il i HL ITHTD b il 101 il i1l *159159*—WMeTHOD— —
FOR | NTERPOLATI NG SEI SI C DATA BY ANTI - ALI AS,

AT - LEAKAGE FOLR! ER TrRansrorRv BackaronD o T[T
INVENTION 1. Field of the Invention [0001] Thi

invention relates generally to the field of *159159
geophysi: fAbDPFORARGERIOHLAPING SERICI BATAIBY ANTRALIAS,

invention relates to the field of interpolating or

regul ari zi ng t AAJdL EAKSSIEROURIER{IIRANSFORYEr i pti on

of the Related Art [0002] In the oil and gas industry,

geophysi cal prospecting is comonly used to aid in the
search for and eval uati on of subterranean formati ons.

Geophysi cal prospecting techniques ield know edge of
the subsurface $Q5¥ﬂg%UEW)@ﬁgTE%Hf%ENJH@Nh i s usefu

for finding and extracting valuable m nera
resources, particularly hydrocarbon deposits such as
1. PBield ¢fitHe haential gas. A wel | - known t echni que of
geophysi cal prospecting is a seismc survey. In a
| and- based seismc survey, a seismc signal is
[000€er hRin0thtRIh REAEs bBRrABY t ke Hbldf SCBedHgsithleProspecting. More
travels downward into the subsurface of the earth. In_ |
particutealyi the iss¢nsivinoeknpsvieyihe fipld of dntsrriotatioE papeulenzing (raees in seismic
dattravel downward t hrough a body of water overlying the
%ubsurface of the earth. Seisnic energy sources are
used to generate the seism c signal which, after
E%opggatin into the earth, 1is at |east partially
2. sqription @f By RelgsdiAace seisnmic reflectors. Such
seismc reflectors typically are interfaces between
subt erranean formati ons having different elastic

[00p2Dpeir thesyil mylegasfinduastryygeopbyschl penspeativigde commmnty wsed o aid in the

d it which | ead to differences in-.acousti,.c . .
L R N M e —
yieldN@loWedge SRIRCERRuMCceSGhRire oTehe @agh, #hivh Balde@d for finding and

seismc receivers) at or near the surface of the i
extrggtpzjqa\(alqlabl%?lr@y@ ﬁp%uﬁgs,mggycuéqrr%wic’mé@p;dgﬂ%ﬁm as oil and natural

- i ishii€ . In a land-based
gasa%gr ogrkpg% g@g@f&%ﬁ@%g&%r %%g%ega?a? r?és t hgmgg?'sn? g and-oase
seissiigRatvey na keimdicssigsaliis geseratedyn orayear el emtth’ exwlassiand ghen travels

or vibrators rine seismcg surveys typically enploy .
dovgwal e B OSHoL 1ot e 1P BUEAI Gy U e e isnii signal may
alsPBAVD Ao alhd Bedighat Byt 8F WABES A inktha G@bksikfaGe of the earth. Seismic

wavefiel d. The selsm c source generating the wavefield
enengyysaveces fares sedrtalgensrpieshe peisigoiigng! whichy after prppagating eyto the earth,
. LI LEM 1 [ o N Pl x | l.QSi: :
is a& Legg d)ea’rtxayg réﬁ%cgt%c{r h': L%bgg%fﬁceosg)sggg ?eﬂaeggngs!r. : %@&F@fﬂg gerﬂ’ectors typically
are amdrfadey Pet@eh sub@rghdan fdhirations 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
surveys may include explosives or vibrators. Marine seismic surveys typically employ a
submerged seismic source towed by a ship and periodically activated to generate an acoustic

wavefield. The seismic source generating the wavefield may be of several types, including a
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seism c source gun may be a water gun, a vapor gun,
and, nost typically, an air gun. Typically, a marine
sei sm c source consists not of a single source
el enent, but of a spatially- distributed array of
source el enents. This arrangenent is particularly true
small %Q?leéi(/e gh'zﬂ%z, anCHEBOE Ptk P 8rd B SharfRIWIBALJr 048, Ypically, a gun. The
marine selsmc source. [0004] The appropriate types of
seism@i sonrce gensoas beypiveatéd gui,ne|vader gamit and, enow| Gpjcelly, an air gun.
sensors, . particularly in_lan rveys r .
Typiteamerinb R Sofiseionlis PR o P SHEI RuRRHYRBE but of a spatally-
distrHAARL bffey dFadoutcel Elehenitd) aTRivEftangemsny 5, pardcilagy arue for air guns,
accel eration sensors,_ or_ pressure gradient sensors
currgity the mgst somyner forgrofgparing ssigaie $BEC% o particl e

| ocd i € i . .

1000 0T RS p oL Lo Nl DI RN FRILRe pRRELARABEIy sensors,
partigalapkoine tandnelirbegyds apthowatss presempesenbarel partiSeladyi in marine surveys.
sensors be depl gyed by thensel ves, .but are nore .
Some e RIS ISP g RIRCTt SRS RATIGIF AGSCTeTRURIT STTGRE g Pressure gradient
sengBFSRS HER i PNRL 108 of Raddidn 6l pRrtieR) Rdbdity sBBMIOT BarfiBl¢ VeRcity sensors

depl oyed together in a marine survey, collocated in
and peaterspressupsasensorsfarg cpmynonlyl BODB) in Heaart ppigeephonss ek hydrophones,

seismc survey, a LS vel.s e
i B, SRS ThATHS SR A BREehL2 Bl b commonty
deplo9&d @i RAsdEeInas.C Addigiohslly, ipessswre yeporsnd mutidle aglocity sensors may be

navi gation control, seisnc squrce control, seismc
deployeit BECBENIAIRArnIrfe BYACAGI FyPAFHIRRIT OF#ENSei sni
[00§ﬁ]ur Cth %Q%Eﬁlmm RIGAl. GAHSCR Ristit SHvey SRYeE ral/f4RM the water

I the body of water by the’seismc vessel to actuate
surfate, Sgpiediiedt abowsS ISwitsnind santdasrsesmicalasgugaph eqguipment, such as
R 1 A L o
TheVREERE séiad cordt@MeqliipheSEifiNtsCa Saisthieesonrce hywadat therbody of water by

seismc survey ship. Typically, a plurality of s ignic )
the seigraisriesssl 40 actudiqal sPediec Hmss.s SPISAIG SWRaReE]: alsprfalled seismic cables,

hedtk Gatibhi L; HELFHe sehdhs | that
v PSRRI FUFARETFLS SRR R of RuBEbr Bl sl ey vesl
towanlitt sedsrhie sbexte far doy areftee stismiy surveyr sap.eJypically, a plurality of seismic

Conventionally, the.seismc,streaners contain essure
siee RS G7 LSRR eRin ) TP BF oo GBItSTHEA T WA Sensors to detect
the RCLeR SRR REIAPRTRsled BRtheCR¥hAt Bowbed &1d reAEdted F1Bm reflecting interfaces.
velocity sensors such as geophones or particle
Comygnéonailsit thsn seismisostecamesh cartaific BEPBIQ FERSOFSs Sughy as hydrophones, but
.addition r T ASOr.

i bl e SRR, (TR SRGEE SIS FEASEISIRNY semors sch
geophének Bt pyrticlecrektlomabr derisorspach as accefpavmetesf insaddityan to hydrophones.
al ong a seismc cable. [0006] The resultig seism’cl .
Thej areaisb SnHE 4% PRTIFIS, OHGR 18508 U8y b <SSH Bl W lopg, proximity,

' N C | ' : ol ogic structure
Uﬂﬁkgggpg%@%??ggﬁ% tﬁ@ggh%ggfggﬁgg%b?grnations in the .
[0086a Hbk mesultingvesywmuic datreolprioed gspatfamingrihe syatey is processed to yield

. Jprocessed. for display. and anal ysis_of. ent i al . .

inslioR S BNt SHoHe THEGE elbrerie BhHEOHh@imas formatons in

the HR& W& sitleyral SIHeCprdadsded $vifsie Tatang précebed et ddplay and analysis of
fromthe seismc data as nmuch information as BOSSIb|e

potewsighrhailragarbre costept ef these asbicannean Brpationsor g goal of seismic data
pro%e(:js% léalg ?c|> %xt'rz{@%f)rﬁ l&?e &%?llliggfa& &Uﬁﬁbﬂ {6 &natiod égrﬂ)%gibfeoregarding the

subterranean formations in order to adequately image the geologic subsurface. In order to

2



2 identify locations in the Earth's subsurface where

there is a probability for finding petroleum

accurrul ati ons, large suns of noney are expended in

gat hering, processing, and interpreting seisnc data.

The process of constructing the reflector surfaces
. 0 t: r i .
derff, Qo NS KRS SPORPACE AL A G T ablIl #Efhding petroleur
accunindatians) larganswepdhimoney arenexpefididin] gaThesing nprpeessingt hrd interpreting

. Structu of the Earth's subsurface i roduced in
sis it DRET Of P E IO EREIoc L SR f ol BER A g erranean earh
laye¥d biidtdiest FESAURS tecBfdRBaRIshii¢ Mat@fpréhaésngh BrdgeadfetiBearth in depth or
“accunul ations. To verify the presence of petroleum a
umeel | nust be drilled. Drilling wells to deternine
[0062][e t h?ﬁef H&&g&%ﬁ“&@@&ﬁ%'oﬁ%@ﬁ&l’% SRl is %Pc;duc{iéfina&der to enable

extrenely pensi Ve an i'me- consum ng undert aki ng.

an m@erptdiat to esden, ldcheoes ivatia thongremestn grabability oofi rhavimge petroleum

t he processin and di spl of the sejsmc dat.g, sQ as
acoyTpulgauCE YTy ﬁ%f‘gareafnc? R Pefdlettag Belbmish e fefied, Drifing wells t
deteTRUWAAREE rﬂet}a}qeum AdpobitPAre Peestiteoratdt, ik by eRfrer@ély expensive and time-

interpreter, ether the interpretation is nmade by a .
congunipg uedertaking. Hiorghat reasonstbersss & isentrudigandedite ymprege thghprocessing

accunul at.i on.of. petrol eum exists at .a | C ;
and PG bR PP LT R B i bCHh e of e s
subfUrfiRE E¥6 wEidimpBioive ¢hd dbilitef anlihtepidten whttheeihs Hhterpdethtdon is made by

whet her on land or in water., The data nay .be )
a CQURRIBPr-oF Ankirean, qupqsg@ébg probability that ap @F&ymk}étlon of petroleum exists at a
partiilic Y8Ua1i6h H the Foth'sSabliafeky) sanpled. Physical “and
economc limtations I1n a selsmc survey of t en cause .
[0088] sniTevodmbhlehs dam aiselin rtbel calidctien ofiseismibedataawpetber on land or in
non-uni formy sanpl e 0009 der.- sanpl ed dat a i .
Watﬁromr—gﬁ 3 F‘garyr 2’8 f‘bd%{a'%arﬁl’]legsggasﬁg} ar ogr?taartngy B non-uniformly
(irr@g%'lﬁi’g') NEmplddeOPHysiddl dan8 édemdmhrdlimiadon3tinv@eib@itgbilrvey often cause
_enbedded in the data be shorter than tw ce the
seissriergith iybe arauirod Fithapap undgrsampled or penripifermly sampled
re dj I e JATLY 1N P o) .
on SRR 5 SRS PP G0 M e rom da semping
the@tly] @&sisndesit@QRA] nd huselenpd erabgaided|inathe atatd bepherntery thah twice the
whi oh al i asi . . _ -
e PR Bt he Pl MR Sbefngt wi b
unddRAdsbREd 3hd Asnck URMIRAUG RS tHMligding.al | asi ng begins, the
Nyqui st wavenunber, is k = in the spatial coordinates.
[00:46] e Athus,ghe teenposal rabibefrequency alt whioh plidsingnbaginss tedmymist frequency,
and1Ax is the station spacing in preferred units, such
is Bs —Teineths fredlietity-veavealigberS(@kpldomginl MTigyr spatiali 4liak Hequency at which
ti 2&space (t-x) domain corresponds to a snall
Nyqui st frequency and Nyqui st waye nunber in the
aliB g REPONHE Ny qlisk walofRintber,[iO k14 1 —Racthe dpng! téwdimeiesmiere At is the
data with nuch larger sanpling Mtervals than ideally
desi.red . can .| . r | .effe | :
cof 0 e AR GBS ey wis, s o
met@TPThusga ilage saaplinflintengal til ehestths-space §1x Vdymain corresponds to a small
significantly adds to th t of ism
Nyqui(“s:’t frequency an% Nyqu?st wave melmggrsin t}?e cosr’reelsg’oql]d?ngdf?lg gomain.
[0011] Recording the seismic data with much larger sampling intervals than ideally desired
can lead to harmful effects in subsequent data processing. However, collecting data on a finer
sampling interval during the seismic survey significantly adds to the cost of seismic data

acquisition, particularly in the case of 3D surveying. So, instead, missing data can be
3



acquisition, particularly in the case of 3D surveying.

So, instead, m ssing data can be 3 approxinmated from

the acquired data. Thus, some benefit nust be sought

by interpolating or extrapolating spatially aliased

seismc data. [0012] Interpolation of traces in
appléREhdiés Bm M@'afcaﬁlfg&/da?@”'@h@ s8Rk BEh&FitdAEA beSought by interpolating or

stralghtformar The |nterpolat|on can be perforned,
extramﬂatmgaawpﬂlaily aigasesbﬁﬁ:wmlgtdat@n with a sinc filter in the

ti xt endj u . :

0T B0 86 BleshF i Rei" DA, SRR T o s

stra@ﬁtﬂ’)ﬂvﬂrd doraiifterpbl2itiod @an bt PeFowasl, for dxampr, by convolution with a sinc
|nterpolat|on assunes that the interpol ation

filteyin fegipebglomain BaSY §XTCG%B|t%§IYqWﬁ‘eWéYF@PW%?} ? Héﬂcp fimited signal
throag}g QQJoHJaHdl'hgqn 2 Gurlef ﬁlﬁﬁmafno BbevelGhRidASEr FARAHRBSIIS/Fon assumes

ce interpolations are perfornmed on an
thatithe egerpalatign mad‘qﬁeedltlg Dnhiogoﬁhlebasmdnggndneaﬂ"dag @nergy od thesignal in the

he | I’ ies of s ng _and
danepleelst fa oIy B8 ek enlsn SR P drp nieprtf R are pstfggmed on an
1rreélﬂa.\1g>esz{r§19b|dl 3fidz erhet éhe?%”y REkdpRI9 BRlsed by @Bl irddouldeitizs $f sampling and
ri Thr ee-'di nensi onal seismc data regul arization
hnm@qm#ﬁégsgeneratlng seismc traces at |ocations where
UIS t] [ G8,2 ece i
loogllsﬁ no ust’a e -8@50?%11}3 &upﬁg&ﬁ e Fshgedé mt%c béslﬁlre%ﬁgﬁ ie{dn%‘san orthogonal
(regutdiebasinagrits, Tl&e¢-ﬂmlcmsto|nammc damtrémulacgtion edudead germrating seismic

e SRR S S S el SLed or et anl At 8 ke pice

durﬂgrt'hle Cs‘élsﬂ{lc aLRve ?Jsug{ lovhet "' aY | RidnYic aRdes BRNS €he/ acquired data on an
al ong he spatial directions for nany

1rreg1dasgxtds:;1re |1mtc¢potht¢tbor@ab‘aeolﬁféétmé reigﬁ@I g@ést acl e

[ooﬁgﬁe\/g{‘ ating esglgl § I nya énaérprpagaxéﬂ}?gﬁgarll UI 1 e%{@ %J%:sely sampled along

the sgatal directﬁ)ﬁs $61 il RESMS) 1Iﬂgludm@|dablatfbalhérmg, obitaclé agoidince, editing
surface-related nultiple elimn t|on and

wav e
of baghiiresesn apd gearqraies: THewewEEt ragalprly cSagle HetgsHe equired for several
se1§}rﬁ9 r@é' %n%aaﬁgi i&flioflat i%cfu%mtsg ?I@CﬂHfaE@rémE@ mélapR el‘l’i‘hﬁlatlon and 3D
I'n the cro Ine direction and wt
wavki ezqeaatuazmrgxmhmr ahlgehesbwhy tchotgaini3® egpleds issrapladdata i ls to acquire more
difficult to Chl eve because,of .curr

dat%l(y&m more rgﬂur@ ey, 4} )fross eﬁllé?(:gp% amg tg a wufg:r azimuth range, but this

is éxgﬁﬂiﬁé | ahdt HiPficIECO MR BicRE BodBBE! eNuRéMCRaTh Gich@iSition technology.
015] Thus, a need exists for a nethod for

Thqrﬁﬁoéeﬁ séqaaeg%gwaﬂae Becanies Sa{ImAPHAN REAECEFRLE 1P bot h

[00%%? ‘I%I?IM r?e%d%qps dﬂ% flc?c{) f:&gmﬁ@tgﬁalggg grfak%rxg nglsmlc data that is both

a nee
undeﬂ-&ﬁﬁpleﬂ ahd &Bn-tuhﬁbnﬂltytﬁmpmdeslntﬂammr gyeddeadisty dordumethod of trace
seismc

S SRR ARt S5 S S o

dathNterpolating traces in seismc data that may be both
4

BRIEF SUMMARY OF THE INVENTION

The invention is a method for interpolating traces in seismic data that may be both
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under - sanpl ed and non-uniformy sanpled. An estinated
frequency-wavenunber spectrumis generated by
applying a first Anti-I|eakage Fourier transform nmethod
to aliased frequency conponents in
tenporal -transforned seismc data and applying a
undecres%.ﬁfﬁﬂad Hiioh SRERARAHI&S. Ad Eﬁfhﬁt@d’ ffkﬁ%@?—@a%@number spectrum is
unal rased frequency “conponents I n
genctretmbdryahp;tlylagsa‘ birsredints-ddakagec Fommratran'ﬁfmmse@thmd to aliased frequency
uri.er transforn1netho

comgRi<, PP POy /BN D AP SR AP Spb Ratdgekaee Fourer

trangfbﬂm rHé‘tﬂbdl a5 efhafiisel Uk RS tompdreased fhe eﬁﬂ@ﬁthll-ﬁ&nif@rmed seismic
fre ency wavenunber conponents of the aliased

dataf r eeﬁmr@s fifjedliage rauriee A53pyiarm dRethod sapliey arshpglate frequency-
wav%ﬁtﬁﬂt?gr% ggtllu% AR Rgﬁgedtﬁ)orﬁ NEafstd ﬁ[&L gmes to allased frequencies to weight
re uen y-wavenunber spectrum geherating trace
frequmO@rqwleaumber oémpdrensedt thec aliksed. freﬁRbrEFesDE%@thWErs@\ltemporal and
gHE DRAMVNGS [0016L he i.nventian 39 ¢
spatigh Eoprieg cWansirmy ds mpplied 48; iy Gritmsd f'dluSS’icyr WRYGWAIbST spectrum,

genér@hﬁé"ﬁace 1946:1-;9)\1\4669 Aetedelpflc daacri ption and the
attached drawi ngs, in which: [0017] FIG 1 is a

flowchart illustrating a first enbodi nent of the

i nvention for G]$E c data
that is both Jﬁggkﬁggggﬁhgﬁgﬁ%bﬁon un|%orﬁﬁ§55anpled

[0018] FIG 2 is a flowhart illustrating the initia
Eortlon of a second enbodi nent of the nvention for b
[0016} or plg mvrei*fgorwéd@sa vantagas pAYDeTAPS Capilf undersiopdby reference to the

fon@of;{grcre&ﬂg@pgs@ mgﬂ mya&mwﬁm %rrm Which] 0019] FIG

ows a ustrating the internediate
[00pB} t | BEGOfl tiher Slovohdrt Bhiswatingeat fist ¢rheodimerintof othef twvention for

B S I s s Tt L L
[0048E f Fr@! 2 R4 foGihat iltReatsgChs dnicialogsdiioRbf agécontd hﬁlbodlment of the
invention for interpolating traces jn seismc data

inveriign fowigtenrejating traces @ semip éetzﬂlatrrq egth yinder-sgmplegd andgrop-uniformly
UStratlng an enbodi nent of the invention for
tessing unaliased frequencies in non-uniformy
[OOSa]TpI FIGs & showes daﬂawélnanmilﬂilsﬁaatixi’g tM}dntE:ﬁﬁh‘ziiz]te Rio@ior6 of sthe second
il lustrating. an enbodi nent t he .
em bRy erigrens R dRRsI R tg?gsﬁmrwau%ﬂ%f? 5t pgs begun in FIG. 2.
[00@9]&‘ UQ"If;Oﬁ @ilé/w§§ﬁ8{zv€9ar§ﬂlu§t%tﬁlg4% find1rgRRtidT 6% the sedoB@<bodiment of
shows a di agram of a frequency-wavenunber
the gp/enmmfw mtelphlatm@vmes in geisthicalatedhatreaphegen 8sF1G 0H24]
QwWs A d| of t ex I
[OOElllﬁqui’ﬁ Wg \Feﬂo er i blété%tmg an C&B%H%eﬂ{ Sfjthe mv?nnon for processing

unaﬁlﬁﬁﬁtﬂeqﬁexfc@és 1151 h@niﬂmifhﬁ-‘(ﬁly sampied edsﬁlfoectwmﬂﬁmelﬂ(} [20@1’2(5]

A- 9D sh he net hod of the |nvent%%l
[0033]“ | &!G‘t 8 i %Qﬁ't"ﬁll?ﬁ Hlugtzating gkgwbpcgmegt of the 1nvent10n for processing

aliased frequencies in non-uniformly sampled seismic data from FIG. 3.

sanf'gr d

[0023] FIG. 7 shows a diagram of a frequency-wavenumber spectrum at the lower,
unaliased frequencies;

[0024] FIG. 8 shows a diagram of the extrapolated frequency-wavenumber spectrum, used
as a weighting function for the higher, aliased frequencies;

[0025] FIGS. 9A-9D show the method of the invention, as applied to a synthetic data

example;



[0026] FIGS. 10A-10D show a standard ALFT net hod, as

applied to the synthetic data exanple in FIGS. 9A-9D;

[0027] FIGS. 1l A-11D show the nmethod of the invention,

as applied to a field data exanple; and [0028] FIGS.

12A- 12D show a standard ALFT nethod, as applied to the

hel 2 ' j ic data
1003 e 0 OPP Yoyl SEaR (BT Wcckde, a8 ipRledle e symthetic
examppleiceFIGH. A nents, it will be understood that the

ro038leThUSER: | G D Sty it 80T MhehiG cBrilied sg o feld da
exafipldi frqcations, and equival ents that may be incl uded
hin the scope of the invention, as defined

W t by the
[00281pe nBeS.c 124D Pl 2 senrdcAl-PT| orthet; wepplm%mlt@\lﬁeld data
3 e, MOStstrai ghtforward trace interpol ation
exa&n&?ﬁ%ﬁlgg' lalr%:cltsqsnt erpolation in the space direction
[0029] eawhiltitheinsaitjipnevibiyerdeseribed it camstitrmwitly its preféreed embodiments,
R R E P R R T M
intehdANSTRLE NP altcHtivel FR6&ifichtiUnS! 8l &fulAlerPthat may be included within
equi val ently be done in the frequency-wavenunber (f-Kk)
the sopmpfithe dnvestich as defupdencthe gppendedelanes a. The process
is the determnistic data i ndependent, sinc (or sine
cardinal) function, trace interpolator. This process
wor ks wel | goETAMERDEIERIPIION OF THEANVENDION
under - sanpl ed (aliased) or non-uniformy sanpled (on
an irregular grid). [0031] Trace interpolation as
[00?@6sml"ﬁe dake st lf(ﬂ'Walzcﬂrh&ninté‘f@flﬁtfﬁ)rﬁHzﬁmHQS &S D"Hi&polation in the
selsmc traces on a spatl y regular grid using .
spadehdireationiar exthitime g e by -Foaripd eahsthaming instharwavenumber (k) direction,
di nt ergol atio /extgapgl ation roblaem T%g ‘Ifr(i)eurrtir el rorming. This trace
padding alaree gpyefl aumoer o EFRSHFES B1° BEEPRalTAg TR e
intefdoRAVANGY GRIRMIERtISe dohd htther feauensywirsnambsp efk) domain for each
omain, and its inverse Fourier transformyrecreates | .
frequerecys dlicenoic defat aTbh Profesdléss fieedeterajaists dgiai idgegarenty sinc (or sine
i 0 i &1 &Mhe Sismic data is not
iy oo BAEE A TGS RERELY HAOH S i duta s
undeheangdleb@liasddqst sorf-umcdrindy samsed (tonam itrhgulad gred).
fupctions,, are not orthopgon on an irrequl ar. grid. .
(003 ndfAceon{SRRBYRR 138 ySeBTMIE %J@tagffi%‘gﬁrlz T e i to estimate the
seisifis Wab&s bR al HRtiANE FePldr T 210 N ﬁHeeéBélIﬁHS(Y i &MResmpled data, is an
eaki ng onto others,” a phenonenon cal |l ed "spectral o
interpaktinpéexirapolode] pbéeni.nda tFovrier ansfaymy plaxs & efucial role of estimating

interpolating traces in seisnc th y -ho .
e RAGPRS R Beheal i e Ssaran Bl (R € i lirse Fourer
trafR3firmd@ cre e tHeNRisnA Hata lopakad&ireff @ pul e rgridrbanis frotheitime-space domain.

(ALFT) nethod for interpolation of mssing traces.. Tge
Theafurlagysntal problssas dor Fenriss| tiaasiop bageds fate racangtruction is that the global

basfs:%ﬁ!étgcfenis,zgfch%@ tRL SBE FRARnE, S GO SHHIBENdI 'RMER Y ular grid. The non-
orthogonality of the global Fourier basis results in the energy from one frequency component
leaking onto others, a phenomenon called “spectral leakage”.

[0032] The invention is a method for interpolating traces in seismic data that may be both
under-sampled and non-uniformly sampled. The invention builds upon the “Anti-leakage
Fourier transform” (ALFT) method for interpolation of missing traces. The ALFT was

proposed to solve the seismic data regularization problem by reducing the frequency leakage
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phenonmenon for data sanpled on an irregular grid. The
ALFT "re-orthogonal i zes" the gl obal Fourier basis
functions on an irregularly sanpled grid, which | eads
to a good estimate of the signal's spectrumon the
irregular grid. [0033] For standard Fourier summation

pherm?ﬁe?\?xq Sor AL sARHUE0R AN ere@.ﬁﬁrV%rﬁg T Ae8Thr&QHhb@Inalizes” the global

coefficient has no effect on the final results.
Fouhkl\/@\%srﬁm‘ttms ondar iniegulerly shmpled rgridy, Whighelepdsdte, a good estimate of the
cause the Fourleﬁugp fficients with | arger magnitude

S‘gn? %W&%m\&nltﬁle Co# BUte nore energy | eakage than
[0033)ef f & setdsrd duties B@hinationa@tiddscas seqlienes, oft wlvirgl fireeach Fourier

t he | eakage, the Fourier coefficients are, esti
coefficispbhgsy gffecgpn é@cﬁnﬁdp%@tsengpq, El’&f QIqer ]éd:élflqugg FT methods,

beca}{‘fs‘% tﬁ(?m PRYL PR &t aref bGE 1?15%1@&1?&&&)”@51! OFntribi¥® more energy

cul ated frequency conpgnent ? Fourier “coefficient)

leakagd thaheoeffwidntd withesnmmlloy magdlzmdeng Thue, uonquucedt’ae deakage the Fourier
f hematic

l
coelficieyise ALY e%ﬂﬁ%t%e‘ﬁ?ratf‘iﬁ u%’t\éga%{llpﬁf'ﬁa?su @8' %cf'ﬁf%mem with the

maﬂxﬂhﬁﬁ eﬁ&@y?’df] ATRE eabigsHmSHbN, I et @éicdlﬁt@&ltfrécﬁletﬂ@e@oin@onent (Fourier
sol ve for the next Fourier coeff|C|ent ain_ usi.n

coefficientamtl hearsattnren éwggwd@tm& the inyt datp; M@t @natically it 95 equivalent to
r.ocedu icients
e 8 ey ERIARER M0l BlfyTogi SmEcld o1
[o0s#dat Eﬁlsln&pzllbt sﬁlﬂﬂdteﬂﬂnﬁtﬁnm use(dpmastot\iedhf the, ndxe Fowia coefficient, again
t hr eshol d) gfneral t he g¥o bal. Fouri ? basi s 1 all Fouri
usmgl}h%ﬁngfn@a)gfrémb ey Brlltfeﬂ%o"ﬁ 1t8f§t15e P@Qﬁ urp 1sgliﬁp%?teq lﬁr}ﬂ all Fourier

coegfgieggso'érer ?%Hiv@ﬁl Y2 30PLAS SiRtBe vENRsSHbiHeaghda®d Afpub tend to zero

ogonal | zat’i on mechani sm for the Fourier

(prdoaeilly, deloan ai thr@j}gldar By igeneraln the igbabaludioggier bpgs functions are only
Four i er basi

ortq%?rﬁl(l) ol aeée(%llsatr &r{(]iCtthaQns £8F Feg(x lgftrstaog)%gnr té Z%B Q{r?ctlon acts as an

apraCICa 6] mn|mZ ng
ortHoBéndlRaka0mectidntsmi {1 thenFongief bz&(i]suem ay itregudmogrikr In other words, the

035] I f the nunmber and ran e onmponent.s
Fougige Basis fungtipns prenie; orthoganaliged 1 | T ﬂ’ﬁdgiﬂaé% rfpBfactich!l golution for

mm?xﬂbzﬁﬁlhelhé ié'aﬁg%él @fecOfibfh dﬁelf{eqh@[{&‘? thandigEO after aI | the

tion erations. hi's case, the
[0088F ondft rhacmmbedahd rfungmof Heuroamtc@nmederﬁs;)umders sufficient, then the final

RS 0 B BB G AR SHLGR g oerions. 1

thlsrﬁeatsé" Bk rdcORIRLtednRtPRoMI tBEoWlatnRd tHariet @rEkichtMMIT match the original
method is in handling aliased data (in the Eﬁfsence
megsurenssingse pne gfthg requirements ﬁ@%@ﬁtreme%‘atﬁ?n gsthed- or

[oog'éfat She ﬁgﬂ%&u\@ﬁh LR2 A f rd T %?e%jocf: ?@Hkx&%{%ﬁaé@ﬁydata (in the

rtfoneou cked ou equence _
prefeRth od. nonsB]e Aretahmédocfomﬂmemtnmeylthemf muphndgr@mnnagmtude than an

ALFT nmet hod by using infor
unalge SOSERITERATEh SR FERRISHG, B DS AR o Seduénge bygthe ARFT method.

Thd'm@BH of ﬂ{mméﬁloﬁ ﬁﬂéh%@ %b@r?‘the|/3(LF13ﬁ{e{HogllUyaJsmgtlﬁﬁ)rmatlon from lower,

i nvention uses the unaliased |ower frequénci€s to
unaliasddg tenapcmdl @hmmglemm:thelm “dedalias”dthee highpe demppreh frequencies.  In

parpgl‘ialgrﬁl rél'?eAE]'y 081? ﬁ%‘éi{ﬁ rgr?ah]aﬁ yve ?jqugrﬂz? Sﬂt@[@@é%ﬂ) wefg%{mg function

thaf QBErhiAEs Qdhiddy spR¥tralogsthineny drb%alfctllawde(mﬁ& -reved) et in the ALFT

spectrum at the unaliased frequencies to the aliased
procedsgerehb¢ mgighting function is constructed by extrapolating the frequency-wavenumber
spectrum at the unaliased frequencies to the aliased frequencies.

[0037] FIGS. 1-6 are flowcharts illustrating embodiments of the invention for trace
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[0037] FIGS. 1-6 are flowcharts illustrating

enbodi nents of the invention for trace 7

interpolation. FIG 1 and FIGS. 2-4, respectively,

show two enbodi ments of the method of the invention,

while FIGS. 5 and 6 show further details of the nethod
. [ | Q 9E : [ foft d of
mtextspgféﬁﬁn. TG %d%? Sd Z—h,%ﬁpeztlg‘ay, sHoWstwAtBbsRRRnR of themetho

I'ques cribed in the flowcharts discussed in,
the ineémtican ohile tRIGY. G3ind16 6hovFIi@her @etaile of thel methpd shewn fip FIGS. 2-4.

pectyunms used in.th i ghting.techni gse, : .
FIGHATo Wferatesermesf P it e b S astap s Bispsgad inreference
to FIGSE{ /P! RIGO% ML BRStratethd pectimhdastdah the Weightiverthmique. FIGS.

and for standard ALFT, respectively, for a syntheti

9A-8Raangl WA-OBSIlustigte themesulisept thontracpinternalalionairacesh pr the method of

1 f i ~
the Llng{%é]h& S Qoﬁ gt%néa[ré‘%ﬁ(mntr@%g%h@ %‘rt &J%@gﬁé Eﬁgﬁra,pteh €FIGS. 11A-11D

od 0 invéentidn r 'sta
andr@9p4eDi Wiaktyate fte resufts ef dhedabee Bxapphion paRES] foF|t® niethod of the
. shows a flowchart illustrating a first enbodi nent of
invgnfign s, B steaAarghLE o Aesgrgbie o 518 3 SRR “i nput
[0088] SFFGUAt &hoSRt a tltRTchhR ihﬁﬁtfhtilrlgd@rﬁrﬁaémlb&ﬂm@xﬂdof the invention for
non-uniformy sanpled. [0039] At box 11, an estimated
intefpodajingricacesvvaninpbieseispie clatauset that il snear-sampledragd non-uniformly
sk%ndard Anti -l eakage Fourier transformnethod is
SamPiSt i ed to unal i ased frequency conmponents of
[00BS]POR&Ibok! BINShosstbtediefrequeaicyd ahvermntber apstmonds, generated. A first,
non-standard Anti-| eakage Fourier ftransform method is
stanglprd Anterleakagq Foyisa tepeleime mephaddapprlisdite ugpliaspd frequency components
A | SAHC adadcBnd ehoilbandtad @AntlMkage Fourier
of geg%g%qkﬁ%{@ﬁgi%ggﬂ%o%ﬁ er traansfgr m et hgd app?i es ©
trandformaimsthlodtie dppher émaliased Vienueaher cappatentsnef the temporal-transformed

.extrapol ated from(typically. lower nal.i as .
sispie (BBt S L yDICHEP: rDaR ek TR BRamm esagy apptis an
absbRteMgieglinchyNeav@hiidBad shécefibe e&trgsolate@ORéh Aypioatky Udwer) unaliased

an inverse tenporal and spatial Fourier transformis.
frequopticste (typicais highst) abiaseddraquerngiese yraighy i angerd frequencies.
ctr f 0 ti ; it ied h
(0038F °* H{BOXZE AE e, BEREHA AR AT (BSOS applied to the
estilnfvel iRt figheiomumbef speoromdrom bauth ggnerapngangstigrated data set. The

(f-k) domain back to the tine-space (t-x).do
esimgis TRHOTH PRETHBEFT GREGPL oS THESF BB SIPTB o pie frequerey-

wa{uﬁﬁiﬂbels g"-l%rﬂo‘fna@ff"bﬁck [P I mELSace 2r-Hh@MBaiA, feb@WAE M the desired trace
ITTustrati'ng the initial portion of a second
intepiledomefithe ofput sdismicidat@nt i on for interpol ating traces

i n,sei.sm ata that .i s .poth.. r- S .
odho? SO, S50 A BAAHRE AT 31 08 poodiment o
theOfnvediRnf for ShteidatignBades dh Selsgtie dataathay & bothrwider-eampled and non-

to FIG 1. [0042] At box 21, input seis

ity st e o ARRSNGR R0} BaUSEAn o) e 1 EpadEu! discussed
abgyl i e ' 1 requl ar i v- sampled, s the
[00M2]hodAbox ¢, inpuentismic dataadabtaiabd: o Tharsdismibdata is assumed to be
exgr(e)snsgclitilnotr;lse' time-space (f-x) domain. The seismic data may be both aliased and
irregularly-sampled, as the method of the invention is adapted to handle both conditions.
[0043] At box 22, a temporal Fourier transform is applied to the input seismic data
obtained in box 21. Preferably, the Fourier transform applied is a Fast Fourier Transform

(FFT), for computational efficiency. The input data is transformed from the time-space (f-x)

8



[0043] At box 22, a tenporal Fourier transformis
applied to the input seismc data obtained in box 21.
Preferably, the Fourier transformapplied is a Fast
Fourier Transform (FFT), for conputational
efficiency. The input data is transformed fromthe
m%%rﬁ% tﬁepﬁ'g e(lEy §%ace3f;@%aﬁnto the frequency-space
At box 23, it is determ ned which
[0044]equ6h(byx ainpbrsedctsmﬁm@inwm@ fm@r@fsbrcmonmwtom the transformed

mplﬁ I,sgla g%agta% D9 Z(argrzlélagﬁeg Al wﬁ‘%@ q’re a?rrcy.'&q%gbonents are aliased.

Typfcraﬂfil,llﬁﬂ'éﬂ ﬁéqwhhbs féll berahdliaseichnd hdgHer @’G@lﬁenfsree q«m Ibe laBSsed
be aliased. [0045] At box 24, a first nunb
[0045kr afit bovs 24.celiishpembrr afiterations cleaignaier foris pelectrd Fogtthe first ALFT

met@k‘dé:-cvhlé.ﬂa i I?(S) de aiﬁgelle@lno L ﬁlﬁllg qubgbéxﬁqestd&te&ﬁ&eﬁq{?} 'bbf?§9 dThe number

guenci es determ ne he nu

N; ieempiricaly Herivddriovthd firgrAlLfiemkeihodt ALFT net hod [0046]
an_al ternati.ve thres

, A |
10048} Soircer LR TR FRPSTMARRT. TRLHSH N E( dageigred fr R first ALFT

methdd fsteAd FP e ﬁfst nhAbat bORSatidih; N haRen,tthe fitdt AL FPkfethod is applied
nmethod is applied iteratively to each Fourier

iteratiyelyfto cpemFouriar .cpeftﬁn@nwetflfthq:q:c@ﬁﬁcwrg igidesreased belpw| thafirst threshold
€1, rs&xer { 1r1§tr Bt. Qert %ﬁ[ﬁ;\n lggof ]??{LI%OI{Sat %rmétH@J]olt Ak n?ve%ﬁzm 'ikulnfggt['ated for the

era 1 ONsS. e |1 nven
embddimi&it nasirgd teonurhbe ofe itbradomse fir MSStl’BJlVH’ermﬂa‘beml)ofand this choice

iterations for illustratjve. purposes only, and this
Sho%‘ﬁdﬁ%ée casisigred migpItpee ‘btjﬁg? PEFRIPSY |imitation of the

[00|4? enal Gk h@oﬁ]unﬂlasg@xfr&ﬁlen@}n copbieas 8¢l skleBRUEMEM the frequency
onent is selected fromthé frequency conponents

condn@nerrtsrdctenimnod twebenmalinsedan bpx2hox 23. [ 0048] At box

[OOéﬁhl It gz ggr %&gg‘% é‘.P ége%se ggofrcﬁ%cfr% etgﬁ))(s)é g:hec tFI? G wgh\%é hdifSed frequency

com-lﬁbﬂéxﬁ, seldeted! f@ box 28. fTHesd, 1ﬁSEH}1C&rzdﬁrs%L(EtIndmd)16@FW mkthod will be
applied to unaliased frequencies. [0049] At box :
appizfrd todmabéieﬂrfmqé@wﬁf‘rsequency wavenunber spectrum for the

t
[00f§r§ %C g)‘i}o ’o x@%ﬁéa&? ﬁ%@@%ﬁl it %@p%[)elct?uﬂ%laih@%glected unaliased

ox 2
freqjheh@_rcmm;mahehths obtamed imin h®e5|9 of El;ﬁjefncy conponent s

oo s 59 06 i B SotBEL) BEGA ERMEBAsroman 0

selécfedn qf W€ uh‘éflﬁllsé@ﬁ&ﬂlean?G&ﬁﬁ&iénfs%ﬂlﬁﬁle fHeh the PRICcBss rEfm@l{S to box 25.
the process continues on to the next box, 2 [ 0051]

If thmwnzbasemfreqvmye@mmwa rcfm@auté%}hwm@m Biinues on to the next

gsct ra for the selected wunaliased frequency

¢onponents from box 27 are conbined into an unali ased
[005$]I mefteBox fmlemlmjeM%dlnﬁaxueagewbvenmt{eﬂwéc}tr%ﬁor the selected
box 30, the process ends for FLG

ungligseds fregyengy (gongaqm:r@tﬁ from box 27 are com c{ fio ea%s ugaﬂlased estimated
frequency-wavenumber spectrum.
[0052] At box 30, the process ends for FIG. 2 and proceeds on to box 31 of FIG. 3 with
the unaliased estimated frequency-wavenumber spectrum from box 29.
[0053] FIG. 3 shows a flowchart illustrating the intermediate portion of the second
embodiment of the invention for interpolating traces in seismic data that was begun in FIG. 2.
[0054] At box 31, the process continues from box 29 of FIG. 2 with the unaliased

estimated frequency-wavenumber spectrum.



the unaliased estimated frequency-wavenunber spectrum

frombox 29. [0053] FIG 3 shows a flowchart

illustrating the internediate portion of the second

enbodi nent of the invention for interpolating traces

in seismc data that was begun in FIG 2. [0054] At
[00?@]:< 3k Holﬂe3 %§§olﬁt@npélU@Q§ AT P We 28aidsed | dtimdted frequency-

h t e unal’i ase estimated frequency-wavenunber

wavspmnberumeceux@mo@eﬁj bak Bhxg@rratiag absbsalue {rafqueacy sspectrum in the

taken of the u ,ased wavenunber
freqlpneys ‘?’%Vrﬁntl?]gf‘ﬁ (Z%id%‘?am §%f té? gﬁ?hage({ frgqulé F’%t e frequency
[0066ECt AUNbdx" I3nethef hlgspURE CiterRESAWaLEUN(ber ks)pedtomrm frofrorbox 32 s
t he unal i ased frequenm es. %056 At box 33

extrapalafedit e fheegliassdy rﬁﬂt‘tﬁé‘ﬁtﬁ?ﬁb@?““éﬁé@t raan”FtF%’ﬁta'bf'éix algplptg frequency-
wav%éé.rh@&o%p@% ﬁgn t}‘teI uef-c@ll @Z@gvgnﬁmgmggﬁﬁg%fb@rtﬁé bie@MPrequencies.

ext rapot a quency- er spectrum
Typiicaily héhef almqecbﬁegumwemontmse thie kighaofraquentiss anflevavenumbers. The

NI = EREETT TR I NETMT SRS I —

and VRN G ROPRSEGh w-lih Elveqmpi'@vfé@s@k@l‘i’orﬁ@ﬁﬁﬁe rupdli &kl Goutivietdmponents at the
contains 1nformation fromthe unaliased | ower

aliafeddujglean fieguenciesnd this information will give inproved
ectl . naI
10037] asggeﬁigﬁépugrraeeqﬁxe gpec%g G WERRRAOEGH SR i Bies 32 and 33.
FICEXMHUI\:’\F éscﬂiggithﬂﬂ@fsa ﬁs%umuﬂ'-d/abmm wpeatruim abovoald B2 canplted in box
. shows a f -
32 et o e D B HHOASER | Fl G 's QRTERLo! e extcapolated
frecgtgt(\%{ wwé?l éctru\M“ Qsh wutd WealdAsRel iffl ax 83Shawss @xtrapolated

am o xtrapo ated frequency-wavenunber
spestpes i wsey aas wmghtldg tfmcclomﬁcurtthdhtghertfmqus@mesm@rge of which are aliased.

[00$§i ra Olpfaf%ttglﬁg:r ?lf) ;v{j:g rehﬁen%%ees area Bx ap At%ﬂ% e ltu R&t fr%{llenmes and

cli'es, sone o are a I ase

conk&ﬁlé&] ltd Priafger Pasdwidtg drOWEfferfuhﬁﬂtsendn gaadtice, the lower frequency
extrapolated to the higher frequencie

Spegiis dg iaPPlated 5 BOth APy AYTumer P KAy e daterpolation may
mcfuﬁe Q{/quéthg Gt srhgftg gV\@TJGf 8 SARYRY re 3§R§81tz{ SMNihRrpolation.

requency and wavenunber "val ues.
[0059% i mt&foad@hlsemmmbenof iteretionse degignatedol2, swemdedtéchfpr the second

LSRR, M5 -S0h i he B RS et i box 23 PG

2. ‘#ﬁ@hlﬂﬂ@ér% 1N§mpir&aﬁ? b&Steadof B séddad 2EFONEhethddFIn one embodiment, N,
t hod, whi Is to be %E)plledtothe al i ased
= Nr, edfheugl e/splc@lsly,eNmmé’d iHpwsyer, 4B1s witlinghe spoperpfthe invention that a

dlf{%é{lqz Bam{;lzr ofstteraq.fé ! ]9 atlel cye%e%ﬁjeﬁqgr %ﬁgft fteﬁ?&r‘?cg%%%of%ﬁ: tlthat i is, that the

one
nuﬁlbﬂlcﬁ&btaﬁoné\% Frech\l%ncyddwéent it is within the scope of

invention that a _different nunber, of iterations,
[0%01 be 1nan aHPMARYE FTBROWHEM. § Feeqid MEGIB b AadnalgeIcd fghthe second ALFT
mepﬁ‘)d hiedd bPehe 81”?(? ’hul?t)exj $ieft@l'§1ﬁ&ﬁsi\ge Then, the second ALFT method is
requency- depe ent in an al'ternative

apmiedoitkiratively t@ eaetc@ndrltmccwﬁubm axilj the oeffiviend if glecrepged below the
secong thesh'ca)‘i'f ¢, rather than for a set number of iterations. The method of the invention is
illustrated for the embodiment using the number of iterations for illustrative purposes only, and
this choice should not be considered a limitation of the invention.

[0061] At box 35, an aliased frequency component is selected from the frequencies

determined to be aliased in box 23 of FIG. 2.
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met hod i nstead of the second nunber of iterations, N2.
Then, the second ALFT nethod is applied iteratively
to each Fourier coefficient until the coefficient is
decreased bel ow the second threshold e2, rather than
for a set nunber of iterations. The nethod of the
[006 Ven.M 9 13§, tHel #Mé@s@éﬁr@&eés‘)fo 5&@6?'@5‘?@@@%1&5{}1@@155@@ frequency

mber 0 | ter atl ons [lustrative pur poses O
comnnienttseieeteat frobee3shdhérd, ndKIGhé, e@mndénwtaaldardml&%ﬁ wethod of the

of. the. inve 1] At.box 35, an aliased

mvﬁ“f‘@’&]l‘?’é“b ﬂ}fﬂgﬂéh{‘ 82%% I¢Sed from the frequencies

[006'ST €r At BEA 370k @stahatas Equchchrav@BurberFdpeetrin fdOthe selected aliased
[0062] At box 36, the process proceeds to box 61 of

frequenGy c@maonentihebtained e Yoxefddé- 6comonent sel ect ed

0B oN 85 L 5 40, R0 AR GiEls romin o o

seleafedl a9 choke elinsed (ﬁeqaenc[e@GSﬁ]amAthebdhe 3ﬁ>ce$srrem$ms toalbaed3S. If no more
i freg uene%-wavenug;)ﬁn ectrum for th el ectbed i ased
aliaggdd eIGM3Hh the PIgETSs CRBIPYES BRTBES DAt BF -G 6,

[00?@}364]“ Bbx 39X 13 robdss S FHG! $eAUNSMH plocddds @ bk azed FIG. 4 with the
requency conponents remain to be selected. If nore

unahasedswm‘at@q frenesnes-wayemimbert spspiremelipmobexs 31r adiaHsthe estimated

e o2, SRR LR SRR, S s cvaines o

box[jB;O65] At box 39, the process in FIG 3 ends and
g eeds to box 41 of FIG 4vv|glhtq
(00861 | rddGeid shewjue Heychart BhsEwing thp fpe et %flnﬁsé%%*i embodiment of

the ?rm %Aefo;rglﬁ %%Idgﬂglttﬁges 15 QMENEHa WAV 6AYBRRM 18 FEGL R@And continued in

i ase requency conmponent s obt ai ned
FIG.r3lom box 37. [0066] FIG 4 shovvs a fI owchart

. ) o
[Oolgki)gzrﬁ;}eal?é ng]l q}ehgrqréﬁve OX{UI&IH%I? from f)er po?’aﬂ e Zz w1th the unaliased

estlhﬁteile 'fr%&h&mﬁ-&&a@eﬁthﬂber%cbﬁ@u and rhllFltIﬁ egtiramndd Cﬁi’dfttulem},edavenumber
in [0067] At box 41, the process continues
Speﬁtlfaafﬂr m@e@tedfallme@ freugnayHeomeneRal i ased est i mat ed

[0 OffBrrBE QUENGGXBY &1 %&Emﬁa&%cﬁ&t&%%?aﬁ%ﬁmbogf epﬁ:%&é AT selected aliased

quéncy-waven spect e sel eécted aliased

frequeac @oaiponeitp drmnt isox HO0&8] comnbibak i3, aralaliageldeestimated frequency-
estimated frequency-wavenunber spectra for the

waeaupbeRsPesitlsed  frequency conponents from box 41 are

[00B9TDI NG hokf30 t}érhn%h!lég %ﬁ‘d ﬁﬁﬁs'eﬂehﬂﬁlatfad fegRA6Y-wavenumber spectra from
wavenumber spectrum At box 43, the unaliased

bom onlaamdasédre@mqtlwalwe@ref qu e yntoved &ﬁ@ln%émaseﬁe&w&ncy -wavenumber
spe {om boxes 41 and 42, respectively, are conbined into
PeE¥ Bt al estimated frequency-wavenunber spectrum

[0070] At box 44, an inverse spatial Fourier transform is applied to the total estimated

frequency-wavenumber spectrum from box 43, generating a total estimated frequency-space
spectrum. The inverse spatial Fourier transform is designed to transform traces to desired trace
positions, including the positions of missing traces or to positions on a regular (orthogonal)
grid. Preferably, the inverse Fourier transform applied is an inverse spatial Discrete Fourier
Transform (DFT) or a Nonuniform Fast Fourier Transform (NFFT), for computational
efficiency. The total estimated frequency-wavenumber spectrum is inverse transformed from
the frequency-wavenumber (f-k) domain to the total estimated frequency-space spectrum in the

frequency-space (f-x) domain.



[0070] At box 44, an inverse spatial Fourier transform
is applied to the total estimted
frequency-wavenumnber spectrum from box 43, generating
a total estimated frequency-space spectrum The
I nverse spatial Fourier transformis designed to
[oofﬂansé%&l 3%%8%1?%&9& tgﬁl?bfa?ﬁoﬁﬁé}ﬁﬁnsﬁaﬁﬁ'ig YP1Rd to the transformed total
I mcl udi ng tHe positions of mssing traces or to
estipatsd tfrayjusnagynspace esgedtaum (foorh hogodd) genagating aProgdl eestiblaged data set.

Pretlgggl(y:, g]\é%b?egﬁer ]Z(%J\,rg{eleggra%lsfr g]irr]x? ];g{frlgﬂgg 5':1 iﬂ%?r@lg%rg]gc}rél Al FSurier Transform

(FFNONERd {od) TBsfimtted FRIGUE RSy -sPaedsieetrim (iNfirTher ifi@¥tse transformed from the
conput at i onal eff|C|ené¥.$The total estinated
1

freqfiensoytrpae/ whdemnaintie thespt estimatedsdatnges ins thetinagirage (red domain.
[00?%]? m A‘tgx%alfi\ge?gutﬁgq}{\'/e\é?evﬁgﬁfg?%angifohjﬁ)a ?ﬂ@@!ixp ngest‘We and 45 is a 2-D
al “"estimat€d Trequency-space spec@ umin the
(tenfpoed] wad SpatihoEst Fburigr Traneorm (HAT)[ da&ltherAtasbothe £hd remult is that the
.inverse tenporal Fourier transformis applied to th
estim il BAYHE) POV SIUMRES L FHRSIEA B3 Sty et e, requency-
wa\feﬁ\ﬂ'?ﬂ)é?o(z-kflﬂomgﬁpﬁiﬁt foN@e Airh Qb Rlce R8L) RS, dalcfathfl the desired trace
Preferably, the inverse Fourier transformapplied is
integoldtionenf ke inprpsaishickatt Fositiaes iTerpplotion af theHRmYt seippdc data may

tot.al estinated freguencysspace spect 1S 4f .
s RBhB3k] T il BB EABESF pRRIEE L L s the sompled
tracépmain to the total estimated data set in the

ti me-space (t-x) domain, [0072] Alternativel t he .
[0073) er Eer the wnpliased figauensian dsispmined in OB EAG. 2nd Sippdard ALFT is

oo P PR RSB e o procesin

unatifsed fiteheenceestin nen-edifémey samplyd weisrerudatrefromgdét. 2um i s
100781 ) A o1> BAEROES PREPER TR FRY gt RS HEiied from box 26 of

Fi@enerating the desired trace interpolation of the
i nput seismc data. This trace interpolation of the
[007Bhut AsebaxriSa, it gstiragted oEeamenpt - WAYGRIFPED BPeetFymy ¢l§, the frequency-

i . FiL1ing. . . s
L
obtdin&lliebex 6%. dRiceestintaedd froquzoxy-2avefunfieGsp&trum st mmtdkydset to zero.

ALFT is lied. FIG 5 sh a flowhart .
Thif spessapIRGe SThsr BB WobE Gime REICT ) GG PR components in box 55
belfyocessing unaliased frequencies in non-uniformy
sanpl ed seisnmc data fromFI G 2. [0074] At box 51, a
[00;76] ectgedboa E] aft wgdlel‘“@tgmn énaggfom rﬁffmpéﬁd tq the spleefied galiased frequency
rom bo .0 . j .
corg DR R0 Rt P Eiseey O Folriel Ypitem Apfiad 1 Wbhere Fourier

TraWSX6BAUDIET) of -KNdhaAHEbn | Base Hoakikt Shekférat (NFET), for computational
sel ected unal i ased frequency conponent btained in .
effigisrcys 1 Therfequesey pRIPRANCSAT BREMOYIHh e IAB S dSpe¥sPRsh (%) domain to

Bkl S R (R Qmatl 0 abenumber components 1 n

[0Q73} 5%t bed 64y the strongest wavenumber component in the transformed frequency
component from box 53 is selected. The strongest wavenumber component is the Fourier
component resulting from the spatial Fourier transform computed in box 53 which has the
largest magnitude (energy).

[0078] At box 55, the strongest wavenumber component selected in box 54 is added to the

estimated frequency-wavenumber spectrum, established and initialized in box 52, for the
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[0076] At box 53, a spatial Fourier transformis
applied to the selected unaliased frequency conponent
selected in box 51. Preferably, the Fourier transform
applied is a Discrete Fourier Transform (DFT) or a
Nonuni f orm Fast Fourier Transform (NFFT), for
selecRORHLIBIEPRBYuend) LoBp&RaY. The frequency conponent is
transforned ron1the frequency space (f-x) domain to
[0078F f At bor 6y amawsragrapatial (Houkipr dansorm 15[ apoligq tonthepgsengest Fourier

COH‘{RDBF{tgthﬁﬁ%é ?IP E’é‘n Y& ragpeghﬁglﬁ?g? Pg@n}r er Qraé%ﬁxl'rg applied is an inverse
Dis&reteedeidr Tiratmefosmr(mge&ir anavendeideiuntforp Mastrtourier Thasform (NFFT),

Fouri er onent resultlng fromthe spatial Fourier
for computational @%?ﬁ%{d The pp0ess Fvrieh cormeoneRk Is Inypedgansformed from

e BRI IR0 ) Rl By St 0t 1085k

[0080F d&sthonedZdhé imcuertcansimmmedh stroegess peroponent computed in box 56 is
t apl.i shed I d box

bR FT TPt FoREan Y RO Ronrned FHBPER1 o Tsss subtractions

1ter§t§vel nleFNEX S,&re%@éﬂdr@hasﬁﬂlffeh@éncg'rc@ﬂx?ﬁﬁﬁdm is applied to
he st rongest Fouri er onent selected in box 54.

[00I9ﬂlaf ePdlbby 58t ihis deeravinad iFduitFationseithorey 1 hippiehel] haye occurred for
Tr ansf
e OBLET Aoty 950 Ral BB i AR (R PR gccura, e

the qxamwi &itlllmﬁlad) bek fa3cioe naytherTheragon. oMy A's iteFations dave occurred then the
nponent_is inverse-trgnsforned from the

PTOF?SééfUEHE'yS CRIVBHERIER ROKX) domai n back to the
[OO%ngu?ﬁ‘?dé a?t@ﬂ{éﬁvé ErbdditRrBldcrib08 Bbox Al JTPLGE B, ittid@etermined if the

erse-transformed strongest conponent conputed in
cortmbcdfblﬁaluesed fetpuanay tempornemtrfrbmequéﬂ i helow the Segyéreshold ¢ yet. If not

bel?\e/gﬁ a{i\? &bég{hegq{xé Ero%gs)g rgt:{i s t8 una otrr aSS&-.eP ngatlon If below the

nerate*a correc | ase reque
thrésROIARNEREN thE BREESs IMFIGOS cbftinuet on$o bkt 89.m ned i f N

iterations of boxes 53 throu h ve occurre
[0083¢ urfeihoxs tlf‘f‘r BEpGEsSNde 6 ?Fp%'r(é BDIGHREd0 Y S NG, 2 with the

estinfatdd frE(r{lFe'h@% Jﬁ?%e? sgnoltxﬁrg FHF {h%dsele‘b{é@rhna]!llé‘&dpﬁ&ﬁl%ﬁe%/ component

returns'to iteration
umnﬁﬁﬂﬁtmmnudhaueb@cimrred t hen the process in FIG 5

[00 o d&uﬁéﬁ} Oaglég%,fib %ﬁl&g?glﬁs %380821% bﬁi(é7 tﬁbn Qt é}{(?nstandard ALFT of
the%&&ﬁmnﬁ&ﬂldnflstagﬁlled: OFIGCH Sbwsnaflbwasiest ﬂlﬁl@tﬂa—tﬁ‘ig%h embodiment of the
conponent from box 57 is below the first threshold el

invgetion fof presessingealisied fiequensiesinorog-wiformpyesempled §isweie data from FIG.
3 returns to box 53 for another iteration. |If below the
“threshold E,, then the process in FIG 5 continues on
[0085] boxAtERdx 10083kctéd akmxed H8quenbe camparensisarbtnddofrok|bGx 36 of FIG.
5 and returns to box 27 in FIG 2 with the estimated
- frequency-wavenunber spectrum for the sel ected

[005@' ' %te@of( F 5] USH Céti AR Arefilenc] Mak BlunftRl Y sgelttshr Hpttﬁ‘éj frequency-
wavenumber (f k) domain is established for the selected aliased frequency component obtained
in box 51. The estimated frequency-wavenumber spectrum is initially set to zero. This
spectrum will be further built up by adding selected wavenumber components in box 67 below.
[0087] At box 63, a spatial Fourier transform is applied to the selected aliased frequency
component selected in box 61. Preferably, the Fourier transform applied is a Discrete Fourier

Transform (DFT) or a Nonuniform Fast Fourier Transform (NFFT), for computational
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[0084] For the aliased frequencies determ ned in box
27 of FIG 2, a nonstandard ALFT of the present
invention is applied. FIG 6 shows a flowhart
illustrating an enbodi mrent of the invention for
processing aliased frequencies in non-uniforny

efﬁ&éﬂg'cte@g?% Iﬁgﬂscg dﬁ?{ﬁngr{tqmrgﬁs@)rme% frdr? G5tre o neﬁ)aéé- (-9 domain to

equency conponent is ob from
the Pequedéy-ohvdru@iber §-k)[d00BE]. At box 62, an estimated

[00 equgﬁ%&f l?%‘,f ﬁg%g‘o T zﬁgde %bgr Eléﬁi t{gﬂ‘%eglﬁﬁéya?’% u rthf% spectrum from box 33

of F1€). 8Gk agpidd @SR tfahSAHAAL e QRAPPY B6Mpotat abmptked iiM bbR¥3, to weight
51. The estimated frequencgo wavenunber spectrumis

the iwrawmarbey cemponenty &y the tristormed draqpenyvampasent yppfapmple of this

onents in

exaflihl HBafRhc U BB SR RURBUAREIG AP DTN 2,
[0089]ansAobOX 65, thpptioagest o/atzhmnﬁ:&:k eompaonealt uraﬁmdrefnrs&nrmedr rayd weighted

conmponent sel ected in box, 6 _fefer ab the F
Frec TR S P o PEIelsgiedy ol o Ert WavERUT BYh forponent is the
Fou% iFomnefk &Qﬂﬁﬁ% FemhE @ﬁdtlafpé{frie? 'Eraﬂ_sff&%; EohputedNidox 53 that has the

or conput ational 13 efficiency. The frequency

largess mpagnénde (esergyansf ormed from the frequency-space

[005@]};) ﬁ\(il%rml %196 ?ﬁ\gggﬁtrggwagg&}{n X ap%ﬁ‘p%{t dftf g}rfmstformed frequency
corﬁpfoﬁéﬂieﬁ’&ﬁ -BORVEN1NdREInSP @it koespoads wothe 3Bongdst Mefght&l wavenumber

i's applied to the transfornmed frequency conponent
compoppiitdsterninedd% Y865t 0 wei ght  the wavenunber
009 Al LR WRRIHREdTEALVehGABEN CYnpBARAN8laine@Nin box 66,
[ igﬁp}% ?X ﬁ{ extrapgﬁated ferequencym\?\)/gvenunb -
conepmtidingntoi the stromgesi warnBmber coropeent, As athded ®©Fhe tels]temated frequency-

stro est wavenunber conpone i.n.th a for
o cURDS o ATRRRA o BB 5! R AR e eaueney
com‘laa,elelsttrongest wavenunber conponent is the Fourier

nmponent resulting fromthe spatial Fourier transform

[00@3]rput4édb¢>h 8o xans anversgr spaiial thiparier dragsiormnisgaprlifdeto the strongest

unv$ o%rgécg@ﬁ{npl[)ﬁg? gcleta{r‘['n mG%Oét(ihe lﬂ@@l’agjw efle VRVGSY TD6fer transform

i orne requency “’conponent from
applied isteh insered Dédcrael thaetr Tratsfesp@HE) drantiiveersst Nomge@tm Fast Fourier

ht ed nb d d box .
Tra\é\%egq]&,&f\qg,o r;gepn%trqtleglq&tgaé&g%éﬁet ?ﬁnmeﬂgg%tn%\ﬁed%lﬁg% component is

invORE- ARGl BN RO freqcREY-SARNMMERG (LB dohifiPbdknE ® frequency-space
wavenunber conponent, is added to the esti mat ed

(f-dequaisncy wavenumnber spectrum est abl i shed and

[odggit Iclizp(;(d%d E.B%ﬁr)gvg?s% -t 3616{? ! Qri?t?@]bg%gt %ﬂveﬁ%ﬁt@ gonent computed in
bo>6 681 isaéubﬁaaéd €forh rtaastaﬂraserm fﬁqmpylmﬁoaeﬁrh@btsme@ngdm 61. These

subtractions iteratively generate a corrected aliased frequency component.

[0094] At box 70, it is determined if N, iterations of boxes 63 through 69 have occurred for
the aliased frequency component obtained in box 51. If N; iterations have not occurred, then
the process returns to box 63 for another iteration. If N; iterations have occurred, then the
process continues on to box 71.

[0095] In the alternative embodiment described in box 34 of FIG. 3, it is determined if the
corrected unaliased frequency component from box 69 is below the second threshold ¢; yet. If

not below the threshold ¢;, then the process returns to box 63 for another iteration. If below the
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unwei ght ed conponent determ ned in box 66. Preferably,
the inverse Fourier transform applied is an inverse
Di screte Fourier Transform (DFT) or an inverse

Nonuni f orm Fast Fourier Transform (NFFT), for

conmput ational efficiency. The strongest unwei ghted

threSHOMPANEAL ¢ Vé)roéégyﬁ{ﬁﬁ; g mB%sr@lQOfbﬁ)let he

requency-wavenunb -k) domain back to the
[0096]equanbyx paibe prQCfesandjsoﬁcralFtﬁG P(KDQS]:tums to0box687 in FEG. 3 with the

etransforrre stron est. u hte open
eSS RGeS KRR SRR Dot DY BT R BBy componens
iterdtivegUORSICEATA®ELBY. obt ai ned in box 61. These
subtractions iter atlvel y %ener ate a corrected alia

[0097le quEHeS: Horigbrdwty. the exsglty ofathe frage ingerpelatigryprocess for the method of
the ﬁla&ﬁ[d?i‘ Jh%dfol' E a%&l tpfqhe ,a??iqc;bsr@%x FGH( ef16s, $Argyighy qu—IOD illustrate

ve OCcurre requency Corrponen
the edstiled ofetheitrachamtefpblatioh p2ceiss forat syontiseticaoxemplet, while FIGS. 11A-11D

and g%gur eqmstg?tgtrt]he)ws&f gf&éeeﬁsfgcgilg{e% 10}}3\,&0%%& Frj%:ijd data example.

[0160N FIGS. PAONESHoHOME i MRS BN tﬁeoll’h/@l)ft_l&)l as [ ﬂéd td rel synthetic data
the alternative enbodi nent descri bed in box

exa®plej tFIG Meskaws thedriginal Renthetisr seesatie datgn Y EG&% ShOWS the input data

e

metfldfitEgDﬁheG@&mmet Fmﬁm@ﬁbﬁ tHe3differenaniodtiveen iHeargfinabdata in FIG. 9A
el ow 14_t hresho t he cess i n
andhecnespalti ANaCa FLG. T Wiste i sl GOy ronee IDgisaizs clope ggreement
[012‘&0 eﬁfGﬁnP@AfﬂfD g aGe@Rdrd &1 BTNReth8d, 0%applied fo eSynthetic data

esti mat ed frequency-wavenumber spectrum
exafple IMNEIGR| PetHY fat camparisone gtkéh ch Ac sl thet original synthetic seismic

datz:ils }:ﬁe)r al%lk% %I‘% Sﬁﬁ? 21%@? %f)ﬁvg tl{lenmbl(x)txda \glrt%goaﬂremove% to n'e‘oci]egalased data,
as ih ®IGt BB. MEIG) Q@ Codhowss ige iri?étpdilhﬁed rlag d51f19l‘a ssatnaamaAﬂFT method. FIG.
ALFT, for conparison. 9A- 9D and

9D ishawss the i ferengre betuisesn ff@ Qﬁgl{lﬁﬂ é‘afar ncBlG n%% @gﬁ)é‘eq d¥erpolated data in
FICP;i Lg@ig&_ 18[3 ?zr gé(mlﬁ@}ehge ot M‘élk}?e férgﬁledt laéid FRG. 9D, above,

_ ustrate t e res ts o trace
fortkﬁtmatmda’cthomvpntnmess for a field data exanple.
af the inventi

N N TN 7 T R T T

exahlp®. FI@i174l sh%%&ﬁ%rig:inaﬁﬂeme?snﬁélﬁ@ta FIG. 1D8 sEh0s\hetifgut data with
Input data wth traces renoved to nodel aliased data.

trace$ Gmayed shmadeldligsddrdags. pEICatlé@ haws theienpplated datgeusipgithe method
of Lﬁﬁ énventul)nn V%P& da?% slﬁéﬁv% [%11 Yl\@e BQ gﬂ .*Iﬁf‘gfég‘q‘?q adt%g%ﬁéﬁﬁb 11A and
theﬁiﬁér@olaﬂ:dlﬂaamﬁmﬂ Wher e the srral I d| ffer ence i ndi cat es

LT KR M N TR L
exa.hﬁ:lﬂnﬁ(;% ;/'/}'rl]t Dé %I?ﬁfog ggﬂﬁgﬁoﬁgg‘tlg’:ll% slillﬁ&?: Y utlehfﬁeld seismic data,
as 1|n(BBGs AdAs RiGe 12Bmhows dieainpiittdata with éraceseanmonet toomnd:detlllased data, as
in l‘afdalslde 9% 12C shows the interpolated data, using a standard ALFT method. FIG.
12D shows the difference between the original data in FIG. 12A and the interpolated data in
FIG. 12C.

[0104] The normalized root mean square (NRMS) difference between the original data in

FIG. 11A and the interpolated data in FIG. 11C (the invention) is 70%, while the NRMS
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as in FIG 9B. FIG 10C shows the interpol ated data,

using a standard ALFT nethod. FIG 9D shows the

di fference between the original data in FIG 10A and

the interpolated data in FIG 10C, where the |arger

di fference indicates not as close agreenent as in FIG
diffPhce®BQNEen tﬁeof)rl%fﬁﬁl AR NdFRE. 128 dndv@RtinRipolhted Uala in FIG. 12C

FIGS 11A-1 how t he nmet hod of the invention, as
(staadmpd ASH T ¢s $4%i dhds,dhe¢ method afhesinvention shaws betearsesults than standard

I,,n fi,eld seismc data. FIG 11B shows the input

Aupfatogtk}ﬁa}liﬂddﬁagéggl eatl&)ved to nodel aliased data. F|IOG
[01058)C sTpantiABad, inGirlegtagt etbudiat @ransfeinhgnéthed nftth@dnvdnﬁon provides

the invention. FIG 11D shows the difference betwee
betterfgace intgipalation deraaliapedieiymig mam the glandad eyl ddl alpag) The extra cost

of cgﬁbqja{r@% sloegtlm!tgegto |-bP . §/]1 nﬁ T n tﬁ@o?ﬁ@%@nﬁ&ﬁ%@ﬁs@losed here,

as appli e dat a exarrpeln
can Fda@ts' b | eAtchiiB] tb anuhiedtpansxemat enfha@imditd whbwlingt BB with two spatial

or i, 1.ng f.ield_sel data, .,.as i.n FI.G .11A,
gl e Uiep P GHE ahise SR 4iBEnS SRRy el Wi Tour spatia
dlméﬁélﬁﬁ‘%ﬂusdﬁ%@ TRE spatfhl GldensiohB cal ifeludb2Gubbaws sbiltee x, é} and receiver
i nterpol ated data, using a standard ALFT net hod. FI
X, yl@Derhﬂj@ﬂsott, lequinplenty e ebspepiniadine thdpeint, grotsling a¥idpain, offset, and
amr?ﬁ?(fﬂ age@g oItrn r?g e%*nglégg : oo?hlﬁrgeg%aiﬁ?e fifle CE Wﬁay be a frequency or
depth dobdignee between the original data in FIG 11A and

101085, ' e Bt ORIV 815 1 AR BB Ao PR and multi-dimensional

-GiRo- B8ioh MGithat esthdaliatid |
L S
posslbb mcwn‘tg m@hmgshbétqmncye@ubm@nbdtane@ﬂm traprddugy befter Wexghts

T
hlgﬁéﬂQ're'qﬁé‘lﬁliEsl eNinPor@tide Fronp etHee pathemceor nsiiges diffatitanethod to estimate
al i ased selsmc data than the st andar.d ALFT al o The
the ef;aqmcao\gtvenemb@romtram #inlqwer deqquergiesd Steh Be %EPV squares Fourier
tr ted The nmet hod of the invention, as discl osed
anhere can easily be extended to multi-di nensional
[o16mpoditmetniuéd benoddeditorg! 82t whe Iprdceding piaterely di drtaikidodrscription of

speglﬁlg Sg’tgtqrae rtnﬁrél‘rtg o# ttlgiﬁ ;{r]ll(/grﬁlosng ?1{1[% rafb?tg hgreﬁgxisoﬂg ntisqaﬁ%es fﬁ%c[rﬁCatlons and

alteS@lERo L ARRRIs8N 8mBadinich! ddfl De anfdens Qbcflarke Uﬁl&ﬁth& di$tlosure here
and receiver X, y coordinates or, equivalently,

thlsmbsiepamng frnm the smmpzfu the inventings | Theeprasedis qfﬁSCflI?}fOF’s gherefore, is not
i mat a afi.v
me%rﬁgtot ﬁ ne coor %8 0t e&%ﬁl}?}%%nt!orﬂ fIRtéiﬁ{?g,n%te &roﬁgﬁg)ggfthgqmlémon is to be
detéraninddi didy By t}{e(b:p@%deﬂlmiﬂietah@dmenteqnhmlemtsvent ion may
al so be extended to one and nul ti-di nensi onal
proj ecti on-ont o- convex-sets (POCS) inmage restoration.
algorithms. Other variations are al so
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possi bl e, including snoothing the frequency-wavenunber
spectrumto produce better weights and applying other
wei ghti ng schenmes. OQther variations include, but are
not limted to, using higher frequencies, or
information fromother gathers, or using a different
method to estimate the fregugigy-wavenunber spectrum
at | ower frequencies, such as a | east squares Fourier
transform [0107] It should be understood that the
prchding is nerely a detail ed description of
sp 13Tt enbodi ments of this invention and that
nuner ous changes, nodifications, and alternatives to
t he di scl osed enbodi nents, can he nmade in, accordance
[C1}i hmethed dprsiatesralptangggces inget Ryt d2dePMRIISHE f r om t he
sc : [ [ : ;
¢ neprging R JoTR BRSPSl R R 3] llyine @ fist Anti
i Nlexkbgo FouRkat transfortheneglomb o ohaltased iftreqesncy oronmmnents by temporal-

deternmj ned, onl y. t he appended cl ai and theirt

.quﬁ'ag Pgﬂ?(lg§el%f%lc %%g_a“a[{}é apgly.br}gaq. ﬁcoTcgﬁ?lgj&e%g%Eaur]aeértransform method

| Nt @ hRAkaHeGGerdc) 268 Pohdht$ 6f B EmsRhlaransIFed Stidlic data, wherein the

generating an eStinmated frequency-wavenunber spectrum

by seqspidy iAmgi-lgakages Foppier transfaragacthodr iappliesr #ns pbiakyte frequency-

mt»\rf]a%dmtugbeg‘ns?e t%ﬁ%xggﬁoqéﬁg@ g%n!f ﬁﬁﬁpaggﬁégﬁénc}eg@%@éea frequencies

transtorned seismc a and appl'yrng a secon

Anttd weithk fggudnoywarenimbersbmponemd bfatle alissedlfiegsadies; and

frequency conmponents of the t oral -transformed .

s e AR RIVENERR MV ErRR SRR Gk and spaiAl GRuriAn RS REeBe eeipted frequency-

tr %fe%xﬁb&% E@%n@,%héﬁﬁn@ﬁa&%@l';&HlﬁiJnr&%’e?Ms)fn‘ic data.

wavenunber spectrum extrapol ated from unal i ased

frequencies to aliased frequencies to weight

reguency- enu r .co ent f.th ! .

(€2} ciiaRe ad Bt SRATaE o RS 0 B /Sl el AR ragstorm method is o
standprt Al-1daRagel Byurief amsfanmmethodthe estimated frequency-

wavenunber spectrum generating trace interpolation of

the seismc data. [C21 The nethod of claim1, wherein

her.l le1di Rk A0RrEiRURE BhallabaD HEQIM 8 LROGLsBinBally the 1

[CBitgggéﬁgh &?ﬁfpggsgge &&urﬁer %f%nsfo@%1neth d. fc31a y e ?wer
freqlibmcieseihabe otisoliaidatal andvtbe ailiasedn frequeaicieasad substantially the higher
f frgguencies.ane substantially the | ower frequencies
requANGIFSIndRg SEUC YA, and the aliased frequencies are

substantially the higher frequencies in the seismc

data. [C41 The nethod of claim2, initially
[C4d onfhei methed ob¢laim A ingiallysompseingni ¢ data in the

ting; LA . app] vy . . Fouri er

tr SRR B BRPInhP i R 0 P hg |

t r aappiydigr® temporal Fourier transform to the input seismic data, generating transformed

—

seismic data;

determining which frequency components in the transformed seismic data correspond
to unaliased frequencies and which frequency components in the transformed seismic
data correspond to aliased frequencies; and

applying the first Anti-leakage Fourier transform method to each of the unaliased

frequency components from the transformed seismic data.

[C5] The method of claim 4, wherein the temporal Fourier transform is a Fast Fourier
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seism c data; determ ning which frequency conponents
in the transforned seismc data correspond to
unal i ased frequenci es and whi ch frequency conponents
in the transfornmed seismc data correspond to aliased
frequencies; and applying the first Anti-I| eakage
Trars®#l €r transform nethod to each of the unaliased
frequency conponents fromthe transformed seismc
data. [C5] The nmethod of claim4, wherein the tenpora
owler tra S, 18, rier 17 Transform
[C6{Cg% ?ﬁgmd Q%ﬁ ﬁépg?C&i%ngggther conpri si ng:
detdetefthininyg ammnm edf ddratidrsr A} ifemntheNfirst otnti-leakdger Béurier transform
Anti -1 eakage Fourier transform nethod. [C7] The
metkéPdof claim 6, wherein the determ ni ng a nunber of
iterations N, conprises: determning a threshold E,
for the first Anti-leakage Fourier transform nethod.
[C7] CdJhe Tirethatesflotadmad, vdieadinttie, defanmirtieg a oomper fiifegations N, comprises:

|n|t|aljz|n e d venu

o p R SER SR TRHES St aaey TG TR form method.

conmponent ; applying a spatial Fourier transformto the

sel ected unaliased frequency conponent; and
[C8berTthrmﬁtlwgi effrdaifmol, (ferihai gOMBFSIRG: i t erati ons: sel ecti ng

Elgﬁﬁlgg \Q?Veesﬂﬂﬁpe%r frggﬁgﬂgﬂ %(/eﬂd?ncﬁjz? ﬁsg&{tﬂﬂﬁ fQr JIRs] for the unaliased

una I ase requency c ent | 'ar gest
wa\fequerdeg rcompopanent to the esti mat ed frequency-

\é\g\égnug}b&eg SS%&?J‘[ uéner;?{gﬁlsfﬁﬂg}g} gg%ep%f:?qc gd eéf Yrequency component;

traggformto the selected |argest mavenunber
conponent ; and subtracting the inverse-transforned
I arpgefstrnmemlpmfmélnwmgrbm iteratiensect ed unal i ased

frequenc n generatln rrecte r liased
e e CORTLAME afRRER Y oLl SRR i
spati al fi%qu&nc@rcotrrpaﬂaftprm s a D| scr et e Fourier
Transform_ [ Cl0] The nethod of claim8, wherein

the
i nver se a§5‘a‘8| é\tlle HeRgFte VA PRITRTE r FATROTSA! i Ry dies §Stlmated frequency-
Di scr et gy RHAhBEr s-lp_Eéﬂﬁxfl ®r"the unaliased frequency component;

applying an inverse spatial Fourier transform to the selected largest
wavenumber component; and
subtracting the inverse-transformed largest component from the selected

unaliased frequency component, generating a corrected frequency component.

[C9] The method of claim 8, wherein the spatial Fourier transform is a Discrete Fourier

Transform.

[C10] The method of claim 8, wherein the inverse spatial Fourier transform is an inverse

Discrete Fourier Transform.

[C11] The method of claim 8, wherein the spatial Fourier transform is a Nonuniform Fast

Fourier Transform.
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[C11] The nethod of claim8, wherein the spatia
Fourier transformis a Nonuniform Fast Fourier
Transform 18 [Cl21 The nethod of claim8, wherein the
i nverse spatial Fourier transformis an inverse
Nonuni f orm Fast Fourier Transform [Cl31 The nethod of

(€18 Th8rSbthddbF RRAImMCHWhdreinNGe iHRFY Epatidl FO&i@SkAr¥®IrAdis an inverse
f'requency-wavenunber spectra for the unaliased

Nonfiniéegyoelresy Fowsrgoansiers. generating the unal i ased
estimated frequency-wavenunber spectrum taking an
absol ute val ue of the unaliased estinmated

[C13])r Fee aRenodve\ceite) Glirtlep €6iptisthg: generating an absol ute
frequency-wavenunber spectruny extrapol ating %he )
abSombingg theermaed\EoSHBRpSRVERERRST FRFYS [phdhe 48alipsed frequency
fr %%E@fén?ss\i\éenegﬁ tfe Lia88Y c%ﬁHa%@qlréﬁE@I‘iqua\Qé?@nﬁﬁl%er spectrum;
f requency-wavenunver spectrum and applyi'ng the second
Antdkingak apwlwte walveroftthamséltsed asinmsed froqesacirvafventmaber spectrum,
al i ased. frequency.conponents fromthe transforned
s e BERTHINEAF S?l@iezfjre CYEPHOYMPFT HeSTWR13, furt her
CORRIrApvldiGhy hEROLALRNrédiRn@RS@ldHutber spectrum to unaliased frequencies,
frequency-wavenunber spectrum before extrapol ating the
ab geharpting anegyianelptedaberiuisdmqueisscyavgRImBer fRSF T B :end
fr I BS. IaFh | r ;
ol FE ¥ ssabrdnnlPRalEl Al EhofhlembliibBep of the aliased
t hdregeanrydoMpbhedtefikmghe ransforaredtseiansd datan et hod.
[ C16] The nethod of claim 15, wherein the determ ning
a nunber of iterations N2 conprises: determning a

[Clkrrﬁé RS diffn Iﬂ?%ﬂ?&%&ﬂpﬁﬂh%:" eakage Fouri er
transform nmethod. [Cl7] The method of claim8 )
f urstrioething e iabsolgte fnenudngyveveryraber especwamelefore extrapolating the
freguency- wavenunber spectrumt ero f .al i ased
(1 SR BHES R oRBET Y R SR e O
transformat the selected aliased frequency conponent;

performng the followng for N2 iterations: = .

and

[C1ab pihpimgshechel daim kb drabes gompESRgt e
fr %H:?H:ﬁ?fﬂ%@ MRIMHEP &F iSPRIohE WP tHeN&codd @ﬂﬁfl_@aﬂﬁgg Fourier transform
al i ased frequency conponent, "generating a wei ghted
al ilmghad. frequency-wavenunber spectrum selecting the
| ar gest wavenunber conponent in the weighted aliased
frequency- 19

[C16] The method of claim 15, wherein the determining a number of iterations N> comprises:

determining a threshold ¢; for the second Anti-leakage Fourier transform method.

[C17] The method of claim 8, further comprising:

initializing an estimated frequency-wavenumber spectrum to zero for the aliased

frequency component;

applying a spatial Fourier transform at the selected aliased frequency component; and

performing the following for N; iterations:
applying the extrapolated absolute frequency-wavenumber spectrum to the
transformed aliased frequency component, generating a weighted aliased
frequency-wavenumber spectrum;

selecting the largest wavenumber component in the weighted aliased frequency-
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wavenunber spectrum obtaining the unwei ghted

wavenunber conponent that corresponds to the | argest

wei ght ed wavenunber conponent; addi ng the

correspondi ng unwei ght ed wavenunber conponent to the
estimated frequency-wavenunber spectrumfor the

al i ased ok &faIRE ¥p&@IRONeENt ;  conputing an inverse

spatial Fourier transformof the |argest unweighted

wav enunibbtainiegrpbn emveighted  svamenuaeher epmpeacrlo iyt e@aresponds to the
i nversestransforned | ar Wav er conponent from

the ali 5!1asr%%f??}vr¢l§51u%§n%§/%8%%§%ncen ?)H%HeI?er ating a

cor r ect addiag ilgsardsparlignoyweiglasp oneaiumieCt8hmpdimnt to the estimated
met hod of claim 17, further conprj sing: | yi ng an

i nver se ISBUNCKIWavS MRS SPPARER B the %‘ag‘ﬁjeggcg'le\éa Qmponent;

al irased  ff BHBNGK ke Ml FOGNET @hdshond RMrethROlafe’€ unweighted
sei sm ccda?a acﬁ }nn {gﬁgﬁ?r equency-spasce domai n. RS unvveighted

[ C191 Thevemtnhioed compohenit;and8, wherein the inverse

spatial Fouri.er transform.is an invers D screte

Four i or SYRERUFS A Cooptsd THEFHRTORS {rgrh, A eriumber component
wher ei n fioaetHeRYigécterdyRahdyddontRMEME ferlef AMg fadoftek & d allased frequency
i nverse Nonuni form Fast Fourier Transform [C21] The

met hod 6PMePRANt 18, further conprising: applying an

i nverse tenporal Fourier transformto the sel ected

al i ased frequency conponent, generating interpolated
[C18EiBwintethiat af deinkl 7, flurthee compmsisgpace domai n. [ C22] The

nmet hod. of cl ai m 21, erein the inverse Four, er .
T SRR ARSF riehelo TRURE CRBYPIGr O/ SPgF A Yfpsed frequency

component, generating interpolated seismic data back in the frequency-space domain.

[C19] The method of claim 18, wherein the inverse spatial Fourier transform is an inverse

Discrete Fourier Transform.

[C20] The method of claim 19, wherein the inverse spatial Fourier transform is an inverse

Nonuniform Fast Fourier Transform.
[C21] The method of claim 18, further comprising:

applying an inverse temporal Fourier transform to the selected aliased frequency

component, generating interpolated seismic data back in the time-space domain.

[C22] The method of claim 21, wherein the inverse Fourier transform is an inverse Fast

Fourier Transform.
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