METHOD FOR DYNAMIC APERTURE DETERMINATION FOR THREE-DIMENSIONAL
SURFACE-RELATED MULTIPLE ELIMINATION BACKGROUND OF THE INVENTION 1. Field of the
Invention [0001]This invention relates generally to the field of geophysical prospecting. More
particularly, the invenhfiriliglate$ tRtheYield\diG drfade Trelate & Rititid I8l wi@tiohOR marine seismic

commonty used o A8 TAG LA 0y e SV B CUEER e L orete Bahyeical o

commonly used t0 aid in the search for and evaluation 0 ysical
prospecting techniques yield knowledge of the subsurface structure of the earth, which is useful for

finding and extracting valuable mi%ef&@fﬁ%ﬁ%?]%ﬁ% @ﬂfﬁ@ﬁl@g{}ﬁ%%@@on deposits such as oil and
p [

natural gas. A well-known technique of geophysical prospectingis a seismic survey. [0003] The
resulting seismic data obtained in perfoiming a seismic survey is processed to yield information
relating to ltheljgglglgg'{% esgglq]%%{gnand pr_operties of the supterranean format_ions 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 d uch,inf ' S| rdi r | [ in ord
i LSRGl e o R R GRS T
where thersuig @tlerbbabilityviortfinmdielgtpetroteameht cdmufationd aiadge Stimls of mopfeynarerexpended in
gathering,sg{%%%gefsnd interpreting seismic data. The process of constructing the reflector surfaces
defining the subterranean earth layers of interest from the recorded seismic data provides an image of

the earth in depth or time. The image of the structure of the Earth's subsurface is produced in order to

enable anintgrpreter 1o select fogations with the greatest probability of having petroleum
accumulations. [0004]In a marine seismic survey, seismic energy sources are used to generate a

seismic signal which, after propagating into the earth, is at least partially reflected by subsurface

seismic refigginyp. SyshiRelamid sleciarduplcalboare aleacssBRIRED SHRIRIIARGAN fiymatons

having different elastic properties, specifically sound wave velocity and rock density, which lead to

differencesfin éé@w@ticf@mﬁ@éa@élwﬂﬁé i_m%rféz@é@?wrreﬁ@m@éiwsmi@éwérwqédéf@@i@é@lﬁw
Seismic Se@éﬁﬁq@§@%%§@% rEERNEISHINAIECQUR e of the earth, which is useful for

finding and extracting valuable mineral resources, particularly hydrocarbon deposits such as
oil and natural gas. A well-known technique of geophysical prospecting is a seismic survey.

- [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
petroleum accumulations, large sums of money are expended in gathering, processing, and
interpreting seismic data. The process of constructing the reflector surfaces defining the
subterranean earth layers of interest from the recorded seismic data provides an image of the
earth in depth or time. The image of the structure of the Earth’s subsurface is produced in
order to enable an interpreter to select locations with the greatest probability of having
petroleum accumulations.

[0004] In a marine seismic survey, seismic energy sources are used to generate a seismic
signal which, after propagating into the earth, is at least partially reflected by subsurface

seismic reflectors. Such seismic reflectors typically are interfaces between subterranean
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[0005]The appropriate seismic sources for generating the seismic signal in marine seismic surveys
typically include a submerged seismic source towed by a ship and periodically activated to generate
an acoustic wavefield. The seismic source generating the wavefield is typically an air gun or a
spatially-distribatited drasinof ditffguens. JRRO6 ] P appropnatetydes efiseiswiecsenBaisytypidathcinclude
particle velocity sensors (knon,nihe art as aeophiones) andiater presse, sensogs (knaun.ip the
art as hydropﬁ eS)'mounted within a towed seiSmic sfre%mer(ialso NOwW as a seismic ca es.%eismic
sensors mayshecdeptoyad dyditembelvesmbut arem s conimortysdepleyed drs semsorcandy’s within,
the streamp,dBPO7IAer he refiected wave Leaghes fhe selsmic.sepsors, the.wave conlinues o
propagateto water/ait Interiace at the water surface, from w ich the Wave is refiected aownwardly,
and is againigetected bysthegsen$prsndlnecreflesteohované corstimgesdurpropagatetand caimbeaneflected
upwardly again, by e walet petiom.ar eher sublgranean Iprmation nterfaces, Reflecied wayes that
reflect more than once are termed *mu tiplaes@an are typically treated as noise. articuta category
of noise comapeisas mutiplelsthataefiect at iepstiohgelfsomihel water Sunfagerand are called
surface-refgigghmuitipies. [9908Treg dimensional surace Reloted Multile, Flmination (3DHRME)
strives to attenuate the surface-related multiples typically by a predict-and-subtract process. The
surface-refatsdm(itiples aretfirstrestineth frors thedseisiviodetaraneetivers thepradictétentultiples are
sublracted, gy, 16, seismicdaiaadsave A neisealenualRd signah sk sien IS Rrogess.
comprises constructing a multiple contribution gaﬁ1er or a source-receiver trace, which involves the
computatidiefiheasnvolutivhofpelies of rateseviics Spatad arers catlled dhly dpelenird. 1A swsond step
comprisesag%%%%gg}% predigted multiple trace which contains primarily multiple reflections, which
involves stacking all the multiple contribution traces in the multiple contribution gather for the
source-red&i087 tracé\isthing sedfremhprises seistractihg rasipisustnpradiched muitislentiages ffom the
original sefsic daia. [AA03RKLE EhoiGe: anr i forR (plple sonripuiengathel thatmeasiest to

implement is a rectangular spatial area with preselected iniine and crossline dimensions, which is
centered ofrthensidiporndotagion drthelesbbydboredtsives: tidwerfotoribic the GpRiltivies tiapeonitse

predicted. 4y apeiir S e SHIIGISRLION @ RAflicYarmullinle. eapitibution aatherwhen.al IRast hsapices

of all contributing events in the multiple contribution gather fall within the aperture. This means that

the surfacéntetféetion Psittstedreaasdritiay ol apmeeshimviiiin tie dperdrerandipes FBesnEr
stacking wolss 19, collapge,the, centrib g auents iy E&h@f cRrespongingmuitiple-evemtsafhe time of
|

the apices. Hence, a simple choice of aperture for multiple contribution gathers will inevitably be a
trade-off b&gieercedetrarbeateisrany fEsraadmee salap R esaeitltsH @#?H@F@%-the aperture will be too

large and fjoRigiers Hiibhedeasmal- Anmatiralyaizadiaptshapeshangtsre would)behbath gs small

as possible to minimize computational efforts and large enough to capture all apices of all surface

reflection péipitsandierestistustiednterdripcd ik iy FreBrrdistaeidmyTBRthdgeSpices he

[0010]Th U%uﬁ%‘éﬁ_‘él %@%‘f&ﬁﬁé@‘%@ ¢fqr é‘sﬁiﬁi%ﬂywrﬂ%@‘_ RO ARPIORSI %‘Rﬂsﬂéﬁeﬁ@’iﬁeﬁi@@do“
apertures for multiple contribution gathers. Preferably, the optimal shape and optimal size of the

aperture cEBY et ehyArTRa e reirtifelatidmicaraa ness BraEpigUNAVRAR Y Hrstise

INVENTION this process comprises constructing a multiple contribution gather for a source-receiver
trace, which involves the computation of the convolution of pairs of traces over a spatial area
called the aperture. A second step comprises constructing a predicted multiple trace which
contains primarily multiple reflections, which involves stacking all the multiple contribution
traces in the multiple contribution gather for the source-receiver trace. A third step comprises
subtracting many such predicted multiple traces from the original seismic data.

[0009] The choice of aperture for a multiple contribution gather that is easiest to
implement is a rectangular spatial area with preselected inline and crossline dimensions,
which is centered on the midpoint location of the source-receiver trace for which the multiple
trace will be predicted. An aperture is sufficient for a particular multiple contribution gather

when at least the apices of all contributing events in the multiple contribution gather fall
2



[0011]The invention is a method for transfouning seismic data into noise-attenuated data, using
dynamic aperture determination for -a multiple contribution gather. Multiple traces in seism-Inc data
representative of subsurface formations are predicted by the following. Dips are calculated for a series
of sets of adjacetitempétiplescontiibuttanstthcedcfronfaseisti e datg acquireddoychephayimtha piurality of
seismic sqnsors proximate. an aren of the. cartis subsurface o b evaluated, the selomic sensors
generating atleast one of an elec rlcai and optica s@;naf)ln response to seismic energy, in the vicinity
of a boundbeyotaspapdityreroflapfultiplecanttibutiore gafthiee. IiiecbouRdacy. of therapedureoithe
multiple contr@utiofn gathﬁr [ recurs 'veggnext ded ﬂ?seg %gt;[ eb%aICl%Ilg(ried g%'pt)sétwultiple ?oarllltgibution

traces in tﬁge}n%rl%pl%l con ribution ga Wit e extenda aperture %oun(?écr’y are Stacked to generate

predicted multipley tralces stine pradictedcmutiiple dragethars shibtracteddromt the seishmigedatd tor

generate suface:related multiple,attenuated data useful,far imaging.the subsurface formations, BRIEF
DESCRIPHIN B T DRG0 B e A T e R e ar s
understooddsyiréfeiencaioihe foliopving deiaiEdtesodptivpeanbtis dttachddrdralvimgscinovhith:
[0013]FIG, 1. S tic di constructi é)f‘ [tinle contribution ghglr A o for
soUrce.red o s o e i, o
illustratingtesxsendingsapertures for a multiple contribution gather in the method of the invention;

[0015]FIG;@isA fl tjll ' £embadi f the invantion for. ' ismic.dat
o noise e B e d e
[0016]|:_|Ggmdi§ia€f$ow”c_mxttun@s§fati ﬁ@uahdme@réﬁtb@mmemﬁlgﬁhé’mﬁ@nmm oy dyt_iamli@awmr@
determ'”aﬂgﬂr&ﬁ cuAtipie,contihytion, oathers-IAR3d I Grn d51R et llysiraing g.glement of the

invention, regarding

BRIEF SUMMARY OF THE INVENTION

[0011] The invention is a method for transforming seismic data into noise-attenuated
data, using dynamic aperture determination for a multiple contribution gather. Multiple
traces in seismic data representative of subsurface formations are predicted by the following.
Dips are calculated for a series of sets of adjacent multiple contribution traces, from seismic
data acquired by deploying a plurality of seismic sensors proximate an area of the earth’s
subsurface to be evaluated, the seismic sensors generating at least one of an electrical and
optical signal in response to seismic energy, in the vicinity of a boundary of an aperture of a
multiple contribution gather. The boundary of the aperture of the multiple contribution
gather is recursively extended, based on the calculated dips. Multiple contribution traces in
the multiple contribution gather with the extended aperture boundary are stacked to generate
predicted multiple traces. The predicted multiple traces are subtracted from the seismic data
to generate surface-related multiple attenuated data useful for imaging the subsurface

formations.
BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The invention and its advantages may be more easily understood by reference to
the following detailed description and the attached drawings, in which:

[0013] FIG. 1 is a schematic diagram of construction of a multiple contribution gather
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construction of a multiple contribution gather; and [0018]FIG. 6 is a flowchart illustrating an element of
the invention, regarding recursive aperture extension. [0019]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 fheacantrasytetivtyimventonsisitie ndebod coverialicatliernatives, modifications, and

equivalen?’gl ayéiﬁ%i)n luded within the scope of the invention defined by the appended claims.
DET AL E DO TN G U EN R TOOIOTRE FiQ RGNS ATHdHie o S iR fing
seismic datenintbunpise-attenuatechdatadusitdg dynartitmaperture determination for a multiple
contributio er. inyentian can be.used in a 3D predict-and-subtract process to attenuate
surface re t@% uIt@lﬁs;'?r%llsse?srr%\é/%“ﬁt‘g.l%serfg)%l ioh At w fgﬁefﬁé) irsnil}lllﬁt|1|131I\ées1 tr;ll(r)él etl{)?)lbtéag?e%gé and
subtractedsissdetingd-biyn @ soivcettaneiver dracendidG dirismai sepernaticldiagramt @hctmstruciign of a
multiple contrib ti(;[)n ga hﬁr‘for a source-receiver trace, as in the method of the invention. The
contriutlio i%t er . . . g . .
source-receiver trace 10'i1s determined by a combination of a specific source location 11 and a specific
receiver |offHio8] 12. Fhe.phodess Gbpradictinguthesugfaoe tielatechoditiples fronthseismeididatador this
source-receiver trace 10 comprises convolvin irs of traces and then accumulating the convolution
(? namie aperture c{lTeg% mafclo or m\%tque COntripution gathers
results overa surace area 13. The first trace 147n eac pair oftonvolved traces has the same
specific soiff¢d1pcatibhll Asithe sbovceraeceivestitrace 10 aridnacreceivehiocationtana sefested:
linkage Iocgg[i%%,& i‘%ﬂdo %ge Seco ed 5%%% 1%,[gsoinn J&% é)faiarn%f convolvgd traces has its source chation at
the same lin ageclocatlon 15 ald the same Specific receiver location 12 as the source-receiver trace
10. The linlYytBlocatidh{s. ¥5ifor Aihpairst ofl fisstrages teandt sddbndivastsil Gearediistibutedvover the
surface area 13. Egc linkage location 15 corresponds to a potential surface reflection point of the
aApCriure oxXtensionl. . . . .
surface related mu tiples associated with this source-receiver trace 10. The traces created by the
convolutioh08FBE paivéholfefirttetracesnlidrandifedonddeswesd 6 iareqmafesrtidito astmultiplerctsmedbution
traces and e Ensembieof fngse MullelsARITRULRY RGeS (hefpis asgumuatiank inieised o as a
multiple contribution gather. The extent or coverage in the surface area 13 of the surface reflection
points as iticorporated (aftelcaded ulation)!imtivenptadistiondidicamo alydrefefradtttosdbahmapesture of
the predictign, (QOPHIFIR- RSB sehemali disgram lusiraling exdepdingaparyres for a multile

contribution gather in the method of the invention, A multiple Tontribution gather 20 is shown with an

arbitrary spatial dimension 21 at the top and a time dimension 22 proceeding downward on the left. A
multiple event in a source-recgiven ¥a66, HRIOREING 10\ 1he) poHLeeke¢aives RMbination, which occurs
at a certain time, will show up in the multiple contribution gather 20 as a surface 23 with an apex 24
within the multiple contribution gather 20 at that same time and the rest of the surface 23 below at later

times. Furtiggagre. the spalialkigeation ptingApex 2 wikaarespond ihe spatialilocation gtthe

surface reflection point of that specific multiple event. The accumulation of the multiple contribution

traces into thE prEic e sUtfaseeTRIER g ETItsIeanchm privels Rl p FOBESRIE GBSy kKhBWVIH Y& PEsnel
stacking. Gopsfuctivg ipterference;at and areund eachapex 24-aahanges.the desied.piegicted

multiples and destructive interference further away from each apex 24 reduces the remaining part of
the signal @HISEIS H8tahe Predesasipmattiplesh e GuincofathdmbripfePrécficiivh sepErsdsion how
well all releyanigurace Elircticrpoipta.ate inppEpofated intadheRpariuref she sutiRigsoptribution

gather 20 and how well Fresnel stacking works on the multiple contribution traces. Both depend on

selecting tHeUtBPIe tapERTHETa By I 1he 35a8TsE Fesisan e linkagdhecatded withhs e aseiture.
[0022]Returfing ta-FlGecLiheapeiprg aanhe chosen astie:atiResLoasei e realanadiaksyriace

area 13 surrounding the midpoint 17 of the source-receiver trace 10 for the specific source location 11
and specifitifbéeiveriibedfieveD 1996 98 ctanglsrEaEtecAE M STasn e aratR ataHs8 dBY i Chline

dimension 48and;acroasling.dimensianl Qivalternatiyelyo iy atdnling GRErUpRiRNgra:qres sie
aperture. Also, the orientation of the rectangular surface area 13 can be varied. However, the surface

area 13 of thenarerire dbustho cARR tE PerasrttangumprHfase Tiké dperfiie SrshipecchiBeardy

instance, ap.ellipse Av@Ndireguanabapesdm anyLase sthecopsimmabsurfaceied did.ofdhe apaHite
should be as small as possible to minimize computational efforts and large enough to capture all

apices andfeBdficrstter espdtruativa st ignde 1drabee bhrusts wonadrparedhE dpphet to the

spacing Or of convolved traces has its source location at the same linkage location 15 and the same
specific receiver location 12 as the source-receiver trace 10. The linkage locations 15 for all

pairs of first traces 14 and second traces 16 are distributed over the surface area 13. Each
4



distance between linkage locations 15 [0023]Returning to FIG. 2, an initial aperture 25 for the multiple
contribution gather 20 is shown. The method of the invention employs a dip-determination method on
(overlapping) portions of the traces in the vicinity of the boundary for the multiple contribution gather
20 to gendralegnlexienddd aperitpend6.if thpadips 2 Fedlculatédalongewenis thcrassdracemare found
to be positiveI tghfslt igéstohc(%a V. \tal 1ttthel£ns%%lyc%s_ra£e. Po}jrtll%rég m%d,tmeaningdto%{aar S an earﬂ;r time,
and inwarér,“tlh the corresponding apices 24 Wil TieIRSide the r%url?ﬁﬁse%on it u%oﬁeggcé) er 207if the
calculateddipbe2Baareaidyativeicthelt theccocresgdonaing Bpicesr2@will lie outside:phe coudtipleion
contribution gather 20.and the injtial rture 25 should be increased along those parts,of the .
boundary o eena e o SXIETILH BodTie BATRMS SSH B nr oA SR Sitdnded
aperture 2&:tortwl detsrmingddyramidallyo T lgathcsel€bting tthe appropriateaperturdaaceacal e made

fully or partially data driven., Starting with a.small initia. rture 25, the boundary could.be. extended
automaticéﬁke/, B%gé%f oﬁﬁ%crggnm}é%%ﬁsreagf {he ca éﬁ%g(tie%ggﬁ%s.afoc(ﬁlﬁ]%g%l#e 1élxatl)rllrrﬁl3 p Iljeﬁeghc‘?ﬁ)lﬁ af®
mealljurle ofdiproolid Herthe ererty efeover @ﬁtféﬁ@pqzﬂyitigr% dilp filterf. I\élorgz sophri]sticated measurelzg .
could also into urt the relati it ti slope of the dips. The measures could be
made depmgﬂ on%vﬁgérgbégt%rfégééeﬁﬁ?ﬂg%é %(j)rlglgﬁﬁg\%rigﬁgﬁ%ﬁl %ngpegrguerﬁsér%ify %l%lér\%f: ora
priori knowleuige i geghithicalnc8rmpletityd For the typiodbrectangultimapexuretartea geriecalBp four

for instanca s STmoal o1 B oA e e af s s e e DR STy
curvature dpmevwd ridaitye datd. bé spiﬂéadﬁamtthe boundany-f00251RIE D eB6show flowshars-
llustrating geipodimenis offoe mweriondar.dyaamic apariurs determingfion (qr 8yl gapfrbution

gather. FIG. 3 is a flowchart illustrating a general embodiment .of‘the invention. FIG. 4 1s a chart
illustrating @hto e Hetsidebe Absdirmamest 2evibantioexRE 81 tBI6 hrenfloiphvares fabtier|ksherting

elements of¢he iyention as desarined 4o FIES. %h4f4%9§§]_gé%v§ Is adflowshart ilysirating anyg, .

embodiment of the invention for transforming seismic data into noise-attenuated data, using dynamic

aperture depetininegisioioridhnahipl@tonitlisotisprgathier (e 3oadips elréhealottatett flaciaseries of
sets of adiﬁsﬁﬂta?%ﬁp!ﬁpé?&%iMiﬂgﬁ%@%ﬁt.ff%@%éﬁ%ﬂa@l rEPERSERIAHNE A SHASHERCE aces

formations, in the vicinity of a boundary of an aperture of a multiple contribution gather. The seismic

energy is dBbufsPRsAEEs syireca phaadtpefadrmsinuEitsors piesdsn suranoais o teasdrtssel
subsurfacetQ.bg evalugiednNeSeIRBMESERSALS ganelaling atleastne of %ﬂ}@iﬁ&égi%'eaqgsipéaﬂca'

signal in response to seismic energy. At block 31, the boundary of the aperture of a multiple

contributioAT§aFES 1§ PEBURSIvBR dStBIHIBY HASEFSAhEHIHE edletIfwa rrdlcar3G4aetisek B2,
multiple cortriblon fracesn mgﬂnt{m%qm{i@wmcg@tm%WH%meéﬁw iAPSFEehoupdary

from block 31 are stacked to generate ;éreoficted multiple traces. Blocks 30-32 predict multiple traces in
the seismi® S BIBERISPIRE Braaicidd fheNapls WS ST B ERIZE dFe BGBTREISEHTHBIM Hife

seismic da éﬁ@@'@ﬁ@@rﬁﬁﬁ%ﬁ@ selates mkitinle atanyatechdatauseful for imaging hegubtenanean

formations. [0027]FIG. 4 is a flowchart illustrating another embodiment of the invention for dynamic

aperture dEBHIKafeRHOMHARIBRS ContRBticiF eeihers. TREEMB JBmEHT sHustPate Snapfc R the
comprises g apfewielriledilessrintion dhamthe: imeatlustrated in FIG. 3. [0028]At block 40, a

multiple contribution gathet is constructed. The construction of a ,
[0022] eturning to FIG. 1, the aperture can be chosen as the simplest case, a rectangular

surface area 13 surrounding the midpoint 17 of the source-receiver trace 10 for the specific
source location 11 and specific receiver location 12. The rectangular surface area 13 can be
parameterized by an inline dimension 18 and a crossline dimension 19 or, alternatively, by an
inline aperture and a crossline aperture. Also, the orientation of the rectangular surface area
13 can be varied. However, the surface area 13 of the aperture does not have to be a
rectangular area. The aperture’s shape can be, for instance, an ellipse or an irregular shape.
In any case, the optimal surface area 13 of the aperture should be as small as possible to
minimize computational efforts and large enough to capture all apices and be sufficient for

constructive interference for those apices to work. The same applies to the spacing or
5



multiple contribution gather is described in more detail below in the discussion with regard to the
flowchart in FIG. 5. [0029]At block 41, an initial aperture is selected for the multiple contribution gather
determined in block 40. The initial aperture may be selected in any shape and size that is appropriate
for the muliiplencobtribution:gatheideativhiork 40. The shapes commonly include, but are not limited to,

rectangles, gllijpses, and irregula es. In one embodi t, the chaice of an initial aperture_can
take thge fiﬁ%?%%irtur%%rﬁ%ngr (\’/i%gg;%deat‘ér‘ﬁﬁh &?ﬁﬁﬁiﬁl@%@?ﬁﬁ%ﬁﬁb PRSP RB OB HE [6030]in
another embodiment, tfidchoietod anfinitial apesitice fofmaplkage cabeimade totarystaddmetion of
trace related at.}ribute) that includ%, B}ut r%ot limited fo, offset me?n'ng Lhe d&stan eb tweenlth source
and receiv%)rvcc‘})(&ﬂggllhl ?egoo "Btrace; azimu ?Smlé]aﬁiﬁg‘fhcénéfﬁ/glg bEWeES Y e tRfolilh THE LBlSice
and receivermcabrdinatesiand @ fredetined seferendedirestion; 26d iflihe @pd Zrossinaeidsats g
meaning trége%gseatc rdiésgaéjces alpngothne r%eggnc(g—:‘si iiggct%' Qt%gdtijgr endicylar to the_reference o
direction, respectively. [003T]AT block 42 AT apatiive T sRISREE A YOPHRE TithF dparine
selected intplooki 41 cdmaximuarmsape tuiécambeadeéfinedddasikech ahdtherraspimiing weloeit4the llength
of the source-receiver trace that the.multiple prediction.is done for, and the offset (distance between
ource and rehek b oh IS oL Lot U ko To B AL oAk 4 kO B erorBdineion is
selected depeedinglupoapihesidRial Apéikiuretsdtetiedhinlbidekeditahatitie maxinimapehuisiselected
in block 42, The maximum aperture extension can vary along,the boundary, in particular when the
initial bouﬁa grptyu(r)ﬁE %g(eg?alggrﬁ?g 0 Cr%eﬁlstlegea%gﬁt?%usﬁo% ggtﬂ?e? ea%éoélﬁl n%@%a%es%éaé% or gﬁgerﬁlgggto an
irregular shapeuduk toldprevdesly agplied exiensibovelchg extkynpedtpkthe h6indary d{BO331Ad
measure Uit oR-th is.0f factors including. but not limited to, t oral location in the
measured %&?ﬁlg%élitugggé%%%%g %1? t §) di g%n%’% élraarﬁlbfilaﬁf 3%&%%%@“1 thef elrallve\{dg \&}g ues
from the miiitipte cobtritatonvgatherimelle vidgiaityaptamd idgludieg pthedoundand This eneasiee can

be used toaﬁg&ﬁg@égl ’%Eggéj5%%%596@96%%%%@%%503{0}“%3@%ritusre. In another embodiment, this

measure can also be taken into account in the choice of initial a%e'rture for future multiple contribution
gathers [0024] As one example, an initial measure of dip could be the energy left over after

applying a dip filter. More sophisticated measures could also take into account the relative
amplitude, time, and slope of the dips. The measures could be made dependent on water
bottom depth, its local or global variation or more generally observed or a priori knowledge
of geological complexity. For the typical rectangular aperture area generally four related
measures would be created, with one on each side. For more complicated shaped areas, like
for instance an elliptical or oval area, the number of measures could be made dependent on
the curvature of the boundary and be spread along the boundary.

[0025] FIGS. 3-6 show flowcharts illustrating embodiments of the invention for
dynamic aperture determination for a multiple contribution gather. FIG. 3 is a flowchart
illustrating a general embodiment of the invention. FIG. 4 is a flowchart illustrating a more
detailed embodiment of the invention. FIGS. 5-6 are flowcharts further illustrating elements
of the invention as described in FIGS. 34,

[0026] FIG. 3 is a flowchart illustrating an embodiment of the invention for transforming
seismic data into noise-attenuated data, using dynamic aperture determination for a multiple
contribution gather. At block 30, dips are calculated for a series of sets of adjacent multiple
contribution traces, from seismic data representative of subsurface formations, in the vicinity
of a boundary of an aperture of a multiple contribution gather. The seismic energy is
acquired by deploying a plurality of seismic sensors proximate an area of the earth’s

subsurface to be evaluated, the seismic sensors generating at least one of an electrical and
6



[0034]At block 44, the aperture is recursively extended. This recursive aperture extension is described
below in more detail in the discussion with regard to the flowchart in FIG. 6. [0035]At block 45, it is
determined if the current aperture is sufficient. If the current aperture is not sufficient, then the process
continues dpthidck 26 litthespuncentapeniredsesgficienbltverdtheherocessacpntinbesporblocki4y .
[0036]Sufficient.aperture means that all multiple reflectio resentin the source- receiver ir for the
multiple cgﬁfﬁbnuﬁgﬁng%&ugros ‘Bat}é%les b?%‘gélr%%s |Xr;£1eantee gjyg%ﬁi %nsttlh m é%é (r:ﬁuciﬁ%tee‘afrégcéfoﬁ%?%?e, the
surface reflectibripdinfsrcoltgrid dynthibwipertureessen iththencdmstructionpftine rauhiplevodnttitsution
gather in block £9 sawid.conespend,(g,all ese muligle fefestions kaqhatRas efiasionagint has
a corresponding apéx in the multipte contribution gather. An apex Is the patial location corresponding
to the minbBhorkstifie3sf arapatiallylvplyirgsunidbe wherebydte thne®of the Hurfacditiedeaséinhen

moving away. fram the apex,In an alternati bodiment, the di n 0 d by
the dimer\:éri%\ér(]3 Sd%%%ﬁ ?&%gv?ﬁoﬁdﬁué%%a% I@?t%e%)&%uergég%ﬁ%f%éﬁnté\:%r?éléjig[?egs%%tﬁ%ﬁg \lﬁv%%@%roperly
for those apicestEtaanehstickingiis thie sthekivy of dakn toobgienkigher signal to noise ratios of a

particular gﬁlﬂ%ﬁfon guent yvhereby theamoynt.of data a&lﬂeﬁegtae%&sidim@tgﬂ Ipthe Ratian gf;the

corresponding reflector from which reflected energy can reach a detector within one-haif wavelength of
the first reflgcted @ regyu00d8rnbietkm 6{ctherhikifaurrapaTitne egshion sdleetsdimBioEri4s is

decreased flapending HRON{NS AMAUCL A aRetuR XIS IAn APRIIATIR BiRcKAA-IR0FALbIoRK 47, I

is determine Iple contribution gathers remain to have an aperture detemfined. If more
multiple cdféibdtion gathers remain, then the process returns to block 40 to select another multiple

contributiop gagier. If pg;mera qny'tinlgisentihuianigatherreedin Pep@minedoinen dheprecess

ends. [0040]FIG. 5 is a flowchart illustrating an element of he invention,regarding construction of a
multiple contiibpigcreefathieior GBSl desrabar vnarerd defitiHeclosripribeftreusientio driidded in
block 40 ofifl&:4. ARQVE FIG. 5.
[0029] At block 41, an initial aperture 1s selected for the multiple contribution gather
determined in block 40. The initial aperture may be selected in any shape and size that is
appropriate for the multiple contribution gather from block 40. The shapes commonly
include, but are not limited to, rectangles, ellipses, and irregular shapes. In one embodiment,
the choice of an initial aperture can take the final aperture from previously determined
multiple contribution gathers into account.
[0030] In another embodiment, the choice of an initial aperture for a trace can be made to
vary as a function of trace related attributes that include, but not limited to, offset, meaning
the distance between the source and receiver coordinates of a trace; azimuth, meaning the
angle between a line through the source and receiver coordinates and a predefined reference
direction; and inline and crossline offsets, meaning the offset distances along the reference
direction and perpendicular to the reference direction, respectively.
[0031] At block 42, a maximum aperture is selected for the initial aperture selected in
block 41. A maximum aperture can be defined based on the maximum velocity, the length of
the source-receiver trace that the multiple prediction is done for, and the offset (distance
between source and receiver) of that source-receiver trace.
[0032] At block 43, a maximum aperture extension is selected depending upon the initial
aperture selected in block 41 and the maximum aperture selected in block 42. The maximum
aperture extension can vary along the boundary, in particular when the initial boundary of the

aperture of multiple contribution gather has an irregular shape or changes to an irregular
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[0041]At block 50, a source location is selected. [0042]At block 51, a receiver location is selected. The
source location from block 50 and the receiver location from block 51 define the source-receiver trace.
[0043]At block 52, a linkage location is selected. The linkage location corresponds to a potential
surface reftegtiofupoing of ¢themltipldscd ssogiated sithethel sparcefréedivendrage. The linkage
locations t‘j:? f on the aperture, as constructed with reference to the, discussion of the fl wehart in
il ol St T b e R S g WA
selected frompavailabigitradesithat dvaved secrcenhpiation thatisesubstantitiby, coiddidenmtwithdhe
source location selﬂectltlagll‘ in bloc V5aq aendPa re elverfggfletlgg %Li%)stantlall)f1 &Q{Hqﬁent Wltl{l lyltgg girgt aege

. Cner Qf % S Irom C mu 101 g4t € VICIN1
location seflecéyd in %ﬁock é 'F us, the first trace is a memBer of a common source gather f

source lodatibniselectedtinunldok 50T [00453Atublockibde ausetondetragenis setectedrfiom theriabkilable

t that h location that is s ially coini vith the: i ' di
gl":‘)‘éiSS ) ";lﬁa %’t%rseaggi%f%eércﬁag%ﬁ%%pt na?%{iigsbue%%%’&?@éﬁtc%'l'f&'r%%aﬁ‘éu""é A0 'ﬁ%%l!@&%’i‘t%”a&?&ﬁﬁ%e n

stantially coincident with the receiver location selected in
block 51. Tihtis; theisecbmdtirdeedgaaieniberofmutarmeontréceiverggtittrer for the receiver location

selected i 51. ecejve inat irs ce.in the,c SQu er arc
e e T S A SRRl Ve e

e second trace in the common receiver
gather. Sinstessarce midordvel Ve docationg éndrsodrded ddiscase seldompeeristslyivotheiodat! itmay
be necessgiy, i@ another embodiment, to regularize the data sets to a nominal geometry so that this
coincidence of source and receiver location is achieved, hi another embodiment, the multiples are then

predicted 180 origikablyebmétry: vhiletasiiethe ieguiarized datausets. 007IAL bibcth &5 Ut first
trace from Bloek 23.a0d 0gRecend.LAGHIATLBlock B4, Ae COMYOLYeWith BRCH NG TS e is

convolution can be done in a. time domain or, alternatively, the convolution can be performed as a
multiplicatiovtiaientrébeie s/ raoersiroTheugatetestiltig from the convolution is a multiple contribution

trace. The{ﬁ%t all rayltiple fopfiibytion fagesggneratedinsre ferBS S muilale contibutiep.gather.

[0048]At block 56, it is determined if any other pairs of first and second traces remain to be convolved.
If more paleseivfirstranel Secohrl TaterlreprBIRbHHEN tathrocesstlmareperly estimated by the

estimated multiple trace. Hence, the surface reflection points covered by the aperture used in
the construction of the multiple contribution gather in block 40 should correspond to all these
multiple reflections. Each surface reflection point has a corresponding apex in the multiple
contribution gather. An apex is the spatial location corresponding to the minimum time of a
spatially varying surface whereby the times of the surface increase when moving away from
the apex. In an alternative embodiment, the dimension time could be replaced by the
dimension depth.

[0037]  Additionally, the aperture is sufficient when Fresnel stacking works properly for
those apices. Fresnel stacking is the stacking of data to obtain higher signal to noise ratios of
a particular reflection event, whereby the amount of data to be stacked is related to the
portion of the corresponding reflector from which reflected energy can reach a detector
within one-half wavelength of the first reflected energy.

[0038] At block 46, the maximum aperture extension selected in block 43 is decreased
depending upon the amount of aperture extension applied in block 44.

[0039] At block 47, it is determined if more multiple contribution gathers remain to have
an aperture determined. If more multiple contribution gathers remain, then the process
returns to block 40 to select another multiple contribution gather. If no more multiple
contribution gathers need to be examined, then the process ends.

[0040] FIG. 5 is a flowchart illustrating an element of the invention, regarding
8



block 52 to select another pair. If no other pairs of first and second traces remain, then the process
ends. [0049]FIG. 6 is a flowchart illustrating an element of the invention, regarding recursive aperture
extension. FIG. 6 illustrates in more detail the portion of the invention discussed in block 44 of FIG. 4,

above. [00&Qiéthiock 60 ansi0E adingentitultiphe CORLEh dtivh dracesiframra dautiple gentidaution

gather are selected .in the vicinity faoC?o d f an aperture of the multiple contribution gather. flow
many tractiC4re SeIEGEH HF éréopéo aﬁa@eﬁ%@lﬁﬁ YZontribution traces is determined by how

many trac¢8dd needed ia-calculaieretiablatestinatescfat. dip, as will be done in block 61 below.
[0051)In ope example embadiment, the set of adjacent multiple contribution traces comprises two
adjacent ni](u?ﬁlp con%%b@lﬁ@ﬁ face s KrothEH %a}%ﬁféeg?%%o et e SSAEPR 88%%%%%%:%6
contributiofrtfate sccomprisestd séque htekfIndesi thandwaradjiacent eaultiple contribution traces. in yet
another e embodiment, the set of adjacent multiple contribution traces comprises a block of
Cincent mONR coritTan Paelr HABth, THE T cLthd EOMESEHie SETAtRRah Mditpie
contributiopdraces sudddnisfediob prasskifetiloaklohieacesodihedetiodhef dhe iaventioris-aal meant

to be-restn@tg%:%ib the§e examples o setaof acyr%:ent multl]gle cogtrlb‘%tlo traces, thtI .?)

licable to
any such s gé?ggeﬁf ?nuﬁﬂlsp SCONtBUtioR Traces: f@(fg? Etuﬁf(@)clé”é ,ré? gfﬁr%%ecte?lcu atel ‘f%srl?ﬁe set

of adjacentmultifptevconttibulid@ tdaces sptectechin BhladkHhktklerdips limthgedathaenean be used to
learm wherg figgipices are n e gaiier- DipS the slope petween g adiacent multiple contribtion
traces in the gather of the same seismic event. The ipis measured as a ratio betwsen 4 time
difference brdtaspheeidifférgaceal natogads:to witbixheAdthoug v eadippindeet@ninid gehedlynteant to

be non horizontal, a horizontal event js not excluded. [0053]An aperture of the multiple contriution
gather that e s e S e i s oAy B4 g e o
boundary oftthe gettiest Thecdeteotiontend £nlargencerdocace e dondoretursivety, wtrerebydietddst
aperture uisrtlagligcif(i%i);es the process of detection and enlargement for determining a new aperture. If
Mere are negative dips in the vicinity of a certain part of the boundary of the multiple contribution

gather, thel® @4t part/of thelbSdndseyoshicutd bie extendbtta@s there giletapicespisidethe gathar.

00 ok, SR S ok S o, s 2D v
receiver location that is substantially coincident with the receiver location selected in block
51. Thus, the second trace 1s a member of a common receiver gather for the receiver location
selected in block 51.
[0046] The receiver coordinates of the first trace in the common source gather are
substantially coincident with the source coordinates of the second trace in the common
receiver gather. Since source and receiver locations in recorded data are seldom precisely
coincident, it may be necessary, in another embodiment, to regularize the data sets to a
nominal geometry so that this coincidence of source and receiver location is achieved. In
another embodiment, the multiples are then predicted for the original geometry while using
the regularized data sets.
[0047] At block 55, the first trace from block 53 and the second trace from block 54 are
convolved with each other. This convolution can be done in a time domain or, alternatively,
the convolution can be performed as a multiplication in a frequency domain. The trace
resulting from the convolution is a multiple contribution trace. The set of all multiple
contribution traces generated here forms the multiple contribution gather.
[0048]  Atblock 56, it is determined if any other pairs of first and second traces remain to
be convolved. If more pairs of first and second traces remain, then the process returns to

block 52 to select another pair. If no other pairs of first and second traces remain, then the
9



multiple contribution gather also increases in time or depth. This implies that the apex of that event
lies outside the gather, as the apex will always be located at an earlier time. if the dip is negative, then
the process continues to block 63 to extend the boundary of the aperture If the dip is not negative,
then the prﬁeesseﬁritinues to block 65. [0055]At block 63, an amount of boundary extension is

determine %q% exte sio ftr#e boundar o1 the ap ure can be made fo vary as a
function of acto s includin r?c‘)’tmf 18R RY ael %Bglﬁt SO8r G- dSgB e 5Wﬁltﬁe
source- recqmﬂntea@eemdqlamt difildstactechimtire &matttmefpme@oundarmx[a&ﬁﬁi@mlmle@ﬂm the
aperture |sbexten& (Hn'gte Vi nlt%l of the set of adjacent multiple contribution traces selected in block
60 by the amounto bound%ary extension determined in block 63. [0057]At block 65, it is determined if
any more $e6561 adjacehtaziuliple mm&trrbﬂtmtjatraﬁemmmﬁt dctmﬂrermtsmt:eﬂjaeentarnuitlptete
contribution tr% remart then th proces returns to # 60 to se ECt another s rfalg
multiple contr utlrlolr(tntrgceé3 i the Vicini y18f eeVE)%lﬁlnﬁary ofthe' af%r? ré’ ?p%t rln%roe e sm gjacent
multiple contnityiktiviotraceseremadilvythemthye process endsed@S3lintan atterndtive;jesaodimiipicthe
multiple contrlpubtl(%n traces that @/(%uld be Caq)de(il1 to the muI%1 le contrlbutlé)n gather af{er extﬁggfon of

S 18 W, man aces are  .needed al
the boundary are s]tackedp generate acorréctron trace - This Corfection race Ccan theh béapplied to

the pred|cteittmamqotmtdametdetéthnnk@damaﬂoutnﬁllatmrgw(through Fresnel stackrng) the multiple

contributio s in.the multl ontributi rbefor ex ensign of boun 00
another enE?) % rTrenthth%naem ﬁg r%gbfh ézng%ﬁt/lécoﬁ %16&]2 et(e-:-rt%% gll%‘%ttl’ tl?E’nmlnatlon
(IME), Wh|chmelﬂerssmwaraémmml@prba:emm"lmemedaomnthtwabmattqadespWIméb@lmdmpIétcnsteﬂraces

and two corgvg |oerg§ are u dca)e1 rtUOf nt d(n%etggd 0060 The 1'1%%8”“ nnh(% %aen drscu sed above
as a metho

Fillustrativ urposes only, but can a alSo be |mp€f mented as a sys emw‘?h acePem of
the inventionlgipgreferabiyitopleiraented by yeam® tfecoemputels, émpadiioater dhxgltat:t(:@rﬁtpdtecsnalong

with other SeEIVAL daiRPIosessing AAUPTENLSUEN SABPRSRINIGRMBMENt el kagun i

the art, wil fise any appropriate COmbination or Netwo ter processing equipment,
including, mrttmebehﬁrhiteét tonHdrdwape (p tbessatsderhportiylardpebutane thstorage denices, and

any other aRPEOPIALE CUNPYLEE B&?%‘éssﬁ% %%t%@%%%é?&%%t & LORSIAUND SYSIEMS, e%BPc't%%tt‘l’g‘Cmcal

programs, mathematics program libraties, and any other appropriate software), Connections (e
optical, wirdlesseomenhesraisels aﬁdcbetbrmﬁenatﬂ@teﬂnrﬂ@mérnbluemput&d@nbe@saphlwﬂdeybmﬁ@pbinting

devices, a@gt %%Q‘%%@t%Mﬂed&ﬂ%ﬁon traces.

[0052]  Atblock 61, a dip is calculated for the set of adjacent multiple contribution traces
selected in block 60. The dips in the gather can be used to learn where the apices are in the
gather. Dip is the slope between two adjacent multiple contribution traces in the gather of the
same seismic event. The dip is measured as a ratio between a time difference and a space
difference (analogous to dt/dx). Although a dipping event is generally meant to be non-
horizontal, a horizontal event is not excluded.

[0053] = An aperture of the multiple contribution gather that is too small can be detected
and enlarged automatically by examining the dips at the boundary of the gather. The
detection and enlargement can be done recursively, whereby the last aperture used initializes
the process of detection and enlargement for determining a new aperture. If there are
negative dips in the vicinity of a certain part of the boundary of the multiple contribution
gather, then that part of the boundary should be extended, as there are apices outside the
gather.

[0054} At block 62, it is determined if the dip calculated in block 61 is negative.
Negative dip means that the slope of an event which from the outside to the inside of a

multiple contribution gather also increases in time or depth. This implies that the apex of that
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such as monitors and printers; computer readable storage media such as tapes, disks, and hard
drives, and any other appropriate equipment). [0061]In another embodiment, the invention could be
implemented as the method described above, specifically carried out using a programmable computer
to perfornetiretmethodsike ahotirehemizatimeat, thel inlentiore douctbeatimpleniented as ld teniputer
program stored in a computer readable medium, with tE; rogram having logic gperable to cayse a
ProgrammABE Ao Iah 1 BT (e Hafiod HLSabad dPoRts AP oHer S bo e
invention doudtirbe mplementedlias sheqmpate creadablesriédiimavith a computer program stored on
the mediu h th rogyam has logic era(kjée to cause a programmable computer t rform
tho methol SEoLribed abeb. To0GBII SRELIC b LAk o I e LR BIRG o MBy Stoiied
description:oé:specific émblodiménts of this ipeentiorandthatiamerous chandgescmodificéteons, and
alteratives tp, the, discloged embodiments, can be made in accordapce with the displagure hiere without
departing from the scope of the invention. he preceding escnpt%n, fhere ore, is not meant to limit
the scopemsttheinrantiond Ragest dthelsicod of the nveritior isetodedetermined only by the
appendedieiaps and fhelcequvalents, MG SYRGLAMR We daim e LA meliodfordiansforming
seismic data inlo noise-attenuated data comprising: predicting mu?/tlp e traces In seismic dat
representativgrivfisubsmfacsdbretationblbgktlhé folldwirg calcolbbingdips fotaseriekofsetsdoin
adjacent r’g}ggﬁlggcontribution traces, from seismic data acquired by deploying a plurality of seismic
sensors proximate an area of the earth's subsurface to be evaluated, the seismic sensors generating
at least orl®@@®$ah elestridatlarfd opticalgignaninl rdsponseoto seisniiciénerygy ninltie ieinititotian
boundary g, a0 apertre of.a multiple ontibition gather: restisiyely.extending theharndary of the
aperture of the multiple contribution gather, based on the calculated glps; and stacking multiple
contributioitrarse’s i akle eHLRipRRecbmtibisticat gatkEpovith thetaxeersédbapen iwecboumidaryitogenerate

predicted mulfiplg agas; 3pdRURPAEHNg the py %ﬂb@f@%{fg%ﬁ%piﬁj5@9@2&5@@%&&%&?&%5&

generate surface-related multiple attenuated data useful for imaging the subsurface formations.

remain, then the process ends.

[0058] In an alternative embodiment, the multiple contribution traces that would be
added to the multiple contribution gather after extension of the boundary are stacked to
generate a correction trace. This correction trace can then be applied to the predicted
multiple trace determined by accumulating (through Fresnel stacking) the multiple
contribution traces in the multiple contribution gather before extension of the boundary.
[0059] In another embodiment, the demultiple method SRME could be replaced by
Interbed Multiple Elimination (IME), which refers to an extension to predict interbed or
internal multiples, whereby a triplet of traces and two convolutions are used as part of the
method.

[0060] The invention has been discussed above as a method, for illustrative purposes
only, but can also be implemented as a system. The system of the invention is preferably
implemented by means of computers, in particular digital computers, along with other
conventional data processing equipment. Such data processing equipment, well known in the
art, will comprise any appropriate combination or network of computer processing
equipment, including, but not be limited to, hardware (processors, temporary and permanent
storage devices, and any other appropriate computer processing equipment), software
(operating systems, application programs, mathematics program libraries, and any other
appropriate software), connections (electrical, optical, wireless, or otherwise), and peripherals

(input and output devices such as keyboards, pointing devices, and scanners; display devices
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[C2] The method of claim 1, further comprising: constructing a multiple contribution gather; selecting
an initial aperture for the multiple contribution gather; selecting a maximum aperture for the initial
aperture; selecting a maximum aperture extension for the initial aperture and the maximum aperture;
recursivelywextendingitbes ape riuiie sandodenreasiag {bie maxdigeunvdiperttireextensidnkbasedmndhe
extension fthe rture. éCBl The m?thod of clat 2, wherein the constructing a multiple contribution
gat he co ’Bﬁgsesa TBANEA SRS e SHER S cting a receiver location; IVICSL.LP selecting a set
of linkage [0 &tiPNns; hepaating thenfollbwimg, fdfeachcknkagedothtion inihensetaf linkage toghtions:

selecting a first tr ce\ V(‘)”{EQ a source Ilocatloln $u M§tars1t|ally COIII”ICId%rIg \ggh Ctgr% s&lgc%gd source {ggation
and a rec |veﬂ%cat|on SUbStaR |acﬁly%0|n0|8 with the flnlﬁa(j ocation; P pet

method. In another embodiment, the invention could be implemented as a computer program
stored in a computer readable medium, with the program having logic operable to cause a
programmable computer to perform the method described above. In another embodiment,
the invention could be implemented as a computer readable medium with a computer
program stored on the medium, such that the program has logic operable to cause a
programmable computer to perform the method described above.

[0062] 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

determined only by the appended claims and their equivalents.
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selecting a second trace with a source location substantially coincident with the linkage location and a
receiver location substantially coincident with the selected receiver location; and convolving the first
trace with the second trace, generating a multiple contribution trace; and generatit¢ th€ multiple
contribution gather ‘from the multiple contributionGiasBgSIC41 The method of claim 2, wherein the
recursively extending the aperture cornpnses: selecting a series of sets of adjacent multiple
contribution traces from the multiple contribution gather in the vicinity of a boundary of the aperture of
the multiple contriutidmigather; and repeating the following for each set of adjacent multiple
contribution. tra.ces in the series of sets of adjacent multiple contribution traces: calculating a dip for
the set of adjacent multiple contribution traces; and repeating the following for negative dips:
determiningCan amouethof aperturefboundarysexiedsion;tandiextending ¢heldourdanyrinithe vicinity of

the set of adjacen)trna%l glgle COHU’IPUUOH traces.b%ith&(?1 §mount of b und?g/]%%xt%%%ig?gégstl ThF method

I
. ediciing mu g traces 1n.Se1Smic a representative S ation )
of claim 4, further comprising: slt%cklng mu]ﬁlp‘fe contribution traces added 10 the multiple contribution

gather after extension otlthéoboundary, generating a correction trace; and applying the correction trace

o comect the precicted yliple 1265, S5t TINSAIof e MUl SAPHRHIGR S3Me AeIere.extension

from seismic data acquired by deploying a plurality of seismic sensors
proximate an area of the earth’s subsurface to be evaluated, the seismic
sensors generating at least one of an electrical and optical signal in
response to seismic energy, in the vicinity of a boundary of an aperture
of a multiple contribution gather;

recursively extending the boundary of the aperture of the multiple contribution
gather, based on the calculated dips; and

stacking multiple contribution traces in the multiple contribution gather with
the extended aperture boundary to generate predicted multiple traces;
and

subtracting the predicted multiple traces from the seismic data to generate surface-

related multiple attenuated data useful for imaging the subsurface formations.

[C2] The method of claim 1, further comprising:
constructing a multiple contribution gather;
selecting an 1initial aperture for the multiple contribution gather;
selecting a maximum aperture for the initial aperture;
selecting a maximum aperture extension for the initial aperture and the maximum
aperture;
recursively extending the aperture; and

decreasing the maximum aperture extension based on the extension of the aperture.

[C3] The method of claim 2, wherein the constructing a multiple contribution gather
comprises:
selecting a source location;

selecting a receiver location,
13



IVICSLIP 106] A method for geophysical prospecting, comprising: disposing a marine seismic
streamer in a body of water; responsive to signals recorded at receivers in the marine seismic
streamer, calculating seismic traces representing physical wavefields traveling inghe oy of water
incident on the receivers; correcting for surface-related multiples by transforming the seismic traces
into predicted multiple traces, the transforming comprising: calculating clips for a series of sets of
adjacent multiple contribution traces in the vicinity of a boundary of an aperture of a multiple
contribution gather; asdereicigrsivelpiExiéngdinigchigobeundary of the aperture of the multiple contribution

gather, based on the calculated djps; stacking multiple contribution t i tiple.caontribution
gather with the extendéd ala{llﬁl %%?e%%%ou%iﬁlgr? oeacelnleprrlaﬁtaégplréé |§tge%lrrlnr[l%%i%]§'é %é%gelg%ggé%%%{}ding the
predicted multiple traces. sulsiactingpthiesptedictedmuditplecttacesoifonbitenselbiicinades tvidenerate

surfacerelated multple attenuated jfaces, [G7LTE NSO oL a8 LUMEL SRMRTBN oty

constructing a multiple contribution gather; selecting an initial aperture For the multiple contribution
gather; selecting a maximum apertcvefodahievinitishapekageloseleeting a maximum aperture extension

for the initial aperture and ths%l'&%@%@e@@&ﬁt'ﬁrﬁe with a source location substantially coincident

with the linkage location and a receiver location substantially
coincident with the selected receiver location; and

convolving the first trace with the second trace, generating a multiple
contribution trace; and

generating the multiple contribution gather from the multiple contribution traces.

[C4] The method of claim 2, wherein the recursively extending the aperture
comprises:
selecting a series of sets of adjacent multiple contribution traces from the
multiple contribution gather in the vicinity of a boundary of the aperture
of the multiple contribution gather; and
repeating the following for each set of adjacent multiple contribution traces in
the series of sets of adjacent multiple contribution traces:
calculating a dip for the set of adjacent multiple contribution traces; and
repeating the following for negative dips:
determining an amount of aperture boundary extension; and
extending the boundary in the vicinity of the set of adjacent
multiple contribution traces by the amount of boundary

extension.

[C5] The method of claim 4, further comprising:
stacking multiple contribution traces added to the multiple contribution gather
after extension of the boundary, generating a correction trace; and
applying the correction trace to correct the predicted multiple trace determined

for the multiple contribution gather before extension of the boundary.
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recursively extending the aperture; and decreasing the maximum aperture extension based on the
extension of the aperture. [C81 The method of claim 7, wherein the constructing a multiple contribution
gather MCSLIP C0111 ISCS: selecting a source location; selecting a receiver | m selecting a set
of linkage locations; repeating the following for each linkage location in the set (;%ﬁ ;Fe locations:
selecting a first trace with a source location substantially coincident with the selected source location
and a receiver location substantially coincident with the linkage Location; selecting a second trace with
a source location substantially coincident with the linkage location and a receiver location substantially
coincident Witru (tlﬁps%ecte%rg?eiver I%catiorf; and cqnvolvi?lr%)ghe first trace with the second trace,
(o .

generating a le’ COMtHIBUHSH BA e;yglr(f(% ene r%\ctllr%’tﬁ% uﬁllf)]l% contribution gather from the

multiple contribution tiapesinC4 8]aFine methodsotahadmiy aWwheyeif théerecursively extending the

rtur i : . . . ) . .
aperture comprises responsive to signals recorded at receivers in the marine seismic streamer,

calculating seismic traces representing physical wavefields traveling in
the body of water incident on the receivers;
correcting for surface-related multiples by transforming the seismic traces into
predicted multiple traces, the transforming comprising:
calculating dips for a series of sets of adjacent multiple contribution
traces in the vicinity of a boundary of an aperture of a multiple
contribution gather; and
recursively extending the boundary of the aperture of the multiple
contribution gather, based on the calculated dips;
stacking multiple contribution traces in the multiple contribution gather
with the extended aperture boundary to generate predicted
multiple traces; and
recording the predicted multiple traces.
subtracting the predicted multiple traces from the seismic traces to

generate surface-related multiple attenuated traces.

[C7] The method of claim 6, further comprising:
constructing a multiple contribution gather;
selecting an initial aperture for the multiple contribution gather;
selecting a maximum aperture for the initial aperture;
selecting a maximum aperture extension for the initial aperture and the
maximum aperture;
recursively extending the aperture; and
decreasing the maximum aperture extension based on the extension of

the aperture.

[C8] The method of claim 7, wherein the constructing a multiple contribution gather
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selecting a series of sets of adjacent multiple contribution traces from the multiple contribution gather
in the vicinity of a boundary of the aperture of the multiple contribution gather; and repeating the
following for each set of adjacent multiple contribution traces in the series of sets0dfiadjacent multiple
contribution traces: calculating a dip for the set of adjacent multiple contribution traces; and repeating
the following for negative dips: determining an amount of aperture boundary extension; and 16
MCSLIP extending the boundary in the vicinity of the set of adjacent multiple contribution traces by the
amount or boundapyi@xtension. 01 The method of claim 9, further comprising: stacking multiple
contribution traces added toS'%QQCmultg)le cogﬁglé)é{tlié)ﬁ] gather after extension of the boundary,

Y

. ) 1 ) . : ;
generating a correction trace, and fﬁ%ré: the corréction trace to correct the predicted multiple trace :

determined for the multiple cehteimgiomegeitrer before;extension of the boundary. 1C 1] A computer

readable medium with a computer progrant glore ligggggﬁs;the program hav_ing logic op_erable to
cause a programmable computer t0 perform steps comprising: calculating dips for a series of sets of

adjacent multiple contributiorepeaties iththéolieiriitg 6ba debndalgast adiverturéhsf sehmiitiplisage
contribution gather; and recursively, extending the boundary of the aperture of the multiple contribution

gather, based on the calculated clips.
selecting a first trace with a source location substantially

coincident with the selected source location and a receiver
location substantially coincident with the linkage location;
selecting a second trace with a source location substantially
coincident with the linkage location and a receiver
location substantially coincident with the selected receiver
location; and
convolving the first trace with the second trace, generating a
multiple contribution trace; and
generating the multiple contribution gather from the multiple

contribution traces.

[C9] The method of claim 7, wherein the recursively extending the aperture
comprises:
selecting a series of sets of adjacent multiple contribution traces from the
multiple contribution gather in the vicinity of a boundary of the
aperture of the multiple contribution gather; and
repeating the following for each set of adjacent multiple contribution
traces in the series of sets of adjacent multiple contribution
traces:
calculating a dip for the set of adjacent multiple contribution
traces; and
repeating the following for negative dips:
determining an amount of aperture boundary extension;

and
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1021 The medium of claim 11, further comprising: constructing a multiple contribution gather; selecting
an initial aperture for the multiple contribution gather; selecting a maximum aperture for the initial
aperture; selecting a maximum aperture extension for the initial aperture and theypaxinfum aperture;
recursively extending the aperture; and decreasing the maximum aperture extension based on the
extension of the aperture. MCSLLP [C13] The medium of claim 12, wherein the constructing a
multiple contribution gather comprises: selecting a source location; selecting a receiver location;
selecting a set of linkage locations; repeatingtdefoltbwingfodeachnlinkage dovationl inhthessetodf
linkage locations: selecting a first trace with a sogajcgcé% atrigghslglkést%gg rlllgu%%ir@cigrg@et SWig1y the

amount of boundary extension.

[C10] The method of claim 9, further comprising:
stacking multiple contribution traces added to the multiple contribution
gather after extension of the boundary, generating a correction
trace; and
applying the correction trace to correct the predicted multiple trace
determined for the multiple contribution gather before extension

of the boundary.

[C11] A computer readable medium with a computer program stored thereon, the
program having logic operable to cause a programmable computer to perform steps
comprising:
calculating dips for a series of sets of adjacent multiple contribution traces in the
vicinity of a boundary of an aperture of a multiple contribution gather;
and
recursively extending the boundary of the aperture of the multiple contribution

gather, based on the calculated dips.

[C12] The medium of claim 11, further comprising:
constructing a multiple contribution gather;
selecting an initial aperture for the multiple contribution gather;
selecting a maximum aperture for the initial aperture;
selecting a maximum aperture extension for the initial aperture and the
maximum aperture;
recursively extending the aperture; and
decreasing the maximum aperture extension based on the extension of the

aperture.
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the selected source location and a receiver location substantially coincident with the linkage location;
selecting a second trace with a source Location substantially coincident with the linkage location and a
receiver location substantially coincident with the selected receiver location; and W)d{\'?mg the first
trace with the second trace, generating a multiple contribution trace; and generating the multiple
contribution gather from the multiple contribution traces. 1C141 The medium of claim 12, wherein the
recursively extending the aperture comprises: selecting a series of sets of adjacent multiple
contribution trdé&s¥frobhahasriuitiplef colairib uttonvdativer itht¢hearisinitying aabowldialy ofthedaperture of
the multiple Congla%lflté pngla}g@gr; and repeating the following for each set of adjacent multiple
contribution trates in the series of sets of adjacent multiple contribution traces: calculating a dip for the
set of adjacent multipteledmeButioncs deesticamd repeating the following for negative dips: determining
an amount of _aperturge_l?é)clgjggaaryegéqggﬁig&t%g extending the boundary in the vicinity of th_e set of .
adjacent multiple contribution traces by the amount of boundary extension. [C15] The medium of claim
14, further comprisinge!mgLapet of linkage locations;

repeating the following for each linkage location in the set of linkage locations:

selecting a first trace with a source location substantially coincident with
the selected source location and a receiver location substantially
coincident with the linkage location;

selecting a second trace with a source location substantially coincident
with the linkage location and a receiver location substantially
coincident with the selected receiver location; and

convolving the first trace with the second trace, generating a multiple
contribution trace; and

generating the multiple contribution gather from the multiple contribution traces.

[C14] The medium of claim 12, wherein the recursively extending the aperture
comprises:
selecting a series of sets of adjacent multiple contribution traces from the
multiple contribution gather in the vicinity of a boundary of the aperture
of the multiple contribution gather; and
repeating the following for each set of adjacent multiple contribution traces in
the series of sets of adjacent multiple contribution traces:
calculating a dip for the set of adjacent multiple contribution traces; and
repeating the following for negative dips:
determining an amount of aperture boundary extension; and
extending the boundary in the vicinity of the set of adjacent
multiple contribution traces by the amount of boundary

extension.

[C15] The medium of claim 14, further comprising:
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stacking multiple contribution traces added to the multiple contribution gather after extension of the
boundary, generating a correction trace; and applying the correction trace to correct the predicted
multiple trace determined for the multiple contribution gather before extension oMﬁéleﬁ’mdary.

stacking multiple contribution traces added to the multiple contribution gather
after extension of the boundary, generating a correction trace; and
applying the correction trace to correct the predicted multiple trace determined

for the multiple contribution gather before extension of the boundary.
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