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[0001] This invention relates generally to the field
of geophysical prospecting. Mre partlcularly the
invention relates to the field of marine
processina 22 Seseraon or vhe latca”h ! oo2 AN
In the oil and gas industry, geophysical prospectin
is comonly used to aid in the search for and *159159*
eval uati on of subterranean formations. CGeophysical —~—— ——————————

SUbsur 1 ace st ructure of {he earth. which is Biefm JIHNNHMHHIHMHIIMIIIIIIlllIHI
finding and extracting valuable mneral resou

particul arly hydrocarbon deposits such as oil and
natural gas. A well-known techni que of geophysica
prospecting i s BACKGROINDOVHEIINVEN BN based
seism c survey, a seismic signal is generated on or
near the earth's surface which then travels downward

1. FHidl of tHedneathhiodr face of the earth. In a marine seismc
survey, the seismc signal may also travel downward
t hrough a body of water overlying the subsurface of

[OOOigE %§5t “}veﬁbﬁc‘ ri%lﬁtes e%ﬁérgﬁy 30 L{:flg ﬁ?el%lfo? eéé%glg)bsé)c%b apl)trcl)slffacting. More

particulardy, ttheineeitidn, relaIeS tathel fadd bf parihé sdidnyic dafal ppedessingy
subsurface seismc reflectors. Such seismc reflectors
typically are interfaces between subterranean
2. Ijég&r@f;dnqﬂﬁhgﬁglla{éq Aifferent elastic properties,
specifically sound wave velocity and rock denS|ty,
whi ch Iead to di fferences in acoustic |npedance at the
interf e reflected 1 C_ener s _detecte .
o003 )" < B8 e ot 8555 Borl B EoBRis BpttRipRy Lt p sid in the
seard foR@md &vVaRiaSibh fofCRibRirahéi® Rafbltions. N GaBpiRRAl ;brdggedmgytechmques
of water, or at known depths in boreho?es and

yield- kpowigder of dlvo SpbsuHace sl eft tesedrdnivhidp iy seefuk &r finding and
extra%gﬂ%e/ (18{15619 n{lgeerallsr%w b?érgaﬁ]ar Syl' g?gclrgpcgb e&e}%ﬁﬁ\@cﬁ as oil and natural

*G00002*

osI've

gas. S@Iv&lmmomrt\tﬁmﬁqlieycbﬂ geabh)x/sldahpioeyecﬁng SaIb sEsgRGusys Th @ land-based
. source towed by and(FerlodlcaIIy activated to

SeiSTRIG SEFRY &2 a%sra@o%@%q e:s g%grﬂé? & ar n%éh%%ﬂrg‘rﬁ gur er%lach then travels

dow?\ﬁ%l'lﬁ Ligtf):%gcg %ﬁﬂgﬁrfé{@\/ﬁf thebgtHTaH Lfadle SRYGE @brvtsy,pcﬁé seismic signal may

also travel downward through a body of water overlying the subsurface of the earth. Seismic
energy sources are used to generate the 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 formations having different elastic properties, specifically
sound wave velocity and rock density, which lead to differences in acoustic impedance at the
interfaces. The reflected seismic energy is detected by seismic sensors (also called seismic
receivers) at or near the surface of the earth, in an overlying body of water, or at known depths
in boreholes and recorded.

[0003] The appropriate seismic sources for generating the seismic signal in land seismic
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smal | expl osive charge, an electric spark or arc, a
marine vibrator, and, typically, a gun. The seismc
source gun may be a water gun, a vapor gun, and, nost
typically, an air gun. Typically, a marine seismc
surve§9 YhHL e SlpdosiiRs & vibratdr 9! MaSfY SESmE 9&?@% t)?H;Iall?femploy a
a spatially- distributed array of source el ements.
submgygied sgismithgmmemntowed hyaa ship wndpesiodically dativatail to gemerate an acoustic

rrept | y.the nmost co n formo rine seism : .
wave B 28 0 AL o VST SPURPF oo, inctding
smallsexpboivé dhfieCan bléctridGhatteoras,td mbhBnd/ Gbatbrl ¥nd 8NSO41Es, a gun. The

. particularly in land surveys, and water pressure .
SCISMdG $QWCE Uy PlRE NG ¢ WAleR BUpr 8PP SyRadndnmostsppinetly) an air gun.
. ti ar Ly i in ULV ' rti.cle .
i BULDE Qb TREL B o SUITL LIRS, AGGHAChE of a sy
distribuded tarmap dfosquacd elehrentsel Abist yrragRaensis Paticulate true for air guns,

vel oci t sensor% and_water pressure sensors are
curelB ke SRR

njform pfemagine seismie s¥efhes and
00047y dr oRE i€ PR bf i oy Gi i
[ ﬂepl oy egﬁgéprtl rﬁefr@el éeés/ef%é 1l‘jtéggro e lrcgﬁ}g gﬁm%dﬁlpgﬁﬁéﬁf%g%g SEnSors,
partlciularly_emsbtnd aureys,. andAddicr i presshitey senpors Sgypiealiyewster preande gradient
senso e e SRR SR SRt Bt e et i
place ®f bajSadditf}0BIpattitl@vdlydtyCRhs iR PARCI SeRIF s&ib@¥d whter pressure
seism c survey vessel travels on the water surface,

sensofs,BF eammpnhy kegyguin the rigs geophones amit hydiephoses mespectively. Seismic

caul, Si.t [ su as __navigation.control,
sensoB UL SE i, BV B U QKBTI iy persor e,
Additiemally,dpregsues| séromnind particleSelcoily Csefguts GfayCBdeplbyed together in a
.r\%gu’ié})rrenli causes a seismc _source towed in the body of
mannEateY P llo?arﬁ. YNFOE PYESATaYH actuate at sel ected
[0005) | MER) a BRJiSN Rarfle’ SATRE SuridlySQ s@i@Hi@gu@gﬂ' %gésglnfrggélgﬁn the water
are elongate cable-like structures towed in the body
surfagsf tywically bty abdws §dinots, and wwongainsy esisaic héwptisitidroeguipment, such as
navi s%nsm' G gource or b%g antotlher. seismc sur\éEy ghi%. . .
SR EAOY, SRR GPUICE Cyiel, SEFBIG NS 84 Re A8d 4Peordiggesguipment.
The sbihii1sbuaceSEInHdl EqUBHERH cauddl® RInSiBIs6uret FAAREIShE BBERbP water by
sensors to detect the reflected wavefields initiated
the seymie fygssgb fosrteate alsalecteshidmesef Peismisastieamarsy elsd seliddnggismic cables,

j i I the sei.sm c.streaners
e R L8R s RANELH L Th ey oSl R SEAE ey vose o
tows thei seisimic séureaoEbg ahather haanicpuerRySshih. t MapicslB) tadplorality of seismic
wat er paréi C]Iéie vel ocity sensors such as geophones or
streamicts preciowed bekind paieisgHe yestglor Shestrivmis Siraupes epriaar sepsors to detect

the ref1Bct&ffhld fRd<LiRi AV RPRE 9&Smic s-ghgze%g ?éﬂagc?edst? %fisecaﬁlginterfaces.
particle notion sensors nmay be deployed 1 n close
Conventionally, t the setsolit Gtrebmersi congen rgessurepsansers ofuchrasalysgirophones, but
sei al ong a s i snLc cabl e. ET‘?‘OOG% The result]j Pg sei.sm c
Ismif FEBISTAHEICTH POPPH A Comanstiigl partisle ydedis agpsery such as
geophBh@ &t pairtid]© beldratibn’ Rhars BEEhi R dcBGeBaRILY ik a8difile tdhfirophones.
and properties of the subterranean formations in the
The pgessurene¢nsgrss and dagitle Thasiopr seneersenhay eies deplogett an icdose proximity,
for display.and anal.ysi,g of potenti al
COHOCH%Q?%@%? ort gg?l){ él_ﬁ?y%aflo%aesseésngé B?@F'r anean formations.
[0006]The Deadeslfing etisiilcCddl@bbtained in performing the 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
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2 processing is to extract fromthe seismc data as
much i nformation as possi ble regarding the
subt erranean formations in order to adequately image
the geol ogi c subsurface. In order to identify
procels@ﬁ%td PNéxtiabt frb@ thasbibmic §ARSY rnfuﬂ:‘ﬁeinmﬁﬁ?ﬁ he ggssﬁﬁe Pegarding the
probability for finding petroleum accunulations,
subterrapega formafions inpmdsr tarasleavatedndietige nhe gedlegicraybsurface. In order to

o |G, interpreting seismc datg..T .
denf) RREIH:O nE Rl B PP St P ibshiiadSe fnding petroleur
accunaldtationisNBrgensurtdl bf fiohay eae:gRhddl inl FtRerfrgdbrdBEPAEShd interpreting
. _fromthe recorded seismc data provides an imge of
Selsmt‘h%’t% aF B progesy op consyucting the reflepomprfaees definigg the suberranean earth
" r i roduc in.. .
oy 41 8, R e B8] BOSRLEE el g n ept o
time.wi th the greatest probability of havi ng]c pet r ol Ieum
[ i t a
ey PR AR N T S—
i r ipe e 0SW; e e St oTo] QP
o ASPLAST UGS B GRUESBAIND 1 povotm
accunpationpafl oreeadp the priogenee pE petralaum,j awieh gnusede dtitled. nPritivigs wells to
J racessi and djsplay of the seismc data, so.as :
deterrb i ST BolN ol B Bl P o8 CkemBa e and ime-
consufilil)s tfided@Rinkgh For Wt lredsoMtBMS i$ BRoRIvidd Xeelfto éfl‘&‘lgrove the processing
interpreter, whether the interpretation is made by a
and displayueletheoreismip deitn sotas taspreducet dre ipagsbabiliei styucturatof ghe Earth’s

Sum @64 t exi.sts_ at ti.cular .. .
subsuftace i O‘gml l(rl}{hrg‘fée %gra% ﬁitg Hg%?)lsnlﬁ??%eé%’. wﬁ%g% ¢ ISP s made by
a compoteedr s humaneto dsefsh aet probabiktiyshatCandt@mGRASH SF péttoleum exists at a
. plre sure field and vertical particle velocity field
particylapiorgiion in thekarthyp sehsurHass i n the processing chain . of

[0008F € A sefldfk dowed Istreamt&PRBBLHAs ésrhtlig daBE Q55st of pressure field and
cont ai ni ng onILfyhit he upgoi ng and downgoi ng conponents
e

verticglfparti¢le vplogit wavelsi el gsntralhilenee patkd pocesag dain of seismic

. forned after transformng.the data intp . the |
data iy R Ay SRS F o findeg 1y ;t]hed'é?ﬁfi“hg, a&fﬁﬂ?‘ﬁgg%reﬁ fomponents of
the préssaredi4veBERISC ThikedepRation Bsh Eé‘?er?di‘ﬁie@faﬂer ir8sBSiatihy RleVdata into the
t he frequency-wavenunber spectrum of the pressure

frequengy-yrayeninebes (Ekake domeis itaeng bptht the difference between and the sum of,

: - ectrumof. fthe vertical. particle .
respec{tllgﬁlggﬁ%]%ﬁﬁ%&?%ﬁ%nggvsﬁg%t%rp of tt%%p?eé%%? lr?cﬂbd glbiatspaied version
of thebfyequency-hisdrenthieaspedayns bfieyvettdal pattiote EBEIRS focofd, h@ dividing.

revi ous s%al ing filter, one could alternatively ) _
the re%&ttl%g specha Q{ﬁ@/& n@\loéeh @a&%ﬁg}ph@ug@&m@ﬁgge @f the,previous scaling
filter, ¥R icbelal alteRBHLEG! ShtMR!RE 'ug%oiﬂg\éﬁfi 'd%lvggoipé cto?'ﬁ)'oﬂgnt? of ¥8 vertical

of and a differénce between, TespectiVely, e _
particle resipeitycwavedielis ubpb takingpe stmuofl add b hdifferentd betwepayr febmctively, the

vel ocity r.ecord, and scal.ed version of the ]
frequel s GRS ST Tp R SBEFthRAGH It KElopheies itk acsselgd version of
the freqehcdi wabn(BbeN§et@SH | JfiItRIpRP&EE Ford¥nd Yiﬂfiﬂiné the rr\B-“:sulting spectra
I nverse-transformati on fromthe frequency-wavenunber
by tweidnirivsrsededasioomatien fiomethesfpequenciowaienuyiber demiatreback to the time-

space ?ﬁfﬁéfﬂeq’ielll@sg ﬁienges‘rflrrég lgpog\(l)vpn%ogr? d\cl)v\aiz\r/lg(];ilngl vga&e%gpdo ggr?l%)grienltsh In this
process, only the vertical particle velocity record (or alternatively, only the pressure record) is
changed by scaling. For non-evanescent energy, it is scaled in the frequency-wavenumber
domain by a real filter which systematically increases with increasing wavenumber for a given
frequency. However, spatial aliasing in the cross-streamer direction is all too common in
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process, only the vertical particle velocity record
(or alternatively, only the pressure record) is
changed by scaling. For non-evanescent energy, it is
scaled in the frequency-wavenunber domain by a rea
marirlel defsBlic Whvels. SYRE GRBAE &l oF drbGIBREAS Midsthgl @ﬁér???% Wapped to a
wavenunber Tor a given frequency. However, spalia
lowergcrogsstnepmen winenombers kst redaequentily, eift these wsapabdoubd @ffects in the

n_in mar.i.ne seism.c surveys. .The, in the case
wavefi hok Pt PR IROGeRSirkalren THERGYRe ST sppinpe FE5 the wrong
waveh@nBdr, 61O Hfut 3¢ (RAITH, WANE NHETAREsel Yenergy i &He BEtIcHI particle velocity
t hese wrap-around effects in the wavenunber are not

recorq (uraakternativelnctbe prassure Freard) e seated) hynfaltericpefficients that are consistently

r : ong wavenunber, one that is too
tookﬁﬁ@?ﬂ#ﬁﬂg&x?ﬁ%&@f?gged energy in the vertical particle

[0009Y el oThé¢ superposiviod of apg@ihg endadwi@liyg walieidhd esfpdRnts in the original
ecor%% is scaled by filter coefficjents that are _
recorqsyfAfset & sPPSHIC Patern (b Teerivaroghont gefcheseinpdetGopeprppding frequency-
ROROS] spThiea. S UPREROS fhic 1R | | Qi -
Wavevvav ef i Sg I d conponent S{hl n %ﬁged‘o r@?ég}?g gf %&?cggg%g %cﬁ%glgsc %equency
wavempelydrf icompaiatien ninpf for eceimple, ghostpentvaimhe$ the tphassure field, the
correspondi,ng frequency:- venunber spegctra. \Wenever )
correspRACIRE G RRgy® Mekimal 0B e apedrua GG Yeriical particle velocity.
Howeve£ Q8 oYrespiAY &1 THaBdes GANREARICE Q8pakdtion! &Y thEXBEBInE anll M wngoing
spectrum of the pressure field, the corresponding
wavelield soapgnenie pigtheinotobax imttie frequeney wpesumber spectrim of the pressure
t i.cle velocity., . However..this . .
record B, WEEHBANE Ui SonbA Sl wolb PRIy At Igraton, the aiesed
energyigdnogreetly walsdgor e verical ipaltidle oeBoIRE Rerdl(of RRernatively, the
notches in the frequency wavenunber spectrum of the
Pressyfe okeeoidy S¢ elhat dhq dpsultifia seprarted eVgveficie compenents are incorrectly
compB@fiticle velocity record). At these locations, the
aliased energy is incorrectly scaled for the vertica
[0010par t Tlnise aveteskiexiptsr taroa dnétbod dbt eepaatiorelof, upighing and downgoing

ressure record), So that t resul ti.ng separ at ed
waveiel3 S ESnABORLE it Selait el RET SFiotei it Baic brRey handles
aliased RHérgy I thRRFbsEXirédnterfddectiodret hod for separation of

upgol ng and downgoi ng wavefield conponents in 3D dua
sensor towed streaner seismc data, which properly

handles alia { kAL ﬁ%ﬁ§é7 ¢ r
direction. BR?§§E§%§@ﬁ§@4@¥($aE &ﬁ$t§ﬁ?§01l] The
invention is a nmethod for separating upgoi ng and
mnﬁging wavefield conmponents in 3D dual sensor

0] : .
lOOllf owetNSsiFEatien ¥ Aethpd dor senpraiingeupgaing dad edewngping wavefield

compbl¥ts & ?ﬁsdl.ét 5%%8? fovfHd" §feahRP dafal gﬁn?éhr ﬁ'la% ﬁlg%g a denrergy in the

vertical particle velocity records from regne
cross-gtataancar directiams f Rressack tarotdseand vemiealwpardolenmxdociorabrds from the
plied to the

sy SRR O ST b e B BB A Sl it a
appliddMo B WaNSHYREIC Lertical particle velocity records at each inline wavenumber,
wherein each of the series of scaling filters is calculated for a different cross-streamer
wavenumber range and in blocks of inline traces in which all seismic events are approximately
linear. The pressure spectrum and the scaled vertical particle velocity spectrum are combined

to separate upgoing and downgoing wavefield components. The separated upgoing and

downgoing wavefield components are inverse-transformed back to the time-space domain.



wherein each of the series of scaling filters is
calculated for a different cross-streaner wavenunber
range and in blocks of inline traces in which all
seismc events are approximately linear. The pressure

spectrum and BREEFSOREERIVAION OB THRDR AWENE8! oci ty

spectrum are conbi ned to separate upgoling and .
downgoi ng wavefield corrponents The separated upgoi ng

d in nents ar.
002 TR Pl B Re B 3B e Bueron by reference to the
follo»ﬁlﬁgE&amﬂﬁdlmﬁhgbﬁa@wamsl 0dKkh:.The invention
its advantages may be nore easily understood by

[0013 gf eFlck it ® flowehart diustaingthe dredessng stepref pfirsiembodiment of the
meth(%cf' f el é}lec‘%fl ?X\é gga%mg tuﬁém 'ﬂd Jogs' égkg%gz‘efoi%ld co]n}pog?nts in 3D

art ocessin eps
dual @nﬁmdowmstreaﬁlethaa rret hod of the invention for

o] and,downgoi ng wavefiel d conponents
0014 P 3BRS a8 ¢ e Dren g v g i e Proyedag stens, op a second

embolfnéht b CRaMbd 'olf esink 84 id?lgfo} Q%%ahmhg Lﬁr{gt ﬁxg?ﬁﬁ {\&ﬁ%mng wavefield

steps of a second errbo I ment
compprenéini Bhdia sesseptovedistrgaugylitayg and downgoi ng
sensor towed streaner

.d
(001545 IG5 4 RNt s s ¢ TFPEap05G e Seps of an

emboilitiek GPghe A RnAbR ER b IRSsifg § ﬁ'ﬁlﬁions fRtn F@@b@cﬂnﬁem of the
i nvention for processi agﬁwl ndows from Fi G and

[0016 001BIG FHGs 4 | fhovechprtoilistrating | the sineamidigtet Ipmcessmg steps of an

t of th
e PP MG R SE TR BB g FEE B o L
[0017] 00117!G FBG;s & iflswahirt oletadtingi tHeusihalaptdtgssihle sfd ﬁ@abf the second
e

rocessing steps of the second enbodinent of t .
embog ? the 1f1\éqnt1§@ ngrr PRI B ENIRY 28th doWbgRip® Wayefield components in

HTRNS ngor towed streanmer
3D ddyg%/eglgblgg@gﬁom In@%ﬁ%&ho&zﬁﬂ%&f FIG 6 shows a

[00184i agF Ko 6 $howstardiggram iHustrakingph exaniple thipbpenk] aused aothe method of
th the. nethod of the invention; [0019] FIG 7 shows a
em& “Z‘&Pam illustrating nmasks created fromthe stripes in

[0019{ he E]?(anplslﬁ)wstahdfagraﬂﬁﬂﬁistrhtfhg': &%ks@rea&&p@% tﬁé gi-npgs in the example
shows a graph of the anplitude spectra of

third pagekin 6 race conpared with the resul ts of t he
t n.fo i.fferent maxi.num .
o020 L LS . YA B8 i b S50 B s pompar wit
the resuls o methde of hedhvention fdriigfférehth@iaRnt daatisin® b sad
it re results of the nethod of the invention for )
ozl { FBHER iﬁﬁ%iﬁrﬂﬂ?*ﬂ%fath agpHiydg seretia of thq yfrzericetrage campared with
more ﬁa@%oﬁhg R 4F éﬁéﬁ‘ﬁv@dt%%r G et PhELinRin hgzﬁiagﬁg RoskOf

he 1 nvention an
[0022] FIG. 10 shows a graph of the signal estimated by the method of the invention and

its difference to the reference trace for dealiasing order L=0; and

[0023] FIG. 11 shows a graph of the signal estimated by the method of the invention and
its difference to the reference trace for dealiasing order L=5.

[0024] 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.



its difference to the reference trace for dealiasing
order L=0C, and [0023] FIG 11 shows a graph of the

signal estimated by the nmethod of the invention and
its difference to the reference trace for dealiasing

order L=5. b@@&ﬂEWDE@M@IONV@WP@MENTP@N

described in connection with its preferred

enbodi nrents, it will be understood that the i nventi on
0013, "B Sk BSE O] B P i s fr waverl

separafixh, fiis 5pbitAMS ne@ddtlo eUpréprBNEcaliabd  AB3bnRENtioRE] H/ﬂ?% achleve this
Wit hin, the scope of the invention, as defined byt

goal é?pﬁ%‘t?d’é‘éerﬁ? aligns ! m EhepErpy- SLERMOEJOREON TNoder ToEecrease the streamer

spacﬁée\lyl('rjdr\%hégagﬂbg'gl%/g%}c?%i? lﬁge Esrgfﬁ Qf%r #ne? %}\X&H%F Wa?%l%mvb ol oC['he¥nethod of

the 1rsfepMIapr0MdeS|amsaltepemtve wpproaeld $ort proper Ran@fiag lof aliased energy during
entlonal 0 achi eve thls goal is

Wave??elaégpafr?ﬂoé‘r QB %’ﬁﬂ?eﬁ’e?ﬂ éorcﬁxﬂé%lt gegedaiearolaionect i on i n
[0026)" deThd RefRA 7 @ﬁtemklgrﬁm%ttfs@@m%rc cﬁ@?&g%egaﬁ&he fast Founer transform

subsequently, increase the cross-s aner
(FFT)NavH@WWemO ifteepatetd trdcoheedsite benvadatlated fpr thei wlas:ﬁahi separation.
handl i ng of al.

ot L0 WGBSR, LeBIPRE PN L0 GF 88 S arict

velocﬂﬁ@&ofd)ﬁt &R lihlgle! whveRGRbEN EIRRh AFitRRe sEQQl%GﬁlteH‘?s calculated for a
nmet hod of the invention uses the cyclic properties of

differeecrpgsstirepmar wayenumbes frangn and-gqty onlowe\that, paroof the energy in the
spectlluﬂt @Pﬁﬁllé ?qnttl'iéafa%e g gl?zfse& ?ngf'gy, g’lﬁlbaet i glfglov[/%vtgnumber range. The

wavef i el d Separation. SJeVerat
wavefi¢ltl tseparatiore i irecholdooft the iavérgionalotkieeiat BloERsOdefine in the inline
verti cal article velocity record at each inline
dimengiRneiqy ly eA¥RICHvept§dia &g Appraximatelyelinear.s For simplicity and

clarity 3 GHhsdaB6n fd?l'ly, 3the (‘Brf)éeﬁ[n%n fs @&serifed Fore2 ol MBYRR ullﬁb % following
it

range and acts only on that part of the erergy in
discussppact r um whi ch is, or in the case of aliased energy,

00271044055 e Y Rt SRS AR o vaveni

separdoaC K FIGSE in@dd i 15t Biyw lvoNembSUiARAR O tied n&@tmdabp the 1nvent10n
ongé1se|sntc events that are approximately |inear.

respedfivgpit i ElGy2 sheivs tiedpitial stgps pf th@s&eﬁmd embedimgnt ofthe method of the

. l.ock

oA s LRG0 M ATOLS Bl By i 2.
FIG. 5 khased thafinalstepstaddheraethsd Qlﬁovhhﬂl Frosmion for
[0028£Bn¥,glg#(%?ﬁ—§§e ggt??fgé gglpﬁ (F9:§ %@,Sq stl]égg r(]igﬁ;%]@g@ ﬁlggh\/\é h\gevchans discussed in
refereh&SREFIGY AL%: FIGS. 6%nd hloi‘fﬁsthﬂ@ c]‘ie:;g]p%%tﬁch i€ Ql’?‘ircf F)ar}ei~I ®nd its masks,

second enbodi nent of the net I Ave
respedtively. HGHh@ ahdshilustrate tchmpatisunesfrandhl atide spicetps frofm tthh @esults of the

t.hod. shown G 2, and Fl 5 sh ws the f|
methofogf 18 ReRHEn Fi ireuibafiom fresing oadery 0GR H arst 11 ilustrate
the si?nélleétinlxdd& 3t eheS RIBEMARA of HRe SheRRioACRET IRk drl&s 1-0 and 5,
| owcharts discussed in
respectively.
[0029] FIG. 1 is a flowchart illustrating the processing steps of a first embodiment of the
method of the invention for separating upgoing and downgoing wavefield components in 3D
dual sensor towed streamer data. The streamer data may have aliased energy in the cross-
streamer direction which will be handled by the method of the invention.

[0030] At step 11, pressure records and vertical particle velocity records from dual sensor

6



reference to FIGS. 1-5. FIGS. 6 and 7 illustrate the
spectral ratio, third panel, and its masks,
respectively. FIGS. 8 and 9 illustrate conparison of
anplitude spectra fromthe results of the nethod of
towed N@trdam¥ée Hata0Brd Aanétbfh&l &din TR AN HSR! g &)ngo%%gieqoc‘ the inline
FIGS. 10 and 11 illustrate the signal timate
wavep@bgfelHed) pmeine Whexeenddnotes ftione, dreaidi )asnertge mldEramch:@s streamer

29 a.flowchart
(crosBf) Bmerk G Tt el and g g e Bpnfeet
[003Hbodit ﬁ&ptlzoﬁ séﬂikﬁ; ofr¥edl 1l@rs hlRappRYERY the frahbrmed vertical particle

eparatl g and downgoi ng wavefiel d conponents
velogity rgpprds at gYRbdinding evaveRurgbarak. THeuss tthe aeabing filters are
stre
apphgc?fro:acéflﬁ‘% r?l? V\%I%t%h ha lreefézg Eﬁaeg%flegoéglg 1%81%62@ hso%ﬁ%lﬁa{'{?(;]gor a different

crossistregmer wavenhfb8Ofang¢ arat iafbldcks of [n’:}ﬁﬁ Wfaes i@GHHicls alR Bélsmic events are
[ cl e velocl g records from dual sensor 6
g

appr‘%\’/‘g‘&ég&fya]lé‘?égar clyaf thescaling fitsrspcteenly rasnthe eprapsiate portion of the
energ§PRACHe (fregheXdy-HVELMbER sﬁ&?rufnn{zvhn:ﬁ is Vlgvtﬁg Lx’:[ﬁ‘?‘@{pﬁglfllngXwavenumber

y) domain, where t denotes tine,
rangej for junaliasad eoergy o showdrher in the rCOHsﬂploné)lg dvavenmnberrsrange for aliased
espectively, and kx is the inline wavenunber. [0031]
energkt step 12, a series of scaling filters are applied to

[0032[] he 1k 8Rep 0] NMeGrassiidel spadtrid@bid HeScal¥® Iv@x‘ﬁ'cﬁ]YQI_ 9"\/91%01ty spectrum
fromstep 11 at each inline wavenunbe hus, th

from gfep 12 ﬁge famiipgdstogeparaty ypEoiag an@d@wegmr@wawfmtm@nmunents

f ng fi.lters
10033 (TSR R SePRie Bplind S R¥native Hrlst g sempmsats fom step
13 are mngwe-anadsfbﬂnéﬂ hmcksm tHe tinli?é -spaee (Laprdomdin.whi ch al |
el sfj vent s approxi mately Iinear. Each of the

10034] ! it e dlosyehart oftlustrasing; the apifiel procgssing ottensonf a second
embo@imdnf & f tIRNBEMYd lof tﬁehr?nv&{tﬁﬂuf%f‘g vengﬁg’gpﬁ% an{ %wfngghg wavefield

which is in the correspond |ng range
componeits il dvadrsgpsasrtowhd sirdarher data.t Hﬁlecﬁrerae&pmhadu mgy have aliased . .

I A T TN S T T T

embogiaridnt diseuseel 5ve ¥n Faf@ehdeUBFIG, @M step 12 are comnbi ned
t o separate upgoi ng and downgoi ng wavefi el d
10035&onp¢6ﬁ%$ﬁ9 30, grensury) andivesicappariicle tvRlock e prepedsee n«'pgtwmgl into blocks

: f
in the@ﬁﬁjle-(ig Qa (4o mslfé’ gz_l,éigk HPIHRC %rﬂ]%nss%% G rpléa%ése E) 11'5?_ g)'))ss-streamer o)

I nver tot
dimersomedind. al[ 928 4hmpleGoirds irstha tﬁﬁwp&lﬁ’fehmbM Uiveaér e Hl&ﬂ( is limited

teps of a second _ enbodi ment of
in theyifine ) Ao o0 Rp FYCIRISIR oF e GBISkraE PGk BpgpFkimAlely linear.
Thus QH%EJQk@Hla%V&fl é)eanhe ﬁﬂ%%%sﬁ‘oﬂ Mwaln Qﬁ@tlogﬁn&%{'lap, they have to
towed streaner e streaner data ma

be PT@ICﬂaS)embmsdeﬁthe way bfeeld sgmsatonr eamer  di rect ion. FIG
of the first enbodi nent

0036, S-RERE LA o R T P 1 |

[0037] At step 22, pressure and vertical particle velocity records in the block selected in
step 21 are transformed from the #-x-y domain to the ¢-k,-y domain.

[0038] At step 23, two slices, with constant k,, one of a transformed vertical particle
velocity record and one of a corresponding pressure record, both from step 22, are selected.
[0039] At step 24, the two slices, with constant £, selected in step 23 are separated into
several windows which contain all the traces in the cross-streamer dimension, but not
necessarily all the trace sample points in the time dimension. The windows may overlap in the

7



[0035] At step 20, pressure and vertical particle
vel ocity records are partitioned into blocks in the
ti me-space (t-x-y) dommi n. Each bl ock conprises all
traces in the cross-streamer (y) dinension and al
time Hing&Rionhad MAMHRn RRé 'Wlﬁddd?‘s bh&lab' Ry (Ravedb "B%nﬁﬂog&‘ly combined after the
However, the block is limted in the inline (%)
Waveﬁﬁlﬁéﬁﬁqféiwnso that all seismc event s inside the bl ock

o0t & PRERSTL LTl B o580 Bt and n o

the ventieal Ipalmclet\fbmclﬂyav&)rd mot}bﬁomrmﬁzd Yrecemteded after the
vefield separ ation. [0036] At step 21, a block from

[0041§¢ epAbstep 265 @ matipym fediayne Ardest ap intoger slesignated bank is selected.

t bl ock

The gl F@%-RRahlef Yo ok SERE SR Y 5 Chet - -y

[0042¢iomaihstem 27 Hbe trikdows stteteidrin s{eP@38ire fdnt $¢ etpp 38.0f FIG. 3 for further
sl.ices, with constant kx, one of a transforned

proce?ﬁé’?%l cal particle velocity record and one of a

[0043¢ OF rgsagpds g i RS &%ﬁg %hep%ﬁth&s%hﬁhﬁB l?ezsehe%feﬂ in step 25

sel ecte 10039] At step he two slices,
in theesbipe wathtcoRstansdl: eeleeted lmstsn é:b Izﬁi’uethe \smpiawaremhln id be selected, then

the pior%%sggr%h[ t eg(ggggf) dﬁeﬁg I 3 a ov&sﬂgagt@;rg ge SQelysre}ie%cPedt fthe process

proceéd’s&tﬁ@héﬂxplste 9. nts in the t| nme di nensi on. The w ndows
overl a |n the 7 time dinension. Wien the w ndows
wo““bver’f‘bﬁtept eyt Hadetermingd ifhpryp Sirther shings wétdl eostant fheemain to be
4
select%%}r{f%lgpg g% d?ﬁ%%%tn%&gs rJeraQn c% b@geléﬁecp tlr%eéls@u & PLOGess refyyms to step 23.
If no fanttemstieed n'emmm tortee sek:lcteldpﬂhbn ﬂwﬁrb@sepmbﬁﬁlté Yhe iR&OEtED, 30
oth fro tep 24, ar el ected. [0041] At step 26,
(00450 Ad SR it 5 {15 Setegmised ék anyfurther bocks remaingn ke selcepd in step 21, If

furthel 51c%R$ @8h8A 10 bd REeQEd Qhé}ﬂ{heg{@@e%s L RRNE rste?@"le NS irther blocks
rang; corresponds to L=0O 042] At step :

remaii P splected, dia pracesn erdscfor 28 fhovecharrin FﬁG 2t dihe I@toaeﬁs now proceeds

ther processing. [0043] At step 28, it
tOthe[ﬁ ggh%lern?nhncé ‘if any further windows remain to be

[0046]Se| G B iiNaSlRfchdh illusirdiRe th ipeSeeidind) sPODF AL erkbodiment of the
sel ected in step 23. If further windows remain to be

methodqf dhe wyentionear prosesspicoviadews &ouy FEG1h Eadssugls windownis subject to

pdows remain to be sel ected, the process
thefo{l%cgg’gs to the next step, 29. [0044] At step 29, it

[0047] S d‘btt&tep’rﬁhetdrol skleated Vf/lﬂd(b\hﬁﬁreaibitaiﬁﬁi fibint st 02 bARIGKY, one from a
sel ect edl If further slices
a

t
press“lrr&?ﬁf’?ﬁi %“g 996 from a vprtige e ?ﬂ%mﬁf Be¥ds returns to
[0048Ppt egﬁ\tzs%ep 34 fa oidMfifidrgs c&h?&@& td & lleh‘?n \gg\l %F%ie%giaratlon for

then the process proceeds to the n t st ep,
the cuments/t;r@pd 3ox, a {lesited Cdﬁseﬁmmedwa\fenamyerf ranghrehichl ioEktimes larger than

the N}rqul wavenumq)er %a%lg% Cg%v%gl bthces Eiatg wmdo ! f

[0049] At step 33, the window from step 31 of the vertical particle velocity record is
padded with L times its number of traces by zero traces in the cross-streamer dimension. Here,
L is the maximum dealiasing order selected in step 26 of FIG. 2.

[0050] At step 34, the padded window from step 33 of the vertical particle velocity record
is padded with L times its number of samples in a trace by zero samples in the time dimension,

generating a first extended record. Here, L is the maximum dealiasing order selected in step 26

of FIG. 2.



s

further blocks remain to be selected, then the process
returns to step 21. If no further blocks remain to be
sel ected, the process ends for the flowhart in FIG
2. The process now proceeds to the flowhart in FIG

(00513 [ AP4E) 35 tfr fidt iefﬁteﬁdéd RUSA&EIm kteh ?ﬁii% g&jidr?é%aglggzeg%ed by L traces

processi ng_ steps of an enbodi ment ©
betweengverpivenlive tragesy gqmemtiog siseepndientboded fecanh FI G 2. Each

uch, W .n h S bj ect t the fol.l owi n rocedure. . :
10052] o224 R0 38 5 T Unfodrl sl Rrndthanoh e VRIS Racte velociy
records] GOISHER 347andf 355 tdspedtivelgNarefltFa@ioAned fr8HSHE Erl RGP vdnumber (k-
and one froma vertical particle velocity record.

y) domgin4gthefreqyeapy-savenpmben|(f-hds ¥ domain. Hecpegmmedf the first extended
[ i [ e 1,0 he cur. t
eon 8 A AE UL L S LB D L2 e o
the seadmidcéxtemletl rédomet srohpsteeBs iseferredhe aW;sS&odd&‘peﬂblgg’Q frespectively.

ange gi ven by the data wi ndows. [0049] At ste _
%&g%yn%i’&mw%mlere&ngas BYW e &éa waes figr pyrabes of samples as is
preset&h A digihAGPEMrd S thPIANEHAy WMiddtdd ihispS24 B{SFE}E'.n?.eFFthnumbers of
traces by zero traces in the cross-streamer di nension.
samplegefrethe frequendyheaveaninbemdaiesih iofishagriginalespested aretreféried to as ny for

t 2 f .FIG, 2. 050 step 34, the padded )
the fr@fuEis ReBhsion fid Fcfat BF 2rlse Shrehe v pbsr P BCHET, Spspgetively.
[0053] ecoktstep 37, AREIHEgLeNLY i:hnrkgest bfBVth tHeSHrsHN ﬁg@cf'urﬁ’fané HPeEshd spectrum
In a trace by zero sanples in the tine dinmension,

from gems areishgnker, icprtidesingeontictie irngomest npgamples for gll wawenumbers.

Xi i as] rder selected i.n ep, 2 of FIG
1005475 TR 3 nERRARR" o EF hEPe iR plGE ProcBrond gprrom, o
shrunisdne frodd siep J7er Thidi aiditlon afewbieel nbige lis td pEaSnt POLWARNIT the second

every two live traces, generating a second extended
spectrpm s pyall phos pyedms adigsorap the neat step.s¥d- and second
[0055FXt exxdad WondRWs+iefis ttel’]@env(g’r the Gkt SREAE! ﬁe(fﬁ{ eslte%cﬁ %nd the second
records, fromsteps 34 and 35, respectively, are
spectrumafinerh stepet8. f Themesuiting rdtions tha fiest and secofd shectna)is defemedito as the
“third 2 tlhe (nflhr qpencg-vvavenurrber (f-kX ky) donmain. The .
gﬁg%t U eg? THEEfirst extended record from step 34 is

[0056] ef et @¢p 4® the sdalifig Hitef HbmSAGLSZ B tHethird Pahdd FIMNV1RH 39 are sent
ile the spectrumof the second extended record from

whi |
to Ste%ﬂiesf BEGi 4 forcfugthereprogessiag. {The prasseoends Spedeflavichart in FIG. 3 and
the pri@SPREY blRkdds 1o ISPV AAHINFYGaRI vavenunber ranges now

{)1ave ( (3 I'mes t

e number “of 'sanples as is present

[0057] n tF1&.04i Gi malflosphat riflusttatinge thei netoMBedst egroeesing steps of an
of FI . .The nunbers of, sanples in_the

embécﬁ%‘ggtéﬁbﬁmﬁfé\?g&é PVRIGIRRITRF RIPCashiBe spqcirhafios fem FIG. 3.
[0058P" efAtes‘%&J dEthe Ralfty BiteraRd thelth&d E’g‘rﬁ rﬁ&g&&(aigém&ﬁ' P A FIG. 3.

or the cross-streaner waven | mensi on,
[0059} es pecttép/42,\the tHiioEaE! fomstappd Bis, divided inte Quinesy (IHal) gadpes, each
of both the first spectrum and the second spectrum

. n . . . .
with ?" samples in the wavenumber domain. The stripes are numbered from —L to L, that is,

from negative L indices to positive L indices.

[0060] At step 43, each two corresponding stripes are combined into a mask, moving the
stripe with a positive L index to the original positive wavenumber range and moving the stripe
with a negative L index to the original negative wavenumber range. If L is odd, exchange the
position of both stripes. In steps 42 and 43, (L+/) masks are created, each with n, times n;

samples.



fromstep 36 are shrunken, considering only the

i nnernost of sanples for all wavenunbers. [0054] At
step 38, a snmall anmount of white noise is added to the
second spectrum as shrunken, fromstep 37. This

[00613ddi Wk efep aly, %'s&aﬁm@‘iﬂlﬁﬁ fﬂo?n §t@p ]| ?sv(ﬁ()fde@ ‘irﬁ@ h&{FRes (ﬁ+t151?mpes each

second spect rum i S srm en use as a divisor
e 39 the ratio is
with 18 ahnpi ?ﬂ%éo ‘F’FY%‘P @ "H f‘se?fe §‘f«m£ﬁr&5tﬂwgl —Lto L.

second spectrumf rom step 38 The resulting ratio of
[0062]he At stop @m@a@etymcbmﬁppmdmg smpesaleraoed)lm&d @ 8 Hidter, moving the

stiipe i b paBRTF £dpdeh e o B ilyervmaerimbs s andmigyiRe the sipe

with $hegatid8 Iai@es ®the ofi@inal Aébafide Mavéilumbett rdrde. fTH) §84d, exchange the
processing. The process ends for the flowhart in FIG

positign pf poth BEPET- o de StepH dt A ASe b5 1) ﬁltcrﬁ erg rcmmldapwrrfrspondmg to the
(L+1 ﬂngéksd'credglt&fﬁis]t?ﬂ: I and 438 Lctl%gf n‘;}hg dgt%%rgitvgr?gltﬁ{uﬁg?ertrﬁréges of the

nternme e processi ng S eps
masksret hod of the invention for processing spectral ratios
3ElromFIGL L0058 At step 41, the scallngfllter and
[0063] he fhstep 4 gaﬂ yeciors C%?Sémﬂéﬂ the samnleseqf allomaskspf the sgme frequency

wavexﬂlglng?] sa‘rbﬁ 18 LRPn 1%1a11tz 1§ ‘i{oﬂﬁ'{lﬁlan&{? l%e@&trﬁ %% efisure that extra

di vi ded |nto 2 tines
energs;aﬂ”apitestmduced]m ﬂmvmwttxbwawhﬁebdsn The st ri pes ar e

fro L to L t is, fomne
(0064 7 8LS% 47 DBk eomimbonding dlmend kb oA taplig! egetheaiorpreate the
senestdmcgmgrfﬂfeppndl ng stripes are conbined into a nmask,
ving the stripe with a positive L index to the
[0065br i gAhetpp A8sthe sereesved vealingifdtery emgfed émsteprd ¥ aregsentie step 51 of FIG.

| a negative L index to the original
Sforﬁl% fﬁ\%‘y&\?\%‘ enunber range. If L is odd, exchange the

[0066ﬂ)OSI FIGm 5o0is hotlowshart pidlestrdtingSthHep $indi2 pﬂﬂﬁssﬁ?g stdpt 1of the second
re cr a(li g each with of times nk sanples. 9

embogﬁ ﬂ&e ‘E‘?‘SB #4 the; xention) fphserrrating rupepinm asd sl wagoing wavefield

compgﬁéﬁ'téjlﬁqilj T sfpgbf ﬁ%d(s{réérﬁe]rﬁfafd Qse&o“%aiﬁrhd@ {1y sanpl es

he wavenu donmal n pes are nunbered
[0067i r omi\t step 51,Ithe §edie6 2 scaling fibprs 4bs olﬁanhd from step 48 of FIG. 4.

orr ondi,ng, stripes ar C ined into_a filter, .
mﬂ“?mw‘%égtteﬂggz 30 sttt 5 %ﬂﬁ% | {emLStFm a,are Gopligd to the original

spectr@f 6l tH@{vuRﬁ)W &ff tHE v APARRSE vél@&@ere@(ﬂ'q oy ‘st@ﬂ ZF REFIG. 2.
stri with a negative L index to the ori

[0069h eg t step Ry alh tibrasulting duterdds spiectra o6 thet; WmdoWaofg@e tvegtical particle
NOS| stripes st eps
velooBP R e 0Pis2 B4 G L PR B bt vertical

partickervebdoitg redord ireghs vdrdend 43, and acting on the
i fferent vvavenunber ranges of the masks. [0063] At

[0070gt epAh%eP &t the spacpm %fdh%p@tssqﬁfgre@prdt inghe winslogstrom sigp 25 of FIG.
2 and RS K&1& sgebfuR ¥Fend VEHUA Yatticle velocity record in the window from step 53

are combined. This yields the spectra of the upgoing and downgoing wavefields in the
window.

[0071] At step 55, all the spectra of the upgoing and downgoing wavefields from step 54
are inverse-transformed from the frequency-wavenumber (f-k.-k,) domain to the inline
wavenumber (#-k,-y) domain.

[0072] At step 56, the inverse-transformed spectra from step 55 are combined for all the

windows from step 24 of FIG. 2 in a slice of constant k,. This combination yields the upgoing

10



wavenunber sanple are normalized. This normalization
IS necessary to ensure that extra energy is not

i ntroduced in the separated wavefields. [0064] At step
47, the corresponding filters and nasks are nmultiplied

and db% @lhgﬁvaygﬁ@agﬁtaeslkge series of scaling filters.
35 5 At step 48, the series of scaling filters
[007

re aﬁé dtapnSEt ?éb the7 sliges fomnitstepo 56 t@ptaﬁmng)fthd: lufgoing d@ndrdowngoing

waveifoh SRpuBlof SRR ATY icht MOPLteR 27 o TIF s ot CFHanEbiaohBlock. This
combg@iupies ny@d"stth@fecbﬂﬁ oﬂ’ﬁléﬁﬂ%oﬁfg dnldQlowhgE T ?'V@ﬁ/eﬁ@lﬁs in a block in the ¢-k,-

separating upgoi ng and downgoi ng wave conponent s
y domain3p dual sensor towed streaner data, as shown in

I GS . 1&s.0of scali
0074 5 ik 58 900 Ll T8 BhughlS SRR A g 7
1nversﬁ-tezmsﬁﬂmeﬂ Iﬁ@nsﬂren&@e()\ﬁ/am&hﬂbﬁg(t-fk;-hz} ésrfaihbadck & @B tide-space (¢-x-y)
riginal, spectrum of the w ndow of

lied to. the
doma, ThiS E@Ir‘%tgvn?}%ﬂnt%ﬁé threingeingandedastrgomeotisvefisld compoments in the

time-§Pat démaihGR8Blockt step 53, all the resulting filtered
spectra of the w ndow of the vertical particle

[0075) el oAt stgp S8cthe dtpgéllng rind tdepng@ing veavsfieldedmpbhérss suablock obtained

s the ca ed f the vertical . particl
from ¥tgp gg e}r? cpm 161|e<& Xlﬁlﬁf tilw Wgo[ntﬁ)amijr é(m/ng)ll wgylelfetlnﬁgomponents
mthe&ﬁ@@‘_ggdégu@ﬁlaﬁlhe pressure record in the wi ndow from .

25 of FIG 2 and the scal ed spectrum of the

[0076\l'er tTh,%meﬁ@ritqfdhé inMenten cgn béé’@lﬁhﬁrlstabﬂh@d\hymmmettmgnﬂle series of
masksS f‘o? %agl?wm%r & dt%? % dﬂgs%ure-rrgcqsrdélf gvls Isarr]ltd[]cﬁ E)ecél aawﬂl the senes for the

NG Wave

vertlchlop'h?ﬂéle AEIOSﬂtﬁbeBﬁl befbre thdBositichtich Qép.t REthitPYD}, REmATYA signals of
goi ng wavefields fromstep 54 are

both Iieﬁ‘?\lz\rg? e qrpirsized arditheripivence of randesnegissisredineteThe method aims
to pre(lfc‘t Kife 115)% o‘#%ﬂ?ﬁeﬁ an@ nBH%hh&Jd' ﬁgrgmﬁ%@% af O“L%r f%:l]uenmes The

domai n. 72] At step nver se- trans
applicatiex bf ﬁleﬁn@mfisoféqhe 5rB/eanen ootirbé menticvaris dbsdiredhs thel\lnﬁdﬂd&ssumes a

f.romstep 2 f FIG in a slice of constant k,,.
hmlteﬁiﬁliuglbg'b?r@f)f‘f’i]tyﬂB}?awv@flés the upgoing 10 and downgoi ng
[0077)aV efheein@thol Dfahé idvetiod ROFe3tridd acﬂo%’ f@rﬁhe%ﬂboﬁhﬁem in which the

slices fromstep 56 containing the upgoin
Vertlcalomg@lp ritplocitsvieeard|ig scaed end dhedresusenre 3$ ngtes Aflteratively, the

l.ock,
methait ﬁfgth @efnuﬁﬁ %clh%i ee al‘%erﬁrctﬁl ngéjr%ll?orhtlﬁgra 1%0\8?19& hlé%aressure record is

e recor
scaled:izmﬁhge waglcaﬂlqmafﬁcleivdwt)nreaoﬂal ioabt. i Thetdbdvé discuskiodWaRbB modified in

At step 58, the upgaing and downgoi ng wavefield
a stra&%ﬁtéé\ﬁ%qqt mapneg ntpslpélf],ldg-,tmg?@terr?atlve embodu?lent gReferences to pressure

records and to vertical particle velocity records would merely have to be exchanged.

[0078] 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

11



i nverse-transformed fromthe inline wavenunber (t-kX
y) domain back to the tine-space (t-x-y) domain. This
transformation yields the upgoi ng and downgoi ng
wavefield conmponents in the tine-space domain in a
outpuP!dee Y% At i j | Bvi
P e T e s oarBP parting 16y B nlhcfiert A, Bovigey such as
monitgrseansopriviters dstosage inutidiegsuch s [diskaland herdi driyes,rohdchmyrogtodr ragpropriate
equi gsfield conmponents in the tinme-space domain. [0076]
P8 et hod of the invention can be further stabilized
[0079py cabgitibadliy)gnbiee BRI isgsariting rm@kgpgo% eafdh dUwWHEsWg wavefield
for the pressure record as well and c ﬁ%ining.it Wi t'h .
compppnts 4bpre; it geptideof Fle1 S.cean brapenfermedvas| anyi pojntr aften thie series of
. ' ' . In.this . CO n .
scainREE Mo T AL 00 el A (R0, sove n s
52 of MG 6ie Ang redultirpndangeinitheondsr 6fxkpsaslwithinahepietiod oikhEinvention.
(ﬁo ﬁiﬁdiCt he ratio of aliased and _non-aliased energx.
[0080 o g Rropedurg,olgrestigehe mpged dheafectpkthe apmopedsmpthpd is shown
in theAblIE N BARA] Be (28 ghﬁ\h%% bodh folyirdHo %iﬁ treamers with a
desired as the method assunes a Ilimted nu ot
distanico ©&RP yn.| iThe arodelenmisists ¢fR0SITle Tefectoetwitida dfp ¢f&0° in cross-streamer
. dtnventiopn is described abgye . .for .the enbodi ment i ) ,
directigi an royip %%F?Fl&&fhf?fg% Ihs fellovvieg figuics shppreslts s heglice with
k=0.2N8 Wik8owingS# Wettith® Afhéhsioh M9 beerMhipticdal kieda¥a cdrftin only a single
met hod of the invention includes the alternative -
reflectipm eintrand thecompspondingseqsives ghosé record is scal ed and

he td cal -parti. elocity record is.not. Th
oust 2 YRS\4 83 BBAM LSt 5 ek bR RAS by b o ot o
inventigiNeFI1G.06 ishowsichd Exungplélthied pahélverer Ne@EUtIBRNo. 1, samples for each
Ref erences to pressure records and to vertical o
wavengupherc [lhe giinse of yhieh gre gsedvsuruildntbe arasknarg sepasatpd by vertical lines

62. TRXShpRYSd -nu[n%grgeﬁ]éma- Mbeled L ons fgs-geen di scussed

above as a nethod, for illustrative purposes only,
[0082but EM® Tissodipgramniphgrating ehsks craatey stoenrthe Birépes yis thenaxafmple third

pant ST 45t g TP SRR e D 0RBs o o 1

The nf¥kskeire sEGMY 8Ré idRmbliLAba, Whiek 8Ssédd6 ROFIPE rEach%t:‘é&h has the same
art,

dat a processing equi pment, well Kknown in the
numbgy; ofjsamples iep the ariginad ppactpmi oftthe vatital patticknvebocityatownod .k

f ¢ ter4p SSi equi nt incl udi t not
oossE!, PR 1 RRR0% LI SRR DLey we BT oo s et
(refergreymnkiht estimitadene € \tiace sumbadl RNFIE I Gowd PR AFH d£the amplitude

C ter processing equipnent), software (operatin ) _
spectrg f 1ol fBe rélpisnoe HeGeoroTIEG Hits MhareHind pESepre et the invention
for différ@ﬁ%hﬁﬁlun@?éﬁli@m{g %}&Fsr LaRRGOR hEW € 2 é?ag)fhto%ﬁeegmplitude spectra 91

connections (electrical, optical, wr Ss, or
of theotdfenenies tjce aomipged ivpittemadre résultp 82 afithe iibtiwdt piithe invention for

o devi h..as keyboard i,nting devices, .and i i
dlffer@g\g}ﬁ%zt?xg%u ag?ﬁ%o%lg(;i ei‘hg E‘Olﬁ?eﬁgleg%?ﬁq %qaga%%order, the higher is
the fr8fueRELP; toSWRICAARe FBEANS UE theASstih 4P 130 e 1l §368Bum of the

and any ot her appropriate
reference trace.
[0084] FIG. 10 shows a graph of the signal 101 estimated by the method of the invention
and its difference 102 to the reference trace for dealiasing order L=0. FIG. 11 shows a graph
of the signal 111 estimated by the method of the invention and its difference 112 to the
reference trace for dealiasing order L=5.

[0085] It should be understood that the preceding is merely a detailed description of
12



equi pnent). [0079] Additionally, note that separating
t he upgoi ng and downgoi ng wavefield conponents, above
in step 54 of FIG 5, can be perfornmed at any point
after the series of scaling filters are applied to
specifil@mRairh&ad dFathid Ciﬁ@enﬁ@ﬁ Oeﬁidt Yhat prﬁﬁﬁJrHﬁg 'cHar?%g:W H%Yﬁcatlons and
above in step 52 of FIG 5. Any resulting change
alternatiyees 3¢ dher disglossdegmebadémenits mmbtt mederit acvdrdahcd brith the dlsclosure here

U L NI T SEN S

meant @ @it N fsbapér 86 thel teHBGH Cﬁétﬁeﬂ“&ﬂ@ sB&§RNof Ql'ié/\@ﬁ\@ntlon is to be
nodel ed using 23 streaners with a distance of 25

deterningd aplydry the Arpeaded ¢lpims andiibgivequivalents.or with a di p of
60 in cross-streanmer direction and no dip in streaner
direction. The following figures show results for the
slice with kx=0. No windowing in the time di nension
has been applied as the data contain only a single
reflection event and the correspondi ng recei ver ghost.
[0081] FIG 6 is a diagramillustrating an exanple
third panel as used in the nmethod of the invention.
FIG 6 shows an exanple third panel after reduction to
of sanples for each wavenunber. The stripes 61 which
are used to build the nasks are separated by vertica
lines 62. The stripes are nunbered and | abel ed from
L=-5to L=5. [0082] FIG 7 is a diagramillustrating
masks created fromthe stripes.in the exanple third
panel in FIG 6. FIGS. 7 shows the stripes of FIG 6
rearranged into masks 71 up to L=4. The masks are
shown after normalization, which is step 46 in FIG 4.
Each mask has the sane nunber of sanples as the
original spectrumof the vertical particle velocity
record. [0083] FIGS. 8-11 shows a conpari son between
t he nodel ed ghost-free pressure field (reference) and
the estimated one for trace nunber 11. FIG 8 shows a
graph of the anplitude spectra 81 of the reference
trace conpared with the results 82 of the nmethod of
the invention for different maxi num dealiasing orders
L. FIG 9 shows a graph of the anplitude spectra 91
of the reference trace conpared with nore results 92
of the method of the invention for different nmaxinmm
deal iasing orders L. The higher the chosen deali asing
order, the higher is the frequency up to which the
spectrum of the estinmated trace equals the spectrum of
the reference trace. [0084] FIG 10 shows a graph of
the signal 101 estimted by the nmethod of the
invention and its difference 102 to the reference
trace for dealiasing order L=O FIG 11 shows a graph
of the signal 111 estimated by the nmethod of the
invention and its difference 112 to the reference
trace for dealiasing order L=5.
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[0085] It should be understood that the preceding is
nmerely a detailed description of 12 specific

enbodi nents of this invention and that nunerous
changes, nodifications, and alternatives to the

di scl osed enbodi nents canchg@ggde in accordance with
the disclosure here wthout departing fromthe scope
of the invention. The precedi ng description,

tq%ﬁgfpre, is not nmeant to limt the scope of the

i nvention. Rather, the scope of the invention is to be
determ ned only by the appended clains and their

equi val ents. 13 CLAIMS_ | claim [C] A nethod for

[C1] s&ﬁl‘%ﬁqdn@f \SeRAtE WPRoint and)dpwogeiag evavefield eommonents gn 3D dual
S“BO{Q“%@Fﬂgaha“ﬁﬁp§&ﬁﬁﬁg d streamer data, conprising:

ransform ng press ‘ecords and vertical particle

vel otardsformérgp pekssire ofecoide arlt KeRicelr padick tvelotity reBbrd§efrom the
wavenunber domain; applying a series of scaling
f Sireames datg to fthe nhng wavsnuEbe dmeiBal particle vel ocity

r ecoffpiRd o€ igl d u , | hqof t .
seri ggﬁgﬁé Scali %g&f%CPlt?%%f\@tlg{sé {Sggfecg%ﬁ%?%rg—le? o‘?&g&l 6arﬁa§ velocity
dirfcoedsertt each osbne waremenbenawbereirbeachr afhde senids iof scaling filters is

bl acks, qf .inli. races in which all seismc events L
af Cﬁlﬁﬁao@r e Bgent icﬁ%é'ﬁfre%ﬁbWﬁY%Q“‘{bﬁrer%gS@Gr‘é‘ blocks of inline
S RaEdsIik Whadhhif RBnHE 8l #8hbpoR/ImMEY lindre vel ocity

spectrum to separate upgoing and downgoi ng wavefi el d

conpenthniag thmpressyvespsetramzand fthe siatayl verécad ppaickt edocity spectrum

u | i ng wavefie conmponents . back to
¢ RSB DA D LS Sl SRGES Sed o m 1.
wheriavérsd-tram$oaling g RpaaedipgbRgind dowigoi@ wavedield components
pﬁrtlcle ,veIOC|E%ﬁg§cords fromthe streaner data to
t Reck; taithe lémeasnass f.domai n conprises: retrieving
pressure records and vertical particle velocity
records frompressure recorders and vertical particle
[C2] véheanathod ef cladterk, whersipetcanisfoeinng pressure dedondst el vertieal particle
of bo§Fs in the

Streaner.; selecting a plural .t .
Ve‘°°‘_§‘i eSS FogL SW%%&@HO ﬁr%ebn%wﬁY%um fgdenfin comREises:
i N GERRVMB! prRJWRS rélob®NaAP VertRhl phiiRevaBER] PN EOm pressure
in tinme dinmension, and only enough traces’in the
i FcPflersdandevertienl padtidleaelogity recerden, cespeetinedy,imeirded in the towed
egehpl.ock are approximately |inear;
selecting a plurality of boxes in the streamer data with each block containing all
traces in cross-streamer dimension, all trace sample points in time dimension, and only
enough traces in the inline dimension so that all seismic events inside each block are
approximately linear;
selecting a plurality of slices with constant inline wavenumber in each of the
blocks;
separating each slice into a plurality of windows with each window containing all
traces in the cross-streamer dimension; and
performing the following for each of the windows:
selecting a maximum dealiasing order L for the window;
computing a scaling filter for the inline wavenumber and for a selected range of

cross-streamer wavenumbers;
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selecting a plurality of slices with constant inline
wavenunber in each of the bl ocks; separating each

slice into a plurality of windows with each w ndow
containing all traces in the cross-streaner

di mensigafddingdnde PeIMUOW WRE 1iS tfaeld anwd Nard Qémﬁlégh éH‘erating a first
the wi ndows: sel ecting a maxi mum deal i asi ng orde% L

for thextgndetbgcordonputing a scaling filter for the

inline n er and, f a sel.ected range of .
Cross- }é?é(glﬁ%i 1 Gave) Stﬁggfgsst exi%ldﬁ‘ga%ﬁoﬁ WITleZSRp SADRlet gqperating a
zero t rsaamd earldédre@ordanpl es, generating a first

extended record; periodically zeroing the first

ext endd@nsferning Whe nirskrands seands extgaded aerords ato the frequency-

second r : ] [ an . .
cecond "CrERaEe dofSl gendrh IR RETMIEL Y Srcklon Mipssiively
domai nshgekiag dtei firgt andfsecmid spadras eadnd spect rum

respectively; shr'nkin% the first and second spectra; )
and t akakigs thedatioet he frstspeetium toithe sreend spRcirem; Benerating the third
secondpﬁﬂgptrunl generating the third panel. [C3] The

net hod of claim 2, wherein the sel ected range of
cross-streaner wavenunbers is L tinmes larger than a

ui_st venpunber range fo e Wi ndow. [C4] The .
(€31 AR R PR S AR Bre, st raBE P Oasrarsoimes ¥ venumbers is L
times 285 €r thirdg By qaROwERNAmMbeNRhES for GRIMWIdsHS: paddi ng the
wi ndow with L tinmes the nunber of traces in the w ndow

by zero traces in the cross-streaner dinension; and

p [ . L0 .Lmas. the nunher of sanpl.es
(4 PTRE A, SHBEE Sl paddib T bitBo MG eng PG HRG Z8ro samples
compfiées] The nethod of claim 2, wherein periodically

zeroing. the first extended record with zero sanples

conphadding: the,windos with Lytimes the ABmbereofdracemia thswinsgagby zero traces

F §EHedrdi¥-stredh @ BhehGoYGRE every two live traces.
[C6] The nethod of clai'm 2, wherein shrinking the

fi r shadding thewonddvspéb ilr timeotp musber of samples in a trace by zero samples

in the time dimension.

[C5] The method of claim 2, wherein periodically zeroing the first extended record with zero

samples comprises:

periodically zeroing the second extended record by L traces between every two live

traces.

[C6] The method of claim 2, wherein shrinking the first and second spectra comprises:
shrinking the frequency ranges of the first and second spectra to the innermost
samples with frequency range equal in size to the number of frequencies in the

transformed vertical particle velocity records.
[C7] The method of claim 2, wherein taking the ratio of the first spectra to the second spectra
comprises:

adding a small amount of white noise to the second spectrum before dividing.
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shrinking the frequency ranges of the first and second
spectra to the innernost sanples with frequency range
equal in size to the nunber of frequencies in the
transforned vertical particle velocity records. [C7]
[C8] Thte iRihRb QR aifrl BiWheroin WAk sbAK SYSchIg filRdd orRbridele
first spectra to the second Spectra conprises: adding
a snéividiegthe thirdpanghintae2(hail s ssripes numebesettvor -dpedi;r um
before .dividing. 15 [C8].. The method of claiml,.
wher St TRy, Odchranuingn FEbART sPipef ot Fimic
Conpdilviiass the déaling ifiMgr IMZMIEQ@@@@&mB&E&&@&Uﬂ-ﬁO L;
stripes nunbered from-L to L; conbining each two
cor r €SpBRaE sach twosopesrandingly-pemberad stripesrinéka filter;
di vi g 1 g filter into 2(L+1) stripes
nunﬁgie h%ﬁgg$§@5$§,L; conbi ni ng each two
cor rasjiphdng ghey coruesberding Silterspearsd intisks odettet,egenerating a series of
norqalk%ing the masks; nultiplying the corresponding
f PFAEEJIGHY fhsks toget her, generating a series of
scal } $4 : [ ' i : :
P e T SR O, b e B m) YBEER! Bificte velocity
rexordss. [ C9] The method of claim 8, wherein the each
of the stripes conprises half the nunber of sanples
in the cross-streaner wavenunber dinension as in the
[C9] t TABSh@RSESS V@i I8C MheRRR tHeCdah of BOGTibds (RGNS half BOdumber of
The nethod of claim8, wherein conbining each two
sampley iy Eeperasi-vitgayen waetrusebes (dimprsion phirothe transfosmed vertical particle
Ises noving the stripe with positive L to the
vaoc%%ﬁ??#%é wavenunber range; noving the stripe with
negative L to the negative wavenunber range; and
exchangi ng the position of the stripes if L is odd. _
[C10]; E%i]m HelHBP. grhergin combining rach two sererrRPRdingly-numebered stripes
into aTB&K8orf gises: normalizing all vectors of sanples on
all masks at the sane frequency-wavenunber sanple.
[ C12hovihg thesstiiijpedwithh poditiverd. & thetpesitive wawverivimtien canighe

pressur.e spectrumand the scaled vertical particle
Vel bt DRSkn R e 435 Pelrinenitiy whfeRumBRt ienge ad
t r anskRanpRth e pbiifienh oPRE kirpeeifveis@alt y records,
generati ng
[C11] The method of claim 8, wherein normalizing the masks comprises:
normalizing all vectors of samples on all masks at the same frequency-wavenumber

sample.

[C12] The method of claim 8, wherein combining the pressure spectrum and the scaled
vertical particle velocity spectrum comprises: |
summing all the filtered transformed vertical particle velocity records, generating
the scaled vertical particle velocity spectrum in the window;
combining the pressure spectrum and the scaled vertical particle velocity spectrum
in the window, generating the spectra of the upgoing and downgoing wavefield
components in the window;
inverse-transforming the spectra of the upgoing and downgoing wavefield
components from the frequency-wavenumber domain to the inline wavenumber
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the scal ed vertical particle velocity spectrumin the

w ndow;, conbining the pressure spectrum and the scal ed
vertical particle velocity spectrum in the w ndow,
generating the spectra of the upgoing and downgoi ng

wayghiel d conponents in the w ndow,

i nver se-transform ng the spectra of the upgoing and
downespihigingethe finversg-transfopond spectfar ofiwpgdoing and downgoing wavefield

frequency-wavenunber d in.to the inlinhe wavenunper .

L SO G ARy R e o8 o P Bt o B Qs rgeoing and
OldowRgeihS & aveficld eYRBGHAAG iMakAtd;el d conponents in all

w ndows Into the slice of constant k, generating the

upgotonEpining thejengeirs snyl dewvedoing wavafiefsbersnpanents im all slices into the
gore o . . Tl
oS, PR L B0 TP AR SRR bk

t he inpget-trgnsitrehingwhe aipggingeandl delsoinmaneniéld doponents in the
\%&%F; i nverse-transform ng the upgoi ng and downgoi ng
it g tERsERsce AP®aithatdie bl ock to the time-space

domaigibiRing ®eNR) 'iﬁ@.ahﬁe?w&%g{g g@ﬁgﬁga%&@dﬁlgn?hg all blocks,

wavefi el d Conponents in a gener at

s gprratingdhe peparateyl wrpoingoamd gloimngoing weive fi¢ld comppoament S.
[C131 A system for separating upgoi ng and downgoi ng
wavefield conponents in 3D dual sensor towed streaner

C13]0At gystRTHF k&jafling AIRS R £hd" ESOR wAVER A& bisBhents in 3D dual
| ]partgl}i(cl e Ve|?€i tyor e%o?%ers noun%i?agsi n the tcowg)d ens ua

sensowtopved yeameralety dompriprgissur e records and verti cal

part | velocity recor.ds, respectively: .nmeans faor.

Er ariePofs RSl S0 bS8 RAl ok ons S ARl the towea
V etr@@ner yret@ddigdessiFecordiart veBtdaBpartlale deloRity RRoidd] febifectively;
wavenunber domai n; means for applél ng a series of

scal MeRys fp1 franstorping pressuFrpserds #ad vemicel pasticlp aelority eecords from

VeleQehver BELI0Afe ﬁﬂin? AR emfthier ?Ioiﬂtﬁl\ﬁe nunber, wherein

each of the series of scalling efs is calculated
f or racais ffbeppplyingrseriestafemaiing Hltesnuntbe transfogeedamettical particle

bl acks of i.nljne, .traces in ich all seismc events ..

v BORRorithal 8F) e enimhHs PerEL b NI eRRRo! seling fiters
Pisesaseilfed BRCL BB GrdshRirssimdratanaiimbeanP@bdd &l Blocks of inline
velocity  spectrumto separate upgoi ng and downgoi ng

wirgessiie M chassisatie syentsmie appiaxintately linear;
i nv - 1 epar.at ed oi ng ,and. . .
RSB IR WSS ok R0l R Bt il vy
depeetram to separate upgoing and downgoing wavefield components; and

means for inverse-transforming the separated upgoing and downgoing wavefield

components back to the time-space domain.

[C14] The system of claim 13, wherein the means for transforming pressure records and
vertical particle velocity records from the streamer data to the inline wavenumber domain
comprises:
means for selecting a plurality of boxes in the streamer data with each block
containing all traces in cross-streamer dimension, all trace sample points in time
dimension, and only enough traces in the inline dimension so that all seismic events
inside each block are approximately linear;
means for selecting a plurality of slices with constant inline wavenumber in each of
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[C141 The system of claim 13, wherein the neans for
transform ng pressure records and vertical particle
velocity records fromthe streaner data to the inline
wavenunber domain conprises: neans for selecting a
plthg Blotksy of boxes in the streamer data with each

block containing all traces in cross-streaner
di nemﬁa@nforaﬂepamhw@a@aﬁhiﬂeeirwmanplgrdlirtw toif mendalvsrevigi eath window
a I 1Aces | the .nline dingension so that

a1 P e ADRUEE 1} 62 Rherleu diPn st e

appr measEbepatfdrinigathe fdsraam ff&reasrebmltal“nﬁdavdal urality
of slices wi.ith constant |nl | ne wavenunber in each of

17 t he Mape ks selogtingse maxinvup dealiaping oede & for theevinde'ss a
pl ural 'Iﬁéén?fforw'c gﬁ\ﬁn t&aﬁﬁ‘g gﬂy& '}gp%e ‘fxﬂpnt a{;vg\'/engm'?)&l; and for a

traces in the cro I mensi on;
per f or selacted hemgf of tiows- stgeahmr wagetunterd; he WI ndows:

means for S¢ Iectrngﬁ maxj mum deal i asi ng order L for
the wi MGR 1HERASINESRe ¥ VHY 28rostEanep AR geotsempiesy generating a

the i nlgrgexwayenuehgr and for a selected range of
cross-streamer wavenumbers; neans for padding the

w ndownwians fore pmadladleszamdg ztbe dirstaepkrded geodr aithngra samples,

first extended reco ns for periodically zeroing

the fi Iggr%ergg&geah%eganci %’gfé‘rr%%\ﬂf“toﬁ zero sanpl es,

gener atmdafs forifmodam gt e ded ah8 GeEdhd dXasd F&Brds to the frequency-
transformng the first and second extended records to

the fr é‘@ueﬁwberrlavenu gﬁ@ratmmﬁnst argieqq:emt $pegtrem{ iespectively;
and se&:&g g&gm A Etea%'ii' ans, f or
3 R Shidis e i ol sppdTE:

shri nki ng gécon a%frrd neans for

t aki ngntehes rfad itaking th@eam raft thepaast rd{pﬂ&thﬁnttbeth‘ées‘&ﬁﬂd spectrum,
spectrum generat.i ng the third pane [ C15] The
syst emBeferatng the tird Mgk ei n the sel ected range of
cross streamer wavenunbers is L tines larger than a
ui st wavenunber range for the wi ndow [Cl6] The
[C15]s b@ yatesh of clarrwﬂiAwhmrtb@ seledial megnel dross-ghmdulengatdnembers is L
zero trac | es conpri ses:

fimes ‘Mrg&l‘%}{" i Ng%%fatl WY PREOH rﬁﬁ%?/\fo\fmﬁ'{ehwfl Wrres t he nunber

of traces in the window by zero traces in the

ross-streaner dinension; and
[C16] The system of claim 14, wherein the means for padding the window with zero traces

and zero samples comprises:
means for padding the window with L times the number of traces in the window by
zero traces in the cross-streamer dimension; and
means for padding the window with L times the number of samples in a trace by

zero samples in the time dimension.

[C17] The system of claim 14, wherein the means for periodically zeroing the first extended
record with zero samples comprises:
means for periodically zeroing the second extended record by L traces between

every two live traces.

[C18] The system of claim 14, wherein the means for shrinking the first and second spectra
comprises:
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nmeans for padding the windowwith L tinmes the nunber
of sanples in a trace by zero sanples in the tine
di mension. [Cl71 The system of claim 14, wherein the
means for periodically zeroing the first extended

r ecof@ay fdp shAHRIng AAP fRGu&ERYAEH d§é§30f feanst bl second sI;_)ectra to the
periodically zerorng the seCond extended record

t rlm@;loﬁieﬂaml'm wigly &equeney rarige ¢qualdo size th CiBauriiber of frequencies in
S of Gl a t he ans for shrinking

tﬁ@éﬁ rsrmed SE ﬁ?@ﬂ%é@??‘&”‘%‘bf ri ses: 18 neans for
shrlnklng t he frequency ranges of the first and second

pectra to the innernpst sanples with frequency range
[C 19]e &Ill&lswﬁnsqffbﬂmd% Wheerginrthe meats for eakinatbe eafioi of the figst spectra to the

Sean@ gaﬁ&ﬂ%ﬂﬁ?b%ﬁrtlcal particle velocity records. [Cl9]

syste ‘claim 14, wherein the neans for taking

t rmeanatfon addinghe sfiatlsamewe céfr avhite rdiee te @eOBeLohfeetttum before

compri ses: means for adding a small anmount of white

nggg@"go t he second spectrum before dividing. [C20]

The systemof claim13, wherein the neans for applying

a series of scaling filters conprises: neans for
[C201diThe chiysigmt H chabm 13, preheedin ithe oed(d £dr) applying essenieniadrsedling filters
com Rr%n1 L to L; neans for conbining each two

P %errespond| ngI y-nunbered stripes into a nmask; neans

for seaisdbndvidie: the alitdhnbl 1|n€092'(LLI-|Pf Qﬂgés%hngﬂer&f ﬁérﬁe—i toL;
nunbered from-L to L; " neans for conbini nézj each
B

cor r'asgsiien %ﬂﬁvmﬁgﬁb‘éﬂ@@ wsmmshnghst -pumbdred steipes mmmarrask

Lo AT 6408 Bk L A MAMGRR b o

ser i mearmsffos@atbimigg ehd W&cor@ﬁ}%nﬂﬁ@[}snﬁrﬁber@@ Ripedigitd N Elter;
series of scalipng filters to the transfornmed verti cal
par t'E3E Owr@@l@?glﬂ&‘@?g&é’ [C21] The system of claim

20, wbgkebp rﬂd?ﬁpl?ﬁ&%hh@fcofr ofdink R %{H’Haﬁ%sto%ﬁﬂggr tdierating a

nunber of sanples in the Cross-streamer waven
disereas oif s¢nliag filterst hied t r ansf or ned vertical particle

y\lhele?rgl%:t re g}?ﬁ@%ﬁg t#% FerLesrpE ismﬁﬁq& tglgc]ggftq &)& tirarrrl]sgocx)‘r'ned vertical particle
ceelbeis)ofeadﬂde.gl y-

[C21] The system of claim 20, wherein the each of the stripes comprises half the number of
samples in the cross-streamer wavenumber dimension as in the transformed vertical particle

velocity records.

[C22] The system of claim 20, wherein the means for combining each two correspondingly-
numbered stripes into a filter comprises
means for moving the stripe with positive L to the positive wavenumber range;
means for moving the stripe with negative L to the negative wavenumber range; and

means for exchanging the position of the stripes if L is odd.

[C23] The system of claim 20, wherein the means for normalizing the masks comprises:
means for normalizing all vectors of samples on all masks at the same frequency-

wavenumber sample.
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nunbered stripes into a filter conprises neans for

nmoving the stripe with positive L to the positive

wavenunber range; neans for noving the stripe with

negative L to the negative wavenunber range; and

means for exchanging the position of the stripes if L

is odd. [C23] The system of claim 20, wherein the
[C24}eldhwssypism ofoelaimt 20, wibereinethermdess fonpmitieisg therp@ssiré spectrum and

r b Zi .al | vectors. of sanples on all masks at the

the chgér(}e% ?cégﬁagir@?-vek’@ PRAYEET < g%ﬁs‘és.' 19 [ C241 The system

of cihean® 0 suitiein@iall the &ilRRANGards@Irme@ Rktidal ParitildR velocity records,

pressure spectrumand the scaled vertical particle

v EEBRRE s sealed vgrtiealpartislesvelopityspeqtoim inthewiedoatl t he

filt ' tici Logit . :
recorga fof BRI HRshirt Shechlr o e SEURH drfjal partice velocity
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