornmed from

the spectral, i(p ﬂPaﬂfk t g4t he space-ti ne donai n.

After obp4f mﬂg%é—de stex Vﬂptéf—]éeddkfﬂﬂ;hﬁ)l’dgh. (20)
spectral domain,4%he deghostbdi wavefield, pdgh = pdgh

(XRg, XZ qO0; s) , at zero level in the space- tine

domain is obt ained as: (sa)Q(sQ =N zM pdgh =A z exp(
[oosbf’a”ﬁ&—h 1S re‘lr»gdwgh':)l(':lrfﬂust a%né an embodiment of the invention for an iterative

preconditioned conjugate gradient scheme. This is the scheme referred to in block 33 of FIG.
3, above.
[0051] In block 41, a zero initial estimate for iteration counter k¥ = 0 is selected. In one

embodiment, this estimate is:
PO =0, 7" =p. @1)

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.

[0052] In block 42, an estimate for iteration counter k = [ is calculated. In one

embodiment, these estimates are:

13



4~r n=-ZNtl nme-ZMtl [0050] FIG 4 is a flowhart
illustrating an enbodi nent of the invention for an
iterative preconditioned conjugate gradi ent schene.
This is the scheme referred to in bl ock 33 of FIG 3,
above. [0Qb1] k 41, a itial estimate for
|terat|oﬁ950 ntgzb*%i 0is sé& e‘c ré’é]p’ I n one
enbodi nent, thi‘s estimate is: Pdgh(O = 0, y(0) = pSC
(21) In other enbodinents, diff elg,tl)zchm ces for the
initial esf1aX& gi’fhe conjafat —ent  schene nay 22)
be used. For &Xanpl'e, the dlfferE? Kﬂ‘HIOl ces can
include, but are not linited to,"the solution
obtai ned for a previous frequency or the solution for
a di ffergaroshptnpqgjdjon. [PO32)oLn,bdkeok 42, an
estimate tor iteration’countdr k’= 1 i3 'calculated. In
one errbodl nment, these estl mat es are 1311 g(') =
: 0)g V. (') = Pn g(u q,,, g (1)12 KV(')n
[0053(] V(In) blg@k 3, the gera(lgg);ourqq:r Imsnncreast/(oy)Il s, Paght' ) yielding k =
8@%}0}1?}%{”)\/()\( =r ) -a(")Rv('). nkn.nyqn
is

ock 43, the iteration counter
[0054]’10r BABRAk M, in cftimate for Felatibn leoudtef lkdk R@lcklated, 4sing, estimates for
- sequentl ally. [0054] In block 44, an esti mat e for
iterationepuntekr/ c duppeemrodimenks fhisiesimeade isusi ng esti mat es for
iteration counter k-1. In one enbodinent, this
estimate is: 2 (k) = (k-1) k) (k) n gn(k) 1(k)

OlG
g = (k-1) NOR- IR0 P *)
PZKQH q 3 n Pn n + kl)lzvn s
Z g(k)2
) _ (k) ) — n
Ky —Zanvn, o= (23)
' Zq Kv,

Pndgh(k) - P"dgh(k-l) +a(/¢)v'('k)’ rq(k) — rq(k—l) —a(")Kv,(,").

[0055] In block 45, an error criterion is calculated for the current K" iteration estimate of

the residual rq(") from block 44. In one embodiment, this error criterion is:

Zf
<107, (24)

§ sct

Py

[0056] In block 46, it is determined if the error criterion in block 45 is satisfied. If the error
criterion is not satisfied, then the iterative process returns to block 43 to continue with another
set of estimates. If the error criterion is satisfied, then the iterative process ends.

[0057] It should be understood that the preceding is merely a detailed description of
specific embodiments of this invention and that numerous changes, modifications, and
alternatives to the disclosed embodiments can be made in accordance with the disclosure here
without departing from the scope of the invention. The preceding description, therefore, is not

meant to limit the scope of the invention. Rather, the scope of the invention is to be
14
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}

gn Pn Kg,n rg vn Pngn + g(k-1) 12 Vn g nn (k) 2
Kv(k)n =>Kyn V(k)n a(k)=1In g " (23) n I KV(k) 2 9 n
Pn = Pn +a (k)V(k) r(k) = Y(k-") - a(k)KV(k) n nnq
y n' [0055] In block 45, an error criterion is
determiled winkt dthe @pperided claimeand thein efjuizalantson esti mat e of
the residual qgq(k) fromblock 44. In one enbodi nent,
this error criterionis: Ilr(k) z gl pscr 12 < 10 -3 .
(24) 4 g [0056] In block 46, it is determned if the
error criterion in block 45 is satisfied. If the error
criterion is not satisfied, then the iterative process
returns to block 43 to continue with another set of
estimates. If the error criterion is satisfied, then
the iterative process ends. [0057] It should be
understood that the preceding is nerely a detail ed
description of specific enbodinents of this invention
and that numerous changes, nodifications, and
alternatives to the disclosed enbodi nents can be made
i n accordance with the disclosure here wthout
departing fromthe scope of the invention. The
precedi ng description, therefore, is not neant to
limt the scope of the invention. Rather, the scope of
the invention is to be 14 determ ned only by the
appended cl ainms and their equivalents. 15 is CLAIM
| claim [Cl] A nethod for deghosting seismc data
recorded frommarine streanmers with irregul ar
recei ver positions, conprising: obtaining seismc data
for each seismc source activation and for each
frequency after being transforned to a spectra
domai n;

15



applying an iterative conjugate gradi ent schene, using
a physically-based preconditioner, to the transforned
seismc data, to provide a | east squares solution to
a normal set of equations for a deghosting system of

equations; and inverse-tr &lsfldSi ng t he sol uti on back

'to a space-tine domain to provide deghosted seisnmic

[C1]

data. [C2] The method of claim1l, wherein the

oht.di;t N seism c data conprises: obtaining seismc
data recorded with a mari ne streamer; obtaining
recorded seismc data for a seismc source activation;

AT AT AR it RS

recei v poSitibAC AbM@PHYingloMai n; obtai ning transformed seismc

[C2])

[C3]

data for a frequency; and transform ng.the transforned
s abiniag gaismiq data 40T pash $eNBYC FIUBER Aqivatipmard faregel feguency after

dortai n . (ool U5 RRGEE K% oAU Qi3] The et hod of

claim ereint ranstorm ng the recorded seismic
daipplybgrpan S ésrative r @osjugatai rpgadiére schérher adirgr oals physically-based
wavefield fromthe space-time (Xx;.,x2t, x3t, t domai.n
Lo t he RiprRadiRRgR fers F O isS iprelbrioxiige dfast squares
Fouri ersohfidAS6 Q@ mBImal S8t ofhations $6r £SdghBstirf $ystem of equations; and
(XI.9" X2r1'X3; S where s=jw=j 2rf, 16t and ps" is the
sdavdrer-eehshorousg ithe seluidn bhdk fona tspasedpae dofmagiseproyide deghosted
domain, X Ris an in-line receiver coordinate, q is
an i n- I8¢ €¥8i ver number, x2 , is a cross-1ine
receiver coordinate, r is a cross-line receiver
nunber, x3 is receiver depth as a function of X R and
x ZI're method of elaiom hpwhsreindhe eltainingagtsioe datp PRNESRSE |, |
s i.nagi nar nit Ji, w.ijs circular frequency, and f
i sow?glagéﬁ%?.c (#a&ﬂec?‘ﬁfgd r%{hhaola'a%?e A3, wherein the
t rabighiag ftdvadddeeishtiadath domeestisntic Source aaivatiom,onpr i ses:
transforming 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
transforming the transformed seismic data for a frequency from the space-frequency

domain to the spectral domain.

The method of claim 2, wherein the transforming the recorded seismic data comprises:

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

domain to the space-frequency (le L X5 X8 ,s) domain using a Fourier transform,

SO:

sct

et { LR R _R.
p = pbc (xl,q’xZ,r’xB ,S)
where

s=jo=j2nf,
16



transform ng the scattered wave field p"  fromthe

space-frequency domain (xR xZ ,x3 ,s) to the spectral

domai n (san, s/ 3m x3~,s) by: zN Al zPn m Ox~Ox2 exp

(Jsanx ,q + .~s/-"nx2,r) pSCl q=-zN+1 r=-i Mt1 where:

san =n0(sa), s,3m=n0(sf), and: A (Sa)= NAXR, A

(sa)= MUxR, 1 2 and 1 is the scattered acousti . R

wedfpel 1 the seaiieredpeopstia W%ﬁ%ﬁl in the jspacgrrquepgypdomain, x,, is an

spectral nunber, mis a cross-line spectral nunber,, _

AxI R i dniline |reqeiver seeidinate, gsiarmpl inrigedpetivgiduimbeg x,z jsq cross-line

cross-line receiver sanpling distance, jsa" is an in-

li ne spewivealcobmlimater iparcarsstlise re@feanuimber, ] isrreceiver depth as a

spectral sanpli ng di stance. |js,3 is a cross-line

spect r dindtour bﬁrxl,panmréi;t er is A(enPlex d.aplaos grdnsfoem parameter, j is

spectral sanpling distance, Nis total nunber of

| n- i NgmaRahMaiS/—208 iMirculirdtaueyTBR] £ is Freqhiéncy. of

cross-line receivers. [C5] The nethod of claim4,

further conprising: determ ning a system of equations

f deghost i t.he,tr .or ped eSM: o
(ca1y st ERIGR HERUAS A NIRSHRCPRCy-fe 4B drinBlouflpg seismic da
compki3&s: deghosti ng system of equations; and applying a

physi cal | y-based preconditioner to the normal set of _

edraasfooning [tiBs] scatieredemave HEldcl Al mi®m wiher epasetffpguency domain

determi ning a system of equations for deghosti ng

conpr i s(a§,ye{bpf,;s?5ngthdweq‘,tmlldomiahlgfsetqwﬁ"i,dm) bX 2M Kq.

Pdg ' Pgcr, 9 = - 2N+1,..., 2N, Y - zZMrl, ..., zZM r;

n,mn, mn=-! N+l nm= ' Ad+1

1 1
=N iM

Pe=axat Y exp(jsa,x, + jsB,xy, ) P

g=—iN+l r=—IM+l

where:
sa, =nA(sa), sB, =mA(sp),
and:
2r 27
= — A = ,
A(sa) NAx! ’ (s5) MAX}

and P, is the scattered acoustic wavefield in the spectral domain, n is an in-line
spectral number, m is a cross-line spectral number, Ax is in-line receiver
sampling distance. Ax] is cross-line receiver sampling distance, jse, is an in-
line spectral Fourier parameter, A(sa) is in-line spectral sampling distance.
JjsB, is a cross-line spectral Fourier parameter, A(sf) is cross-line spectral

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

17
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in which the systemmatrix Kg r;n,mis given by 0(sa)
0(s,6) =N zMK = 2 E E exp ~-jsa xl,g s xR~ 2 Binh (sl
XRI . g,r;nmnil, g Fm2,r nm3 41lr n=-zN+
m=-ZMtl [C7] . The nmethod of claim®6, wherein the

det er moficrogs-dinpsgcendersset of equati ons conpri ses
applying the foll ow ng equation: N zM Al Pdg" =B

n'_-=N+1, =Nm_-=M1 =M ', m;nmnmn",." = 1| N+
[C5] MThe'mdviidd ofitcl@inZ4 hRRE, cohﬁbﬁsﬂ@t rix An' ,mn, mis given
by N zM An'. m:n, mE | Kg, r m Kg,r;n m_q=-zN+l

r detexmininga se(ﬁiémqm@cmab@n%fpr d?ghcp%mgutb@ﬁabgfowdr\ﬁqmmlz data for a
i scte, ?n ,m Pqg,r , g=-2N+1 r=-2MH and n and
n' are 114 H’e spectral nunbers. mand m are

c fd@ﬁeSmlrquEEa apeed s of RyaHRINS foraﬂtddéghestlrﬁgvgsﬂehﬂﬁ equations; and
desi gnat es conpl ex conj ugati on. The net hod of

cl2aPkig, 2 pivstcallyrbesed necongdisionen t@ﬁ’@r %rm%bﬁqt Sk gquaons.

inverse of the system matrix for a horizontal
streamer. [C9] The nethod of claim8, wherein the
[C6] apfleymhethodof claim s mthiernive thecdetqrmitiag asyitemi ofgequhtions for deghosting

compfri(s)elasI a% r(lyg ’31% l%a]tlowmg ec~11l1\e|1t1|o|>1/| 2

dgh _. __scl | . ! \
Z Z qrnman pqrs q=—;N+1, ’zN’ r=—;M+l,...,;M,
n=——N+1 m=——M+1

in which the system matrix K, . is given by
—M
Krnm —A(SCZ)—A(S’BZ Z z exp(—jsa xlq —-jsp, x2,)251nh(an s )
T

n=-—N+1 m———M +1

[C7] = The method of claim 6, wherein the determining a normal set of equations comprises

applying the following equation:

- M
2 2
D D A B =B, n = INALLLAN, m = —iMH, LM

| |
n=—5N+] ”'=_?M+]

where, the matrix 4 is given by

n'.mn,m

1
2

1
7N
Aimon= 20 20 Ky Koo

g=—3N+1 r=—1M+l

the known vector B, . is given by

18
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i 22 pnm=[Anmnm = IKgr;nm q=-2. N+l r=-2Mtl
[C101 The method of claim1, wherein the applying an
iterative conjugate gradi ent schene conprises:
sel ecting an initial estimate for iteration counter k
0, as follows: Pdgh(O =10, (0) rct n, gq = Pq .
caI cul ating estlrmtes f or, |teration counter k = 1, as
follows: gnl) = fin E Kg y( KH-H— ongnl) 9 g ~I)
2 Kv(") Kv( ) m)=§2n Rerv gJKO) | Z
pdgh(1) = pdgh(0) +a(1) ¢y, ¥{*") = r(0) -a(')Kv(').
g-gn perform ng the follow ng until an error
criterionis met: 19 ! i increasing the iteration
and L&A} hrebt-lhes tpEcti“al hun®Ba. FRARUbALE eSS lihdTBie@frall Mimbers, and the
iteration coun , using previous estimtes
overlinaldesikmatesiconilex gonjughtions fol |l ows: (k)12 gnk) - Pn j
Kg.n y(k-1)" Vnk) Pk+ gn (k) 2 n (n Il qgn

[C8] The method of claim 6, wherein the preconditioner comprises an inverse of the system

matrix for a horizontal streamer.

[C9] The method of claim 8, wherein the applying a preconditioner comprises applying the

following equation:

q=—_ N+l r=—-M +1

i)n,mz[ nmnm:| ( lz Z ‘K‘I"nm Jz

[C10] 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:

I)ndgh(O) = 0, (0) — p;cr

calculating estimates for iteration counter k = I, as follows:

(l) Z (0) v(l) P g(l)
mp

q

M) ) m_ Z,, En

Ky, =ZKq,nv" , o=
5 quKv"

dgh(l) _ pdgh(0) 0),,m 0 _ .00 MO
P =P +a'y,’, rp=r. —a Ky,

performing the following until an error criterion is met:

19



(k) 2 Kv(k)n K9.n V(k)n a(k) =1In 1 gn n IglKv(k)nl2
.. pdgh(k) = pdgh(k-1) + a(k)V(k) YK) = Yk-1) - a(k)Kv(k)

nnn99n[Cll] The nethod of claim5, wherein the

error criterion is given by: Iqgl v(k)l2 3 Z<10 .

91 p9sc lind@asjr@ltht itFratiomeoinder lyf k elkat by ahd wherei n t he

e 1 olPSHIRRGE GH R I al RparT P D e g ot calculated
exp(-] SanXRCforkslm%Zfoillb&Q.nh 42r n= -=N+1 n¥E-ZMHl 20

- ~ g
g¥=p ZKq'"rq(k b, v = p gt ——z" v

er(uk) = qu nvr(zk)’ a(k)=Zn—2_’
2,

dgh(k) _ pdgh(k-1) k), (%) (k) _ ,.(k=1) (1 4,
P =P +a™v”, r =1 —a Ky,

[C11] The method of claim 5, wherein the error criterion is given by:

*)
| l ~<107,

z : sct

Py

[C12] The method of claim 4, wherein the inverse-transforming the solution comprises

applying the following equation:

M
pdgh (Sa)A Sﬂ) Z Z exp(_jsanqu_jsﬁmxi’)R'lf'g"h )

n=—-N+1 m=-—M +1
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