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non-iterative inversion. The followng are finitions of what 1s conmonly
meant B9 eadhaldwithe two categories: [0004] Non-iterative inversion -

inversion that is acconplished by assum ng sone sinple
FIELD OF THE INVENTION

[0002] The invention relates generally to the field of geophysical prospecting, and more
particularly to geophysical data processing. Specifically, the invention is a method for
inversion of data acquired from multiple geophysical sources such as seismic sources,
15  involving geophysical simulation that computes the data from many simultaneously-active

geophysical sources in one execution of the simulation.

BACKGROUND OF THE INVENTION

[0003] Geophysical inversion [1,2] attempts to find a model of subsurface properties that
optimally explains observed data and satisfies geological and geophysical constraints. There
20  are a large number of well known methods of geophysical inversion. These well known
methods fall into one of two categories, iterative inversion and non-iterative inversion. The

following are definitions of what is commonly meant by each of the two categories:

[0004] Non-iterative inversion — inversion that is accomplished by assuming some simple
background model and updating the model based on the input data. This method does not use
25  the updated model as input to another step of inversion. For the case of seismic data these
methods are commonly referred to as imaging, migration, diffraction tomography or Born

inversion.

[0005] Iterative inversion — inversion involving repetitious improvement of the

subsurface properties model such that a model is found that satisfactorily explains the
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background nodel and updating the nodel based on the input data. This

nmet hod does not use 25 the updated nodel as input to another step of
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to as imaging, mgration, diffraction tonography or Born inversion.
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sometinmes referred to as the objective function), where thé calculated data
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a computer using the current geophysical properties model and the physics governing

propagation of the source signal in a medium represented by a given geophysical properties

model. The simulation computations may be done by any of several numerical methods

including but not limited to finite difference, finite element or ray tracing. The simulation

25  computations can be performed in either the frequency or time domain.

[0008] Cost function optimization methods are either local or global [3]. Global methods
simply involve computing the cost function S(M) for a population of models {M;, M5, M;,...}
and selecting a set of one or more models from that population that approximately minimize
S(M). If further improvement is desired this new selected set of models can then be used as a
30  basis to generate a new population of models that can be again tested relative to the cost

function S(M). For global methods each model in the test population can be considered to be
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and selecting a set of one or nore nodels fromthat popul ation that
approximately mnimze S(M. |If further inprovenent is desired this new

sel ect ed wotofo4mydel s can then be used as a 30basi s t oPgEMAS2@EIAIETNEW
popul ati on of nodels that can be again tested relative to the cost function
S(M. For global nethods each nodel in the test popul ation can be
considered to be WD 2012/047378PCT/ US2011/047770 an iteration, or at a

hi gher | evel each set of popul ations tested can be considered an iteration.
Vel | Iknown aglitefagidn, ioﬂh’tgal’lﬁiglﬁilﬂ leweléwldl&tioﬂﬁép#%oﬁ@t@%gdg@arﬂe(%onﬁddmﬂ a?ltleﬁ}tiog. |
anneal i ng, enetlc and evol ution al gorithns Unfortunately oba
opt i mi zat i ShelheoNgEobeligyesipy 916@8%1@915%6 Mepte Pfymg‘il aﬂﬁff gunsaking. efster
nost  geophyshig@dn gY@, ons are based on I ocal cost function optim zation.
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Al gori t hm fdgorilem fl srminagzes deeal coglggretionepiimirtiaspt i ni zati on. [0010] This
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for another [gra C] € process continues until an updated nodel
is found tha é%pl}l%?gt%{nggqoéaexpl ains the observed data. Commonly usjed
| ocal cost functl on inversion nethods include gradi ent search, conjugate
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10 3. searching for an updated model that is a perturbation of the starting model in the

negative gradient direction that better explains the observed data.

Algorithm 1 — Algorithm for performing local cost function optimization.

[0010] This procedure is iterated by using the new updated model as the starting model
for another gradient search. The process continues until an updated model is found that
15  satisfactorily explains the observed data. Commonly used local cost function inversion

methods include gradient search, conjugate gradients and Newton’s method.

[0011] Local cost function optimization of seismic data in the acoustic approximation is a
common geophysical inversion task, and is generally illustrative of other types of
geophysical inversion. When inverting seismic data in the acoustic approximation the cost

20  function can be written as:

Ne N, N,
)= W (e Mt )=y tw, )
g=1 r=l (=1
where:
S = cost function,
M = vector of N parameters, (m;, m, ...my) describing the subsurface model,
25 g = gather index,



common geophysical inversion task, and is generally illustrative of other
types of geophysical inversion. Wen inverting seismc data in the acoustic
appr oxi mwopan1zdg378ost 20f unction can be witten as: NgPRI/US201SOM720 11 g=1
r=11t=1 (Vicalc(Mr,t, Wgqg) lif obs(r,t,W))(Egn. 1) where: S= cost
function, M= vector of N paraneters, (m n2, ...nN) describing the
subsurface nodel, 25 g= gather i ndex, V\D 2012/ 047378PCT/ US2011/ 047770 wg=
source function for gather g which is a function of spatial coordi nates and
time, for a,poi Atowedfua&idntbSgdtiter @ vt i@ affluReibh oNspafialtcberdbpat b time, for

A SN Al WA N SRS Sl A
N, = number of gathers,
r = receiver index within gather,
S M = number of receivers in a gather,
t = time sample index within a trace,
M = number of time samples,
w = minimization criteria function (we usually choose W(x)=x’ which is the least

squares (L2) criteria),
10 e = calculated seismic pressure data from the model M,

Wops = measured seismic pressure data.

[0012] The gathers can be any type of gather that can be simulated in one run of a seismic
forward modeling program. Usually the gathers correspond to a seismic shot, although the
shots can be more general than point sources. For point sources the gather index g
15  corresponds to the location of individual point sources. For plane wave sources g would
correspond to different plane wave propagation directions. This generalized source data, s,
can either be acquired in the field or can be synthesized from data acquired using point
sources. The calculated data .. on the other hand can usually be computed directly by
using a generalized source function when forward modeling. For many types of forward
20  modeling, including finite difference modeling, the computation time needed for a

generalized source is roughly equal to the computation time needed for a point source.

[0013] Equation(1) can be simplified to:

S(M) = i W(5(M’ We )) (Eqn. 2)

where the sum over receivers and time samples is now implied and,
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Nt = nunber of tinme sanples, W= mnimzation criteria function (we usually
choose Wx)=x2 which is the | east squares (L2) criteria), 1l0Vicalc =

cal cul at ed0=ei2137378pr essure data fromthe nodel M Vio BC3/GS20meas1I7Ed
seism c pressure data. [0012] The gathers can be any type of gather that can
be simulated in one run of a seismc forward nodeling program Usually the
gathers correspond to a seismc shot, although the shots can be nore
general than point sources. For point sources the gather index g 15
corresponds to t Q@QDLQH ol&hzdb¥igg_l gi@a;gsources. For pl ane wave
sources g woul d *Colresp nd # eidifrdle tigb ve propag&kqmA) directions.
This generalized source data, globs, can either be acquired in the field or
can be synthesized fromdata acquired using point sources. The cal.cul ated
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forward 20nodeling, including finite difference nodeling, the conputation
ti me neededolfogrs: a generalized source is roughly equal to the conputation
time needed for a §oint sour ce. 0013] Equation(1l) can be sinplified to: Ng

S(M=IW6( 11, Wpl+d =1 fEdn. oﬁ(fg@%S(M) (Eqn. 4)

where £ is the iteration number, o is the scalar size of the model update, and V 5S(M) is the
gradient of the misfit function, taken with respect to the model parameters. The model
perturbations, or the values by which the model is updated, are calculated by multiplication
of the gradient of the objective function with a step length a, which must be repeatedly

10  calculated.

[0015] From equation (2), the following equation can be derived for the gradient of the

cost function:

v, S()= 3V, (60w, ))

(Eqn. 5)

iP=

[0016] So to compute the gradient of the cost function one must separately compute the
15  gradient of each gather’s contribution to the cost function, then sum those contributions.
Therefore, the computational effort required for computing V S(M) is N, times the compute
effort required to determine the contribution of a single gather to the gradient. For
geophysical problems, N, usually corresponds to the number of geophysical sources and is on

the order of 10,000 to 100,000, greatly magnifying the cost of computing V 5S(M).

20 [0017] Note that computation of V »(9) requires computation of the derivative of W(0)
with respect to each of the N model parameters m;. Since for geophysical problems N is
usually very large (usually more that one million), this computation can be extremely time
consuming if it had to be performed for each individual model parameter. Fortunately, the

adjoint method can be used to efficiently perform this computation for all model parameters



where the sum over receivers and tine sanples is now inplied and, WO
2012/ 047378PCT/ US2011/ 047770 a(m ) =(myobs(Egn. 3) [0014] I nversion
attenpts wo 20pdatr¥st he nodel M such that S(M is a m ni ROMUSINIS4TaN be
acconpl i shed by local cost function optimzation which updates the given
nodel M follows: 5(k+1)) - a (ks(m)(Egn. 4) where k is the iteration
nunber, a is the scalar size of the nodel update, and VMS5(M is the
gradient of the msfit function, taken with respect to the nodel
par amet er s at Jiee [MPURE ad)6int Methad fop i, leBE sdubfes VBiketds fctivhbada Eh@lcawagkl | S
updated, are calculated by nultiplication of the gradient of the objective
functi on wiPRRMSCHZAIgN fssyginKrized %P%fc?uﬁﬂg’tg rifyeat edl y 10cal cul at ed.
[ 0015] From equation (2), the followi ng equation can be derived for the
gradi ent of thejceemplinEivafsimUlaBéMIThd/ddth dsHhMBurdeh{ O a) thd gaifler] 0016] So
to conpute the| gradient of the cost function one nust separately conpute
the 15 gradi enf ofSigastoty vgat Hesvgrceoraet Vot ‘dmek o the cost functi on, then
sum those contributions. Therefore, the conmputational effort required
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Ng usually corfesponds to the nunber of geophysical sources and is on
order of 10, 003t €olPOleADDevesesamltiora(@ni tayliwaydst ih éimepstingf M Onpas theg
VnS(M . 20[ 001f] Note that conputatien of VmMA(b) requires conputation o
derivative of WO “WMTHPEEHEC “dfti%a%@m??’ of the N nodel paraneters m. S
for geophysical problenms Nis usually very large (usually nore that onge
million), this|gompuipateitBinganl ber axicoetRlpyodutt e AU m Nehd f.qlL(Mfad,)to be
performed for each individual nodel parameter. Fortunately, the adjoin
net hod can be [sedo 86 erF(&EMerdy performthis conputation for all nodel
par anet ers
10 Algorithm 2 — Algorithm for computing the least-squares cost-function

gradient of a gridded model using the adjoint method.

[0018] While computation of the gradients using the adjoint method is efficient relative
to other methods, it is still very costly. In particular the adjoint methods requires two
simulations, one forward in time and one backward in time, and for geophysical problems
15  these simulations are usually very compute intensive. Also, as discussed above, this adjoint
method computation must be performed for each measured data gather individually,

increasing the compute cost by a factor of N,.

[0019] The compute cost of all categories of inversion can be reduced by inverting data
from combinations of the sources, rather than inverting the sources individually. This may be
20  called simultancous source inversion. Several types of source combination are known
including: coherently sum closely spaced sources to produce an effective source that
produces a wavefront of some desired shape (e.g. a plane wave), sum widely spaces sources,

or fully or partially stacking the data before inversion.

[0020] The compute cost reduction gained by inverting combined sources is at least
25  partly offset by the fact that inversion of the combined data usually produces a less accurate
inverted model. This loss in accuracy is due to the fact that information is lost when the
individual sources are summed, and therefore the summed data does not constrain the

inverted model as strongly as the unsummed data. This loss of information during summation
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WO 2012/ 047378PCT/ US2011/ 047770 at once [1l]. The adjoint nethod for the
| east squares objective function and a gridded nodel paraneterization is
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source to get veak(114(k),wg), 2. Subtract the observed data fromthe
sinmul ated data giving cS(MKk),wg), 3. Conpute the reverse simulation

(i.e. backwards in tinme) using cS(MKk),wy) as the source producing
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i nversion can be reduced by inverting data from conbi nati ons of the
sources, r &Ml than Mmear[6l ngegedie usog ticesisimdiiverderamétyy metiod tompeddeup20

call ed si mIlI tar{‘jieonlfaslaﬁoﬁ” genilin\{rclatrr irorrﬁ' Sev ra%, t%gies ofr source hcgmbi r,'[ll?.ti on
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ef fectilge soutdes dfhias repion dfimeSesd Thaycahb et aromodds®indrsduaBdash@ipeatdicdl a
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Gat o bet or & VRSSO BRG] e Satipabe eostes Subteton 1gaiHEe by iler i ng
conbi ned sQuEES ahys tvd) rdc@A8A locations can then be computed by cross-correlating the traces
acquired at the two recorded locations and summing over all the boundary sources. If the data
to be inverted have a large number of sources and receivers that are within the region of
15  interest (as opposed to having one or the other on the boundary), then this is a very efficient
method for computing the desired Green’s functions. However, for the seismic data case it is
rare that both the source and receiver for the data to be inverted are within the region of
interest. Therefore, this improvement has very limited applicability to the seismic inversion

problem.

20 [0022] Berkhout [7] and Zhang [8] suggest that inversion in general can be improved by
inverting non-encoded simultaneous sources that are summed coherently to produce some
desired wave front within some region of the subsurface. For example, point source data
could be summed with time shifts that are a linear function of the source location to produce
a down-going plane wave at some particular angle with respect to the surface. This technique

25  could be applied to all categories of inversion. A problem with this method is that coherent
summation of the source gathers necessarily reduces the amount of information in the data.
So for example, summation to produce a plane wave removes all the information in the
seismic data related to travel time versus source-receiver offset. This information is critical
for updating the slowly varying background velocity model, and therefore Berkhout’s method

30  is not well constrained. To overcome this problem many different coherent sums of the data
(e.g. many plane waves with different propagation directions) could be inverted, but then

efficiency is lost since the cost of inversion is proportional to the number of different sums
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sources that are sumred coherently to produce sone desired wave front

wi t hi n 1§omsupgiiamoforidelepacsd sowreeiciEwliFothatetn apiraire (Bedst regiurigeerigal Batcoul d
be sumred \Pﬁurshbé ] §1hﬂhE t1§ve}sh5ht nﬁgtebeamcfegseeﬁrtoféé@&ﬁﬂl&ﬁtéjgll ttﬁkewﬁf%gf gﬁced
| ocation to produce a down-goi ng plane wave at sone particular angle with
respect t osoiresssbinfathe COﬂihuts timecikh progortiondd 50 dedrek Mehappésmecj Meraalhethod

cat egori es d?es OI{]\IéFOdISJCI:eOag mucth ft?cl?en%m \a{\fntars?c kld Be 1eveg ﬁ ¢ lprﬁlltnec? ? u? gwere
sunmat i on Of thePsource Ners e essarlllly reduces & anount or

i nf or mat i omedrradhhehaat a. So for exanple, sunmation to produce a plane wave
renoves all the infornation in the seism'c data related to travel tinme

Ver sus 6OU EC% glI Se dln selsm 1 I'atIO > CrelctlI %a?se L{ f

t he sIovay var[/l ng 3 IR c%'fl delmgandl £ReY aflore erlﬁh

met hod 30 inversivmt by\BJsing(Bﬁlﬁfﬁltaﬂl%Lﬂeﬂcod'Ed sOMieEsC ONfer ttdstisg Phddak emsﬂmgnyetlmbd%f er ent
coherent s ata (e.g. nman | ane, waves with differ ro agatlon
i rect t ons) b uee Ba R vanbii hiede s B e el rdudererehosRe B s
of inversi @be it¢ R QRO Hat Mgl bdt RodibeTTRlctiohs Gef fRERIM Ty STANB aM@ommatel

2012/ 047378PCT/ US2011/ 047770 inverted. Herein, such coherently sumreci/
sources ar @rthegondly Thnaihan Fyramingguere dhan Hndeist e sluality 9é by gverien wapipice can
ei t her jhe @atﬂ@icﬂ)t(y SS?ﬁUe%n%erﬁw@ W0 RhonPRInd v Lgoﬁﬁfstot l&%‘n thﬁ)d&ﬁges%lc@ h‘l@l\/e
front of sonme desired shape. [0023] Van Ri eI 9] Suggests inversion

non- encodedigsaldefapisg refio pryetsioal issdesred. rtQIS(wltnmueSls res peidely trgacticed in the
source-rec of the input seismc data, then defining a cost
function %%?\?%?%gaﬂe@tﬁgt%yo this stacked data which will be optinized. Thus,
this publication suggests inproving cost function based inversion using
non- encoded0®hul tleahleoud] seageves. maboddsr fasuéorghrdt fimuBapk thyutimsltgngusly

si mul t aneo rc er si e st q b s et hod
reduces t hg@?f%ﬂ tp%mfI i eosrt?r%taqgtaa%tefl h(nl tc}fg S%\l?ét%%égl nv E% glgleaﬁﬁﬁqkeﬁef ore
the 10i30vemsitod i glsd élsalswalfbr dooditg thicsretind-tafied imuemkaishawvec biemintad daka t he
original d%%&(. into the separate simulations that would have been obtained from the individual point

-8-



[ 0024] Mora [10] proposes inverting data that is the sumof w dely spaced
sources. Thus, this publication suggests inproving the efficiency of

i nver si orwog4mya- encoded si nmul t aneous sour ce si mul at POR/USSUMOUTIZo Wi del y
spaced sources has the advantage of preserving nuch nore information than
t he coherent sum proposed by Berkhout. However, 15 sunmation of w dely
spaced sources inplies that the aperture (nodel region inverted) that nust
be used in the inversion nust be increased to accommobdate all the w dely
spaced SOURGRSEss. $héeeddebidCaid dbidd tthdiEbd Sisddr @Ppdrt iodnal dovdnfienadig@rsdn t hi s
aperture, Mra's nmethod does not prod gﬁ-as much efficiency gain as could

be achi evedcFdWhet StANEE g tdls swarBod dy thag dbq peppptse . desefind ssthadewill 11]

suggest s speRdé@phBied Ahd HabinfhEE AL QR prepofiBA 18 theCREGRE bBARE LRk &bhve
i nversion, by using sinultaneous encoded sources. After testing various

codi ng et kdidesnt Epeeest dhdnaissarilk preomesignificagt Firgubtuscd medels thacire not

St ani i gantdo i eCheRm, fl:aRBhoik FroPhIG Al fiph e kifeclACkuilahoRL fd band
encodi ng functions are necessar | y only appr oxI t%ly ort hogonal . Thus,
when summi mgiserovi8 giean il Grepldios, tot He gumebdartef gmuttheoinvensisobusa® thete 25
sati sfact ofr, SHACA RONLELALLYEINVSESL AN S N UELY GOSN L Qe Dogl n
with, and since nigh signal -t o-hoise PALTS THVER'ST SnMTSTIEst el “t 'S

t echni que iifusadin infeth@lgyn ubachecat is nottiheadeaphysi cal i ndustry. [0026] 1 kel l e
[ 12] suggests a nethod for fast forward sinulation by sinultaneously

si mul ati ng Lht sources that are .activated (in the sinulati at varying
tiie ot o YRRET ASTRERRuh erRhe s A LBl Syl Bl T s ol R

ti me- shof t @dTsPardt t/AgpEication Fablhieeios NI IVaO exdoglat 203 gs k 18 ntvaich hie iseparadde
simul ati ons t hat ul d have. been. obtai ned from t he indjvi dual int WO
2012/ 047375PET) §\§%ieilfft)&‘7‘*7‘§b‘_“§ tlicgzdat Mhost 18@88%995‘0%%68“@0‘8?%&10 ReAvPe used
as part of f@n¥aGOnvenkiaONahe kdehsrQdh RE QEAMERRus MvBikRA! EMhWntdlcaghiher S

met hod is that the proposed decoding nethod will produce separated data
havi ng noi 88!l vevkIfer [eeiser.1 fitaaViar YUEdGECRsi e dpcamiedtvbert e srcadingathe rastvpl

adj acent  SQUELESocaHIhS i\ QnifonMdutce REGORErILANT FoCRM £QlveRURRULIAFEaMPde! S
that are not 5 laterally constant,” for exanple from nodels containing

di ppi ng5r efdliett eersputfions bidy readetp be heréormeil S awitigle effeotive seuigeiopoP €T dateto t he
nyrrber of A BHJ:aEiglr{' %%?cat?oonul(]ﬁ.e\%fo %5/ ltlﬁﬁh&ﬁl%h % 1&1&@&%{65 )i 1"e:inI kyelje%efen& in .
si nul t aneodd’sour ce approach may réesult in unacceptabl'e I'evel’s of noise if
used in i naBidrisdigtiensshed sliow ac@ivbinthe facs thaoliundatieofahby aconsirdedtfor typical 2D

[ 0027] Si mul t aneous i nver si on . of ltiple en ed sources, i.s proposed by

ki ebs ot aPodiyiiongsomeiepabd Pusm inds fish plD Mt SPRE OB 2888 208 1
[5, 18], Whhi€heih8d kRGP Sipaifiesht NApeidich Y fIxell edceiRnECastuinplioh if wtise@dile valans
that allowit, is a very cost effective nmethod to invert full wave field
data. (Phe "¥dmst EPHPORLAd g1t dramiNtoRREBRIE PN VB R Bif Jfmaae sheistetig R er

Wil T work @rcdsem@i M&ivers RloV O ®r ey RQHKRR: ESGLINY rvdye Gl HRFO b L¥ca@bndYr
encodi ng the actual receiver |ocations in comon-source gathers of data.)
For fixed reseersers fixedyhefpupciige ditemi thatsiop all aeostvers ovip Uistaningn 4o evry skded t o
be perfor (- Y -f.ect | hSEE . |4 i.on

publ  cat 1 on ke e 08 IS T e g R e e o MR A0 o
in all juriredivet asowsptidndt lalaldton, tdue @ Vagsticd eprétderns, tihiatdifignld te tsodfdaghot s
are recQrded for,typical acgui sition ge tries, and.thousands in the
case orSapcior by RS R P Phers o BRI Ay BT BRPE Bariede

si gni fi canbothl marpicantlilog], suavelys. X Bdthr etksechctas Suwapttharfol s sinailtasdons sddrge val i d
20 for nost common field pata ac&éisLtlonm%% netries. In thapcase of . marine
streaner d&F4S> BBTHIEHYFCEE AN Q8 SIS % SPBF ST SOl SWBPAYEPen i n
surveys whemgilthR®ud esRUEPORIrRI int@Gel, ieF § galkd sfihw@fsout REcdAc@ehth&e dphtagn 1S
that not all receivers are "ljstening”" to every shot, and the receivers
that are | FrErd Ag2lesfever pertioan{EHaentdos et BivRay baislsrod & ay s e

" fi xedspecel ugbr ASEHIARH0? SimulthitoRAH b @ouRdY nvieRidnO 9ISk R 04RH QDL GRS I T 1S
difficult to record data 25 close to the source, and this neans that

near - of f sethedéiscdosed embgdimens mpy mogsbatigr thimiotieissvhen e find-resiver arpinpéonand
land surveys., Bolfa0] TRESG %P%&’oﬁlfdl %Eaemvﬁrnégeo Olo aha&% ! L ABGRYTRRUEEE

gat her, every recelver [ocation w e mssing data for sone source shots.
In summary, in sinultaneous encoded-source inversion, for a given

si mul t aneous encoded gather, data are required at all receiver |ocations
for every shot, and this may be referred to as the fixed-



30 receiver assunption of sinmultaneous encoded-source inversion. In WO

08/ 042081, sone of the disclosed enbodi nents may work better than others
when t he woxet/mexrei ver assunption is not satisfied. Thecefusea,/out77ewoul d be
advant ageous to have an accommodati on or WD 2012/ 047378PCT/ US2011/ 047770
adjustnment to straightforward application of sinultaneous encoded sources
(and/ or receivers) inversion that woul d enhance its perfornmance when the
fixed receiver assunption is conprom sed. The present invention provides
ways of doiagigstindhtSo strii@for@irdabplida@& ofalirs@ltad @S ehddde@sbuedep (Maoh rdcoivéhe
probl em of noving receivers in sinul{aneous encodeg sour ce 5inversion using
a st ochast Ve Heb AfqUlh cRROFOAS RESETEHGE yWhan the Hxqdi Feseiverc arskapgon 1s
resistivityoRpoRiemn TRUWMAERY iFenfible pldWENTNE Q0R8HEN @abiQad) gvodigrent ,
the invention is a conputer-inplenented nethod for sinultaneous inversion
of measur edessEbp Ay gprradchdatthe piodlemneli mpyhe resaveddd sswitiepeoss eacotled sares mi ne
a physi gal ; r il . for. ce ar.egi g
geophys?caﬁgﬁgggl%g§ﬁ1??%g&gf%ﬁﬁgm§§$ggg%géﬁdﬁgﬂgﬁpPﬁgm%Fxe -rgggFEE?’
assunpt i onpofblesi.mul t aneous encoded-source inversion may not be valid, said
met hod conprising using a conputer to perform sinultaneous source
separation to |l essen any effect of the neasured geophysical data's not

satisfying the fixed-recei velUMMARN:QBHAHEWNVENHOAN dat a processi ng step

com ng after a 15 simultaneous source separation acts to conform nodel

si nul at ed ggig) t 0 1h heLIRASML&HMGROBIRY:SLGRbn Q@taacohfﬁhteﬁ-ﬁhﬁliﬁﬁerﬁ&ﬂm"eﬁ%iféﬁer

conbi nati ons tLat are mssing in the neasured geophysical data. [0029]In a
nmor e speci dinyltepdoosliimersion phachwvadngdophysiogl gdate o treyltiplensheqdsd tsewrceretohod
for full- @ ' L.on. of i CAl 1.ne a
physi odl pragabf; £pb QKB ANQ mAEABEE S ARRDRLENC Al B! RoBRARRMNS 2,
conput er t oespking drom g tsepsy comphicls thefixed-agcevonstumptidnng samulianeduis ahcqlkysi cal

properties nodel and using it to simulate synthetic data corresponding to
Pher measar SOUgeBsRy o da Haas Yoty Wb RN i b neksBRYF 30 PR HE

si mul at i on siaftamsd0O d@lccafaratidniodtRéh siynffdcacen sieysurddggophysiocgbdes’ ahbng
simul ated encqded da (b) separating the sinulated encoded data according

a,
to source, S#E &iﬂ’r?g}l?‘?ﬁ“rg?‘?*?{?lré‘ﬁsé]&lpﬂ?)n’s@ BAt Apte JuReR N sER Ccopie S dessi ng

the sinyl atpeiBRAUVERbIBL SRR Hat B EehfsBKedibefimarriioddm ke thhenaRaAsUr ed
geophysi cal data for source and receiver conbinations that are mssing in

t he nmeasur éorjstgmhyistactr sewea and docceperebingiions fthag penpissing da| the incaaied
residuals, b &ﬂd%&e processed sinul ated sequential source data and the
measur ed ggo hysical data for source and receiver conbinations that are
present in the neasured geophysical data; (e) 30encoding the data

resi dual s, [8Phg tha mpshepceific sabadimant, hgdnvgsben is @ computer-ingil¢nmentadrpethod

cneos 9, S AR SOERSEAA0 KRN B ARTRNL Rttt
20 model for a subsurface region, said method using a computer to perform steps comprising: (a)
constructing an initial physical properties model and using it to simulate synthetic data
corresponding to the measured geophysical data, wherein sources and/or receivers in the
simulation are encoded and simulated simultancously, thereby generating simulated encoded
data; (b) separating the simulated encoded data according to source, resulting in simulated
25  sequential-source data; (c) processing the simulated sequential-source data to make them
conform to the measured geophysical data for source and receiver combinations that are
missing in the measured geophysical data; (d) computing differences, called data residuals,
between the processed simulated sequential source data and the measured geophysical data
for source and receiver combinations that are present in the measured geophysical data; (e)
30  encoding the data residuals, using the same encoding as was used in (a) or different encoding;

(f) using the encoded data residuals to compute an update to the initial physical properties

- 10 -



nodel ; and (g) conbining the update with the initial nodel to form an
updat ed physical properties nodel. Due to linearity, the order of the steps
(d) and (WP 20my04338i nt er changed. [0030]In a vari ati on omCThisgo114$1770
enbodi ment, the followi ng steps may be perforned at any tine before the
conputing differences step (c): encoding the neasured geophysical data, 5
using the sanme or different source encoding as was used in generating the
si mul at ed encoded data; then separating the encoded neasured data accordi ng
to 3 our ce, npxdett _aﬁcal@g)%cdﬁ&inﬁggl EﬁéelalﬁatﬁﬁvigogfegiﬁitﬁlewﬂﬁttgQBrnﬁla@leﬂdt&HTplﬁyhﬁhldWas
used in separatjng the sinulated encoded data according to, source; an
usi ng the SEPRSISE Badshe Ryt iodieadty dhs Ardgisin sty @C)r?éd Ry e dtereanged- [ 00317 1 n
a second nore specific enbodiment, the present invention is a conmputer- 10
i mpl ement eqoo¥ef hodn & GAriftithl onwai addt emBodimv@! te AVIlGFingreRsLmedbgpaRited eal
data to determ ne a physical, properties nodel for a subsurface region, said
met hod usi ABY 4Me AR 1B compysiar fierinseseiRp (Ebspradieibe measyred gpthyied idplg an
i ni tial sphygihgale sRnOBLlitERR IRREn@ARUS WA udell it BerdiaiHl BleRimMALDEld.Geat a
correspondi ng to the neasured geophysical data, wherein sources and/or
recei vers idptat then s¢miatiag ithenengpecdanerswed datgiageprdiag ée sedce pecdeiiiy vpinadhd ons
and sinmul a S| : , e q L e ofded
data; (b) E%g%rsé??enégeﬁ%ijﬁ{é@r{;?I%U&ﬁﬁtg%ﬁetgﬁtgﬁ%so\%\ég9%3%%?%1%@81}%%1%@% églgﬁ%ge(ﬂgdnd/ or
recei ver uscaglisg ®ounrce aod usiec @i ygrragepagaatreddataingomptting the égaitcsidngs.i n
si nmul ated sequential source and/or receiver data; (c) processing the
simul at ed SEAYPN IRly SONIER AL GREINEL: AL b Ol &ebR 9SG e
referred to as the m ssing dat , correspondi’ng to source and recelrver
conbi nd0i omsplehattedmethpd s ifultywayadikldeineasddmgf mbmure? @eophgscahgatd ad deterusneng
encodi ng fun@tio S tQﬁt ar§ he ﬁgng.or diffeaen than said ﬁeuectﬁd
encodi ng f AREYTGHETOPYETS BRESH A PHEaraad i a8 Jiifysire Arogaes Heriym
Sncodingdfumgi&m@ﬁﬁh@ﬂh%amankhﬁg&gmﬁmaﬁnkh@ﬁﬁquﬂﬁ@nkﬂeﬁmgadh@gtdhﬁmﬁ%ﬁsing
ata, and subtracting them_ according to source and receiver position, from
the si mul aﬁgﬁheélﬁc‘i%‘aegor&é??%‘}d“tgh?r gﬁymgaéﬂ@fla&epwgwﬁcg%dwﬁ?la vhepyand e
whi ch Wﬁ"r&@Wb@qgﬁﬁ@QﬁmﬂM%phﬁe%ﬁ%d&l%@h?geEQQTQQmémg1ﬁﬁ9ﬁh¥§ﬁd§ﬁﬁM#&ﬁF|0nS
in 25 the neasured geophysical data; (f) subtracting the encoded m ssing
dat a frlém shaltaresdedthgsby ceedptingatiguletsd rugededt &t dbt sgrEEng o dierladest a
resi dual s; i . r a res| o) n
Update to e e B e Ry s ol el
updat e wi t hlgohni, méspltimk imsuailatedsdqoenrabsougedatled rgshivst dad; (r pesssingshenodel .
[0032] I n a_thir re..specific, enbodi t resent 4 nventjon i.
comput er - 3645 SREREASGKE REUSTRRNIRL bR B EHRNIBER L M alBdy o
geophysi caldadatarctndiap es fduie: @dplysvet abmpinajyes thae areniodeihg;f(dy e@odinpsher f ace
region,, . said method using a.conputer to perform WO . .
050/ 0295 7 SBEHE D 1T As FOTE FIBOToMBY RE! b o, P b i 1 a9 ¢
physi cal pefamg RbcttRIat) arddids ithgmeisuted bfiskidiiedaty Miketicodiatfanctions
correspondin9 to the nmeasured geophysical data, wherein sources and/or
recei vers i pldhesiamgRaiiophussd @ eqedipmp the misingflatie prbsubHacing S8Mmmaccrising i ons,
and si mul ated,,aleTHh tRELAYRKiYion, tHEE BBYindSN&S &lcbld d%!aﬂ%ﬂln%&ﬁ@en%&ﬁﬁg%oﬁ'&i a,
(b) using said selected encoding 5 functions to encode the neasured
geophysi caldatdagsalualavikiclhwilblest inergreetdimto the aussdigriguico ardbigeaecr gerabipgioad er
posi ti og, 0 ' n t : e j dat a
Fosi duans, "y ehigd BFR AL gefin 69 Sl Pune cHEERARARLE 1A ARGRATM T3
and recei vdntagondialyab igomsaté portdeedropasiad deta gesafialpss{g abing dteacorreayd smepdedat i ng
t he encodegmg%tq Qﬁskdua%stag%prQhﬁgtt ngéaelpqqﬁor releigprlu%£$th
source or eceF@g? %e%ﬁPaP?Sn aP%orlﬁhnf resuﬂ%yﬁﬁ 15PA ?eqﬁgﬁtia
resi dual dabm@bin{nd)hquupdete ssthnke inhial sed enfoirbn tedtcd phlsichdp@ptrtcatbdeat e
sinul ated data, referred to as m ssing data, corresponding to source and

receiver c Lpations that are mssing in the nmeasured geophysical data;
(&) Sencoar {Rehe i 25l gl Sl R Bert o s h bR th N ArcEale: (1)
subt r agbi ngmplbRcROC MBI Fir F6ll-RgvdRidaintdraon bhacRueodeshhgata diess diahstnd 0
generate corrected encoded gg%a resi dual s; ég) usi ng the corrected_encoded
data resi dd&PEIPEPIPEERTeET B agprytiaccrreRivh adifl mefhog Usign g SPRRYCTIP BN es
nodel ; and (h) conbining the update with the initial nodel to form an
updat ed physical properties nodel. S11 -



BRI EF DESCRI PTI ON OF THE DRAW NGS [0033]Due to patent rule restrictions on
use of color, the attached draw ngs are bl ack and whi te reproductions of
col or oriwyoral2547338pi es of the U. S. counterpart appli caPconses112@7770
publication with 20 col or drawings may be obtained fromthe U S. Patent and
Trademark O fice upon request and paynent of the necessary fee. [0034] The
present invention and its advantages will be better understood by referring
to the follow ng detail ed description and the attached draw ngs in which:
Fig. 1 is atcpd onghising: @hevnkiagtinasi mitkl pPsichlprofietide mesiennd usive fttd gkt hod
for sinultaneous 25source inversion for a non-fjxed receiver geonetry

probl em i n SYHELHGER FRERSPYIIIRE Foc Hiet MeasBise ozraphysicaldflatt eWhdsif 85 0B1ces QBEYT at ed

using a SoWGRcRSRANALWRAMLIIR RO colddd usihy kdeded ERVENRHinEDRMARY sBRSH& St €PS
in the present inventive nethod for si rru%taneous source inversion for a
non-fi xed Fatdpyepslgaberely genpietng dmulaiedancadet dapntbhusipgsaihedestediracasieoded
predi ct ed t r S

Cour co. S0saRBrar, urisns ARRPOAr ER AR & (R Fpol B Rl SBlth) e
process; anrud rddOv20pita7 FPB8PET/sUBHMEA cOMATY datkri therecbB camulatihgameodeldodasehar t s

showi ng basi¢ st.eps; pne,prgsent. J.nventi ve, net od .for sinultanegus source
: ; csiduals ich. 'will, inctude “incorrect  values duc 10, the mmissing, Source and, Fecgiver. .

i nversion foOr 4 non-Ti Xed Tecsi Ver geonetry probl'emin=tw enbodi frfent's in
whi ch t he icombinsiteat iemcotieduddtgopgsicadukks (ar epaetingetit etcdipd tdhe resideted
part of the m ssing datadgbt ai ned f.rom a source. separ at.i on Ime hod. I

5[ 0035] The *FHEM (°GRYF FIY P CHESE bt STHCCBATELET SRR H? %953@&31 fgsulting

enbodi ment sn sdjevRMEFesidhf) dofae(@pk@Bisideaé sdquentfabldsiauaingtadetetih a6 si@Rsgsd ption
is specific to a particular enbodi nent or a particular use of .the

i nvent i on, ¢ siored i penieae dyaserriepdieg i jopec apd fFociysiombimbenstrtse
construed Ao khfledfiEd BEAREON dbB c) BIERE A millind B, GORL S8 Yolecdd | S

intended to cover all alternatives, nodifications and equivalents that may
be i ncl udednesdingifinctipes; dOcpeirasfing te lecodpd/myssing data fomabé prvededoipta edegbpended

cl ai ns. DET@E&D%B‘[%%%&%E zhc%eﬁatgm&lg (@vﬁsqul Mg%éected encoded data residuals

15  to compute an update to the initial physical properties model; and (h) combining the update

with the initial model to form an updated physical properties model.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] Due to patent rule restrictions on use of color, the attached drawings are black and
white reproductions of color originals. Copies of the U.S. counterpart application or
20 publication with 20 color drawings may be obtained from the U.S. Patent and Trademark

Office upon request and payment of the necessary fee.

[0034] The present invention and its advantages will be better understood by referring to

the following detailed description and the attached drawings in which:

Fig. 1 is a flowchart showing basic steps in the present inventive method for simultaneous
25  source inversion for a non-fixed receiver geometry problem in an embodiment in which the

encoded predicted data are separated using a source separation method;

Fig. 2 is a flowchart showing basic steps in the present inventive method for simultaneous
source inversion for a non-fixed receiver geometry problem in an embodiment in which the
encoded predicted data as well as encoded measured data are separated using a source

30  separation method to reduce error in the source separation process; and

-12 -



[ 0036] The present inventive nmethod uses source encodi ng and decoding (i.e
source separation) to circunvent the fixed receiver assunption and is

appl i cablwofor2/;a@3’8ne streaner as well as | and acqui sit PoOm/Use@®T790 I n a
typical marine streaner and | and acquisition, the 15 data coverage is
often insufficient to satisfy the fixed receiver geonetry thus limting the
benefits of sinmultaneous source full wave inversion ("FW") proposed by
Krebs at. al [5,18]. In addition to geonetry considerations, the field data
need to beFpiogessied dro MoMOhREMEbGidchBasRhytepsCh @l prognf mv\e@tm Biktiud &bi on
used in the, |nver5|on For exanp Ie to use acoustic inversion for inverting
el astic daf@u tﬁ%@%fﬂfog@@smﬁréwpy real |n9n-§is?dede%v I't $fOMWHY aPRP KM B B ed

20 to renpvRpodiRehs &l Weikh qle%ﬁcfo%&t%ncdae@%a RERGAL GRIcoRSRELESthS BEddd@bpa ent
(reflectlons refractions, multiples) based wi ndow ng for 'FW i nversion
must assumef fhesugingedatsi apaineg Eﬁﬁ%ﬁyﬂﬁéﬁmﬁé@nﬁﬁﬂmén often not satisfied in
practice. [0037] Most of the work using encodi ng and decodi ng has been

fOcusedSonyMB@EesﬁmggnaﬁﬂohW%ﬂ'HQ(ﬁﬂﬁﬁé@thBnﬁkggﬁk%ﬁﬁ%ﬁmﬁﬁe%ﬁ&%&h&n@ata
er khout [16], Beasley et al [26], Stefani et al. [22],

(lkelle [1

Ver schuur E!JW@B@r r@h&meﬁ@s]ﬂ)at tigy fdlopding fedailpd e dign Wb piRecHis fond @REIFERA | s by
Krebs et al ] r nn
[24] for |ﬁ$%%$F%§“¥SE%R§E§%f%§%% Eﬁgnh%gﬂg$%lmgggah%hlﬁﬁ&m?gggh§a%ﬁ%éntlon
isto ut|Iumemﬂheommm@daDﬁmBmgmmiﬁanMEhsuumuem @Hnﬁ¢ammmecanven@kwénnodlng
for the formard at i er.si o rocess but at the
sare ¢ e Bu sl R g ER moAR Ul AREARLLSRA D SRR Bty RRFERT s ofimron 'y
encountier edahe ifivéntied, ds 8&fme@ ¥ thehppdndéddisimand marine). WO

2012/ 047378PCT/ US2011/ 047770 [0038] Krebs et al. [5, 16] show that the

encoded si nul t aneoEBAEIEDESSCRIPTUIGN (OMEXAMEIEE EMBODEMENTSe ef ficiently
t han conventional cost functions while still providing accurate inversions.

The sinult urce cost function is defined here as, (c e with
oo st on ( 30RES a5 W&ot S 5SS Shoat Bl vl e SERT e st oo
i's inpliedsgfrdtionigRircund)ent @8 GixedN@cdNer assumption and is applicable for marine streamer

as well as land acquisition geometry. In a typical marine streamer and land acquisition, the
15  data coverage is often insufficient to satisfy the fixed receiver geometry thus limiting the
benefits of simultancous source full wave inversion (“FWI”) proposed by Krebs at. al [5,18].
In addition to geometry considerations, the field data need to be processed to conform to the
physics of the forward simulation used in the inversion. For example, to use acoustic
inversion for inverting elastic data, far offsets are typically muted and the data are processed
20  to remove other elastic effects. Other practical aspects such as event (reflections, refractions,
multiples) based windowing for FWI inversion must assume fixed receiver geometry, an

assumption often not satisfied in practice.

[0037] Most of the work using encoding and decoding has been focused on processing
and imaging (migration algorithms) of seismic data (Ikelle [17], Berkhout [16], Beasley et al.
25  [26], Stefani et al. [22], Verschuur and Berkhout [23]). Some of the published work on
inversion is by Krebs et al. [5,18], Hinkley [4], Ben-Hadj-Ali et al. [15] and Herrmann [24]
for inverting full waveform data. A main idea of the present invention is to utilize the power
of simultaneous sources (and/or receivers) encoding for the forward modeling, back
propagation and inversion process but at the same time be able to handle practical aspects of

30  data limitation commonly encountered in field surveys (both land and marine).
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E =E E defines a sumover gathers by sub groups of gathers, g=1G=1 g-GG
Ssini = cost function for simultaneous source data, = the groups
of si nul twpeos4gieer al i zed sources, and 10 NG= t he nuniper/ustoignetipes, Cg=
functions of tine that are convolved (Cl) with each gather's source
signature to encode the gathers, these encoding functions nmay be chosen to
be approxi mately orthogonal with respect to sone appropriate operation
dependi ng on the weighting function W \Wen Wis the L2-Normthe

appropri at goo38pr atkirety ok 8. B 183 Shoothiteh@éncoded skbiRAS&Rk IRScidbEinGAERL beon | N
Eqn. (6) is over groups of sinultanequs generalized sources correspondi ng
to the gat KePPYsphECrEeificiepdy Hra copypten! Lot farsiinbhn VeRo silG RINENRY acopste | nner

sunmmat i on, A¢Rfond, THeSiMBhedul 8odad ORT Rintthalis AhedhOWRE tohPhreSl it dugigous
conput ati on. For sone forward nodeling nethods, such as finite difference
model i ng, {Hebewiput ation of the forward nodel for sunmed generalized
sources (the inner sumover g EG can be 20 performed in the same anmount of

time as the conputation f a single source. Thexefore, as shown in Krebs
et. al. [5] cY(M, Ecj ) be d very ef|fliciently using Al gorithm
3. 1. Simulate ]SIAE nﬁ) of the Slrmlab’?‘ﬂ si ng
Eci Ong as the sourc . pvolv eac 6neasured ata gather w tH"t¥e cg

encodi ng functions, then sumthe resulting encodéd gathers (i.e. E cg(r)
vobs(w 0), WO 2012/ 047378PCT/ US2011/ 047770 3. Subtract the result of step
2 from t he whegul sum@fatist e@r leceibbrg@iid tiidaiples BQlicd AmnfBah. @pRRAt i ng the
encoded si nul taneous-source data residual. [NOTE: To conpute the cost
function, E%g resi dual needs to be evaluated with the function W for
exanpl e, | 5[ 0040] Agai n as homn Krebs et al. [5] this
al gorithm ﬁ;ﬁ éisgé‘?sr‘i‘lstlﬂbo‘”li ggdi’tefsd?y Y gmgler\re}n%afhﬁ@s faster than S(M
from Eqn. (2)

Ssim = cost function for simultaneous source data,
G = the groups of simultaneous generalized sources, and
10 Ng = the number of groups,
Cq = functions of time that are convolved (®) with each gather’s source signature to

encode the gathers, these encoding functions may be chosen to be approximately
orthogonal with respect to some appropriate operation depending on the weighting

function /. When W is the L2-Norm the appropriate operation is cross-correlation.

15  [0039] The outer summation in Eqn. (6) is over groups of simultaneous generalized
sources corresponding to the gather type (e.g. points sources for common shot gathers). The
inner summation, over g, is over the gathers that are grouped for simultaneous computation.
For some forward modeling methods, such as finite difference modeling, the computation of
the forward model for summed generalized sources (the inner sum over ge(G) can be

20  performed in the same amount of time as the computation for a single source. Therefore, as

shown in Krebs et. al. [5] &AM, Zc,Qw,) can be computed very efficiently using Algorithm 3.

1. Simulate yeu(M,Zc,®w,) using a single run of the simulator using Zc,®w, as the

source,

2. Convolve each measured data gather with the ¢, encoding functions, then sum the

25 resulting encoded gathers (i.e. Z ¢o® Wons(Wy)),
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[ 0041] Many types of encoding functions cg can be used in equation (6)
including but not limted to: Linear, random chirp and nodified-chirp
frequencywoependes™ phase 10encodi ng as presented in RomerasSet11ak777¢ 13] ;
The frequency i ndependent phase encoding as presented in Jing et al. [14];
Random ti nme shift encodi ng; Frequency division nultiplexing (FDVR),
time division nultiplexing (TDVA) and code division multiplexing (CDVA
used in 15tel econmuni cati ons. [0042] Sone of these encodi ng techniques w ||

work better thnaguitabehsSreS@PENENU PR rElR o8RK 1.Cat1 on, and sonme can be
conbi ned. In i i i cy

dependent andom) phfses Sn9adHAR rdAnAhaR RYCEAT AN AeaEAoN] ndependent

encodi ng of nea sources wth freq y dependent random phase encodi ng
20 for nore w desylugdePAOEEED mputsahe codhfunetdinctht ronlugineedsdo bel ative nmerits
of different encodi ngs.. obt.ai ned rynning test inversions with each
set of encoding&?gﬁggfgﬁgﬂ?gggggé?ﬁgﬁgm' F@%a%S%vg?ges faster. [0043]It
shoul d be noted that the sinultaneous encoded-source technique can be used
for many t Y] of Againersshom mdSitebs etrét[Fothis algorigam tancashguie S.i.(Moufadiobel used
for cost f i.ons ;hased n_oth nornms than L2 di scussed above. It
could also%ggkﬁgg ﬁ%ﬁrﬁ%Pgég%%ﬂPgﬁ?gg}ed cost functions than the one
presented in Equation 2, including regularized cost functions. Finally, the
si mul t aneoui@4éhc odéahy Symes otenredihg thincioans d, &rm hessd] mictjimtianyo)tiygeligs bugihobal or
| ocal cost ME%§912/047378PCT/U82011/047770 function inversion nethod

i ncl udi ng Nﬁﬂ “arl o, sinulated anneal i ng, genetic algorithm evolution

al gorithm gradient |ine search, conjugate gradients and New on's net hod.

. Linear, random, chirp and modified-chirp frequency-dependent phase
10 encoding as presented in Romero et al. [13];

. The frequency independent phase encoding as presented in Jing et al. [14];

. Random time shift encoding;

. Frequency division multiplexing (FDMA), time division multiplexing

(TDMA) and code division multiplexing (CDMA) used in

15 telecommunications.

[0042] Some of these encoding techniques will work better than others depending upon
the application, and some can be combined. In particular, good results have been obtained
using frequency dependent random phase encoding and also by combining frequency
independent encoding of nearby sources with frequency dependent random phase encoding
20  for more widely separated sources. An indication of the relative merits of different encodings
can be obtained by running test inversions with each set of encoding functions to determine

which converges faster.

[0043] It should be noted that the simultaneous encoded-source technique can be used for
many types of inversion cost function. In particular, it could be used for cost functions based
25  on other norms than L2 discussed above. It could also be used on more sophisticated cost
functions than the one presented in Equation 2, including regularized cost functions. Finally,

the simultaneous encoded-source method could be used with any type of global or local cost
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[ 0044] The present inventive nmethod can al so be used in conjunction with
various types of generalized source techni ques, such as those suggested
by Ber khowO 2pi2jo47378 t hi s case, 5rather than encodi ng di PC&rusSae11¢i7me sour ce
gat her signatures, one would encode the signatures for different

synt hesi zed pl ane waves. [0045] Sone variati ons on the enbodi nent descri bed
above include: The cg encoding functions can be changed for each iteration
of the inversion. In at |east sone instances this |leads to faster

convler genceundaﬁoﬁ h&etsﬁ)‘ﬁ&ﬁ&lﬁ@i’hncﬁl@in@ Moite 0511615 esSr)n(ﬂeteg annewgegl gghﬁlcsaﬂgtfrﬁlﬁn
sanp |ng IS enser than the recel ver sanmplin It e advant ageous to
use reci pr GEP YA A HIEBErFRRAT Hog \aIch ’rCQEJé‘g%}%E‘é‘d‘ﬁgtsé avieniseredtodsour ces, and

encode the receivers instead of the sources. This invention is not

limted to[ei4apl e-The FRAAR MtveR@ictheth@L&inVi@oDe k& inldajasineyitt NeiohesPEvVer S
coul d be receiver arrays or they could be multi- conponent receivers. The
met hod may h&iHiFey éwr%?yteefmlqw 29y 2% Hose ﬁ%aﬁt??gbx @eg}ﬁhéwﬂ hén Hiiy Rt

qual i tysi nYﬁﬁe’?‘r' @3n éﬁ%dnﬁ‘g(%'i@r&ltt&ﬁnte%%@ Randruehdn@Bs &RUlJuecRBAd @Eezed to
reduce the number of local mnima in the Gost function. The encoding 20

functions ewndtarchéordptarent pethcsieddpnchyavaanual i nspection of tests perforned
using different encoding functions or using an automated optim zation

procedure. pA8AYI Kokk QRrifonShiMk LADSAMSHABGAI&iRUMeRgdat a coul d result in
signi ficant geophysical data acquisition cost savings. 25For marine seismnc

data surveys, it would be very efficient to acquire encoded source data
fromnul tipl e sfnul t Hiseegatodingderciopneanrherdbpeged ifesraelb iteratioiaef thy Bversien.

cont [ nuously whi | e i JTRLQfine 10,2043 O8I TORCT! LSROTHLOBT AT ARl cat o

above, the encoding process In t he present 1nvention nmay

10 . In some cases (e.g., when the source sampling is denser than the receiver
sampling) it may be advantageous to use reciprocity to treat the actual
receivers as computational sources, and encode the receivers instead of the

sources.

. This invention is not limited to single-component point receivers. For
15 example, the receivers could be receiver arrays or they could be multi-

component receivers.

. The method may be improved by optimizing the encoding to yield the highest
quality inversion. For example the encoding functions could be optimized to
reduce the number of local minima in the cost function. The encoding

20 functions could be optimized either by manual inspection of tests performed
using different encoding functions or using an automated optimization

procedure.

. Acquisition of simultaneous encoded-source data could result in significant

geophysical data acquisition cost savings.

25 . For marine seismic data surveys, it would be very efficient to acquire encoded
source data from multiple simultaneously operating marine vibrators that

operate continuously while in motion.
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performed in the field acquisition of the data, for exanple where the pil ot
signals of nultiple sinmultaneously operating vibrators are encoded with

di f f er entwoenordi4miysf uncti ons. In the attached cl ai ns, strepase@fiosTirng to 5
encodi ng geophysi cal data, or to geophysical data from encoded sources, or
to obtai ning encoded gat hers of geophysical data wll be understood to

i ncl ude obtaining data already encoded in the field acquisition process,
except where the context clearly indicates that encoding is occurring in a

data processingest epas #HAdakerabeed, ithd tAcdBmg fRbcctshB ﬁ@%ﬁesﬁlh&rhﬁ{férﬂﬂn ey e
used, including the use of a di fferent norm(e.g. Li norm (absolute. vaIue)

i nstead of L2 nor n ,PeaiReEmasidu e Siskd aqauisrion 1 th% Up-afor el Vheive ipHet t he

inversion (e.g. terng,fRabe Wi dﬁ'e Qﬁﬁﬁlah@&sl@@&kaﬁm&h@%m@o&@hé oRdBae Ryiflf
model s that are not S arse). ]A main Tdea of "the present invention is

to use simltaneous & @m@tee@némelﬁugct@nﬁ 5thsi attechalnelouwss, stene cefeyagaroat i on
for fullk waveformi ne\ﬁ%(ﬁf}é)?eobﬂys?cufz&taa Wge@ﬁhafsft% erestg&nn%{t%déd%ﬂfées Wpen the

fixed receiver assunptio s’ conprom’'se e SiI mul tdneous
source FW nore appldmamhgemmdgbgama$oﬂgﬂ@hgmmhéMameﬁbeﬁngmmexﬂmshdm$:basic

steps in one enbodi nent .of 'the resent nt od. Fol | ow the flow
chart shown i n P gur@nining g GBS Siac B sk CaeEata arob R St Stk
follows will be in tiegentedt ceRAPdRlicatlUuha escodhRveyering al b datagirdoéaling t he
receivers may be encoded instead of or in addition to the sources.
[0047] 1. For a given Yy si cal properties nodel of the subsurface (100), the
survey sources (i.e., source locations) are encoded to form a sinultaneous

encodedosour ce &101)ombi &Tinitfony $&kthE Rodt FEndtich \f@d’ycbef@s@@' h&19din@kheShedwdrat i on,
(102) to generate sinhul ated encoded data (103). The encoded data are

generat ed assumi ng feifferant BB (Reg lgl ARt r§bsaiufch valna nstead of Ver Bormidi Al 1 i ve
for the encoded sourggiiochf4fk % Rbias a8 shb@ldind %V%I‘SEOYIRE gatﬁlny 5 Mt Y Rte

fixed receiver geonetry to at |easSt sone extent, the enco data are
separated into |nd|wwﬂdahHyﬁebﬂwu@ngﬁmX@D@ﬁ@@mbé@ﬁﬂﬁmwbﬂwwebhn|que (104)
such as that described by Neelamani et al. [19, 20,21]. Neelamani's source

separ at i on §@k] es ORahh8ASSHIRLLANABAntiDR ( SRMIBNIMDSS I erRbdibd s dTode!

has sparse
15  simultaneous source separation for full waveform inversion in such a way as to lessen the

impact when the fixed receiver assumption is compromised, and thereby make simultaneous
source FWI more applicable to general data geometries. Figure 1 shows basic steps in one
embodiment of the present inventive method. Following the flow chart shown in Figure 1,
the steps are given next. The discussion that follows will be in terms of encoded sources;

20  however, alternatively the receivers may be encoded instead of or in addition to the sources.

[0047] L. For a given physical properties model of the subsurface (100), the
survey sources (i.e., source locations) are encoded to form a simultaneous encoded source
(101) which is used in the forward modeling, or simulation, (102) to generate simulated
encoded data (103). The encoded data are generated assuming fixed receiver geometry with

25  all receivers being live for the encoded source.

[0048] 2. Since the field data typically violate fixed receiver geometry to at least
some extent, the encoded data are separated into individual shots using a source separation
technique (104) such as that described by Neelamani et al. [19,20,21]. Neelamani’s source
separation relies on the assumption that the Green’s function of the model has sparse
30  representation in a transform domain such as a curvelet or wavelet domain. With the
knowledge of the encoding scheme and assuming sparsity of Green’s function, the shots can
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30 representation in a transformdomain such as a curvel et or wavel et
domain. Wth the knowl edge of the encodi ng schene and assum ng sparsity of
G een' s fwoabizom738he shots can WO 2012/ 047378PCT/ US201PCOARING/0E 70
separated using for exanple Li norminversion in the transforned donain.
Thi s separation problemcan be solved for single encoded shot data for the
whol e nodel domain, or it can be applied to multiple sets of encoded shot
data. Persons who work in the technical field will know of a variety of
source Sepae adepsiited a@hﬂgi Pl e&ainbRt LCakbriieinyseidnain 4l @ddsimad iddMaind Thes t hat
of Neelamani et al. [19, 20,21 For exanple, Spitz et al 28] proposed a
predi ct i onSYWELPR LT cAsdiecabRd frtisingls sreaded sBet da 18E the ol mpdel Jomaidet i el d
of the secopd capHk £p1i8NE hilgfe SUPLF ab&edishotf da@MHRBnd WhAvoMaN e iedndicyi a a
PEF- based adaptive subtraction. Akerberg et al. [27] used sparse Radon

t r ansf or s fieldrwillkaow ofi veriete phsosce separation taghiquss ihat eanshepiaedits Briltamgva t his,
more than ong,encedethARLAIl0 b2l afetabhfe shtk Q0A9bE) JBFoss @Y iction-
separat?on degcgfbeggm' heqprevizgus%tepplq%E%rucél)%lﬂz %Jhgﬁﬁﬁepprggf?ca

dat a geoneBNMesUmNanMHmemgépbﬁeﬁemmehdmsﬂﬁmmﬁymvmm%deﬂéesgmméee@tmgubteps
that may be necess ma | i o_that the mul at ata
conformto Subt trac dy t&o ¥h ?%Vef%tjdhxil Z’)EgZoa%erda% Ve sulfirac (%nneglg ?ergCan be
processed tb [21 m‘sed ppai e Rahlen filamdfelnd ebatha Gauics képaaniog e Goreill youseecdepasti@af f set

muting, i novi ng the near .a ar.-o muting 15 based on type of
arrivals sﬁ@ﬂ“@@“ﬂ?@%gﬁp§§?8W°9§pgd§mﬂeppéﬁ§”%n conponent of data, or
renovi ng the el astic conponent of the data if the governing forward engi ne

i's basad onoag] acousi.i c a6 wapict Gbparditar éhaited ihhthe pgenars altepsisepuahbl dat a
processi ng W h t he arated.sh o0 nake .t he dicted data (107
ﬁé@r dég'ﬁz % g

similar to PHEe REGLE ¢i? gm0 teresie ) QPR RPTOFS IH%F%PS

conf or m t o fdpénal, &% elbceeiaqt hay BBYSHIRE (80d) Q¥Shap ERAuUGEILRN A SRR RS ihalficdat a
residual s 20(109), i.e. data residuals for selected shots gathers. A data

residual i ¢t mRksoyE the serstedisheterthn dua st boprcasadea sorfemm iaihg fgldl dste and a
corres pO”d'aEtﬂns?t'i&ldge%hl%GY gééhaasvétks!éﬁmu{dri’%’ﬁ@] fbmmﬁ%%g AR HEFLAHRLS, mWich are

sequential data residu by virtue of th€ source separation step
104, arlé ehewdew (ype Y amsvalﬁg sud‘leaSSeatremmsmdnfersels apficcaor goinpeneschedeta.asr used

in step 10§, %Prt%g%&gtlceﬁo%?p%ﬁ&t%%% %‘?ffé%f%% gléli)orwa;m leiigi esls%ase% on an

signi ficant 0 acqui s |on geonetry or
due to usenrcakd aseum;ﬁtmmp@h:eréfme thwegeihsral siet dfadadapracceasing wahvthersepatme@s}@m: oded

he-or adi e "ot CheviisFa % oRET T 2l B a0 rRESy aSrlRT s ©

may be backhepdpagdsredto(thd Tvelusi R phyres atlp®b ProdséthefeeyiRhiiQnlafndsiduals
cross-correlated (116) with the forward-propagated data (112) fron1103

usi ng tHe $147 tcanBussiduls op spleged shatapetlirat & OM8 "gY4W ént ripsyrpef the

obj ecti ve fgRedncOBetlvBeRfmMs e U8 Jalas afieSGh e R Hdih & pRETEALEREILAPP! | cati on
Publication No. WD 2009/ 117174. Note that the sinu Fated encoded data 112

may, but do not have to be, the sanme as the sinmulated encoded data 103,

because t hdPSND 20124 047 FPgictitasownels o ahEh cerpgausatial agid eaidiile {1 fier ent
encodi ng f ypelki gNge sbﬂ@@%@ﬂarattllaf? ?egcﬂﬂ' 2193 eﬂEO&eh2(lqy)sﬁsﬁgtt}ﬁahsahfeeoﬁﬁl?f@l‘ehﬂ"g in

111. [0051]5.1n the final 'step e nodel is updated usi ng the
conmput ed  encoding scheme as used in step 101 to produce encoded data res1duals (111). This is a
25  significant step since the gaps in the data due to acquisition geometry or due to user choice of
specific events in the data are now in these encoded data residuals (111). Next, the encoded
data residuals are used to compute the gradient of the objective function (117). For example,
the residuals may be back-propagated (115) using the adjoint state equation and cross-
correlated (116) with the forward-propagated data (112) from 103 using the simultaneous
30  source to calculate the gradient of the objective function to be minimized as described in PCT

Patent Application Publication No. WO 2009/117174. Note that the simulated encoded data

112 may, but do not have to be, the same as the simulated encoded data 103, because they
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gradient fromthe previous step. A variety of well known optim zation

nmet hods, such as 5 steepest descent, conjugate gradients, or Newton's

met hod cawohkeiumezfst o do t he nodel updating to ensure trag/ush@1wai7oe of the
obj ective function decreases. The sinultaneous source inversion algorithm
represented by the steps within dashed |line box 120 is based on WO

2009/ 117174, but any inversion or forward nodeling (nmanual adjustnment)

al gorithm may be used. 10[ 0052] For processing and imagi ng, the accuracy of
the sour ce ng@parcadddomwith diffeaait tasotling Sird€ensanywdict tht @gdodaigiis il DY mdstendich
source separatron process eventually is mapped into the final image. In
previ ous sithfi eediggrK Livher e source separation is used, considerable effort
is made to choose the type of encoding to ensure inproved accuracy of

separ ati on [¢0skg! | e [37]) .Inlthe ifinalbgbp, et dnddants LhRtcACAURRGYnG BEpUESRFRAL W | |
be relaxed for the inversion 15 ap Ircatron of this invention since the
smal | i nac&Rdisat &em Hhe Ry IQYatSEDy ésY"Hl%M of wel knowe cpipEdnRLRetH fuat be
handl eds5vi gtegpeki H'a%cé@%o%]hg@t@%r&ﬁ?@lﬁé Jr QRS %Hogncaﬂr&cﬁ‘s%é t6l ol M8 ntdasl

i nversion step. For inversion applications, a key is to make the predicted
data that apdatigghe cavtedhat thenyalesefithedbbirstive BBAEQY fAecregsasheThec gjoiubiancpen
geonetry a f exanpl e,
mut i ng theg 5§g£ﬁ%' gg%%nﬁﬂtﬁ¥§%?§%% op?ggéfkgg?gﬁggglﬁggb%?%sgg%&?ﬁﬁrh
data and t WeOf200Watd 74i butl aay iioveradrgor fdrvandasedeires (amuak adjinopeg) elgotithm

nodel ) . Fﬁvrn% achieved that via processing the separated shots renoves the
| arge errors YR 'ife data residual s. [ 0053] Al though it is believed that the
smal | inaccuracies in source separation can be handled in the inversion
procesd) | #032] er r ororcpnocessing | anldeimagprgobheemccﬂhxer ef dhe soame adeparatmat iisve 25
enbodi nent . ofré @r esent gnven |v§ qetho ﬁsﬂﬁ q gp e the arge
errors due 'TBOEBLSESES BHEFLET BN MR Pr&;?“rﬁ%sﬂ’% %"ﬁeﬁsh"rv%n PV ER0%Y t o
be a probl e AR &gk eingfreidlis Sirailldr evoliatvhvie senooipaiibdn issustd, lcuissideadbd by

t he flomchart of Figure 2. To repl cat&Pthe errors due to separation, the

measured d&tartdt 8‘3@‘?16008@856( ﬂpgwe FIrRUinE A0 SHE BHERM e WeHeNes RHA s ng
source sep d pr( 1P &chelitdaRiidhdadtBAsH FRMirstRAVAl ed rahl BatbehRsicthese
nmeasured 3 separated shot gathers can be used to conpute the data residuals
i nst ead>of apwaiinm o thislinveadanyieey Bhonal inggoupgies ity JrepesTiuabalye 19 0ArFE7 0
[0054] ANOt RS, MBY b bg'h%}“ilg(i“vﬁ Piig ls&ﬁ%ﬁ #nd ﬁlogétr@ 1&%‘[1@1{‘5 ? d cﬁirﬁh the
residuals that are corrected for the m ssi ng near O sets races.
So, anot hennvalsiaar sttt i Ree igeasigre apdsetdnbed kag 1§ ¢ In@lvs th@ hodivtadnda® that ere3.

First, the id e b
encoded daf%g%?ﬁgﬁ%nnﬁg¥ﬂé§gﬁ%8) Q%nggﬁwgﬁmda%§X%§ﬂ§§£&§ﬁﬁm§°telg@??f
and near oftegeiysicd Iscidgpappiiell (for. example] mutigs thel laegrcafthed wihen umsﬁnmudﬂ‘ﬂ:cts are

measur ed) ta residual (309) is uns ui.tabl e for co utin

o adt end sPioih e el OBt gl Gieh AT huS S B TAgtR SOR TG ¢ he
m ssi ng pamHavig atiklevedaha vizeprPcessine e seiachtdddhoBirbiSetes tiAERS errvhRah e@Sdatahe
nmeasur ed encoded data (308) do not have a contribution from m ssing data.
In the nextesidals (304), source separation of the sinulated encoded data is
performed, and the 10 resulting estimate of sinulated sequential shots
(305) are peozspssed, Alduch ASE BaRvaS thi@ROYhAIDinkddBrabicS &i J3Grcd 8dArddan tar(UCh as
muting out the near and ?ar offsets fromthe separated shot gathers (306)),
t he m ssi ngeihgdin thepyrraen pragsss dHac ¢raers enrssilos p peblank eTherrire gt Ahiernatiy307)
i's encogedcmBhiimeANFAHE Preling %ﬁ@gtl%gth&f ist (ﬁ@lgq@é R kRAOnmEaR ebﬁ“ro?y bt act ed
(310) fromthe incorrect data residual (309) to conpensate %or t he m ssing
dat a i nf or seurcoEPapiiong prdangy ke used when this is believed to be a problem. An example of this

alternative embodiment is illustrated by the flowchart of Figure 2. To replicate the errors due

to separation, the measured data are encoded (108b) using the same encoding scheme and
using source separation (108c) to obtain measured separated shot gathers. These measured
30  separated shot gathers can be used to compute the data residuals instead of the original

measured shots.
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15 corrected data residual (311). (It is subtracted, rather than added,
because it needs to offset sinmulated encoded data which are present in the
i ncorrectwoare/mexBdual with a positive sign, since thePcgdiSdualo41730 def i ned
- see above - as sinulated encoded data m nus encoded neasured data. |If
that definition, which is arbitrary, were reversed, then the m ssing data
woul d be added to the residual. Moreover, instead of treating the

m ssing-data correction as 20 a subtraction fromthe sinmulated data
contributi geosup t he gdtiger wa§itslvidly, this torebhith & b ctengias eddasdatnremidehld ihan to
the neasured data contribution to the data residual. It will be understood
that the peEsedteciefenticonissipadrudihprapehdieed Sey another altpRptige@by such
equi val ent jaRRLQREN@RoWs, ThewkK &Y Fllff BT eRGemellah MbSaRMPRY| MmNk LOMRRH&D tO
that described in Fig. 1 is encoded data residuals are corrected in this
embodi nent b?@t@ﬁeﬁﬂwmﬂd cpeddad) dgfe B hawthe prceded mepsyied dete 6308y Wik massanarfag n

0 oyl D SAOURGE 15 ORLAY O BRA GGk HHENGINRd MO FREL03GERL( Tl O

1 and Fig. are mat hemat i call'y equi val ent owever he presence of
sour ce sepagsaturlo308) sowsyitable fos cpmpstiy ‘ée tgnahentt himce dlrer emulamd alppﬂedatm shown
in Fig. 3 r oy ter result. re 4 des

't er pat  vor e diop il #Es sai R IRLHALHE. S QBT EReT ey 5.
Simlar tO\xﬂlheamt:hmdsuréﬂ Ericgded3datd (308Y do hchehaeene@d&dbxd@h&romeﬁmsslinglda(amﬁ)

that is a differenc et ween S|nulat encode dat a 3 t coded
measur ed datea"EL8Y %%9‘? Y ORICS STRREFUPR © g’ﬁoﬁ“ﬁlﬂ} SPgded éatﬁég P%Y B‘p aPﬁ

next step, r&s@lﬂih%@stﬁﬁi@@-li@ﬂq@lﬁteﬁé&ﬂl}nﬁﬁ SRR @30J@Qpro¥@sed but instead of removing
2012/ 047378PCT/ US2011/ 047770 usi ng t he encoded data resi dual , resulting in
sequent i al eeBistnadataapy (fubsy m“ﬂli‘é abthecas gpaten e e fiem; the pepgrafadeshot

resi dual - belyeensdd)e (REAUSAL ipah (SRHIE Gl MM @ S LR iRhoPEANGN(n) isour ce
nmeasur ed data t source and recelver conbinations that are not present in
t he measur etcoded a Thinotncededuinissiny pait toé tlees ddtaii®d cre b duktraced s Btisonpfthoon| y
the sinula t sgt.s) of
the shot gliREFe dhpdtaud (uTus ShferRBL el AUTIAR, AEESARRLPIELORRA)
and t hdn sumemmﬂ@Ma@ddﬂﬂ(SmmnﬂlnauMMmumradmrdanadwEdemmk1(mﬁ9$umﬁﬁebtaln

a corrected. data, residu The source separatian res can

oroved poidaL el e B bl Gt S S B eET LR Sl S asi eefhy o
gi fferent @iél@@dl:jd’lg:rs]ldhﬂ sugalﬁned case, abﬂia@hy af s1hineltﬁnemd§edl ataz% amﬁ@]smdjﬁaécs can
e corrected and then use te the initial 10npode 0056] O

vari ati ons Mg fed %ﬁﬂé&?aﬁeﬁﬁeﬂm lﬁgls o DItrary WErepiG¥esesy dhen Afe Juvigi &l of

al | “enmbodi RRRALdSLQfaab® (RE RSRBAL MBEEEE VRtABLNRhtINS tichksihdl@Ma afchansl e a
variety of field geormetries to invert real data and realize speed-up due to

t he si /fll t aneipstieneomithegimutped dey centabntion tasthadate relpels it sonld berogaidad &t i on
fol | oned by, REAGGSR! AOmEhERE dgﬁkcgﬁt]r A G Gk Wiad At Gtler{1B8a !
data sets. amani et al ow that the conpute tine for

si nmul taneod@ mmttelryelpmnatmdndmg £ glnpéridc@rﬂldtiylsl esdudconghrsach tfmlutynent

f orward S|nulat pri ady age t |s
approach. ABPHLR LTS e iE ety S <Rbobinfr SRl SINALA ST 4}

nunber of soxied dats aesidvals dré eorsepdriatthio rnpodibicetmatter \ﬂﬁhlbepl(gS@deratldSIaﬁgr
fewer, farther spaceg sour ces ggr encodi n he ps tg e se aratkon 20
probl ed? hEWETEPE & 5B8OFIh gy fi%?HrcFre?ﬁ %H?Eés Fé‘g? %prP*}‘f the

nodel U|0dagi gamchn@veat Bakley nd@emastally hquisubsy thé&@\%r mﬂdﬁhb préRenédner ebhes
hand, encodi ng too many .cl osel y spaced sources makes the separation probl em

di fficult. SoREsion gEPENHiRPSSRlCt t%fa:acrrew@h@%prpadv shoyer WU PA% &r9vldel t o
be updat edging rQyri | abl e sources in a survey, an optimal source spacing
(i.e. optimal nunber of sources) can be chosen to bal ance the two conpeting
25 consi derations. Thus, to make the source separation problem well-posed
may requir 80058t usi rigeurI4 dreribeurE elenadwsr ethei fata reNiduRb POrT§o OB Bt Rk

enbodi igNt gedcRBeANE 01 SihilhiSo GRARARS RS ¥, 4l iRl ORe@ lath R&iduS 1@695"[%’15 or at
| east in sone iterations, as taught by ) 2008/ 042081. [0057] The 'f or egoi ng

appl i cat i on differefice betiveen ftlmulmdten@dtfhdateﬁﬁb)ohndrehﬂ@mfedmes #08) with

missing far and near offsets is formed. In the next step, source separation (404) is performed
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invention for the purpose of illustrating it. It will be apparent, however,
to one skilled in the 30 art, that many nodifications and variations to

t he enmbodwoent24dsscri bed herein are possible. Al suchpeodistéicasizons and
variations are intended to be within the scope of the present invention, as
defined in the appended clains. Persons skilled in the art will readily
recogni ze WD 2012/ 047378PCT/ US2011/ 047770 that in preferred enbodi nents of
the invention, at |east sone of the steps in the present inventive nethod

are perfor nEdg Gt 3ndAEP Uhteresidlual. rebulgng BV uEMIRAl kSidaOINDALE €405). muhee@@ﬂ&eed. I n
such cases, the resultlng updat d physi cal é?pertles nodel H{
downl oaded SCRATAEIAN S§fERptes dhe wexidery ?We% GERPIEH ustfemylaiRd figp & %fguenilal

Tarant ol a, shhree RMSESHARN A sGBES AL rdcBlvELEShIRatRAL Bhalt raret hs& AEQUS ik Ghe
approxi mation, " Geophysics 49, 1259-1266 (1984). 2. Sir L., and Pratt

G "Effici awesuipidefaings dcavieadsitenesaimated rmgluﬁlgconﬂstg of énhe@w Sfr@ulatgéﬂ%é@: tTibirg
t empor ag frgﬁgﬁgcrbgmmh aROP Y P f 51r 8 o%%é %&é@%ﬁﬂ@ %g%tﬁgln%%ps ,

Dosso, S. E. oacoustic Inversion via
aIgorithns(MXQd&ﬁmahmbﬂﬂﬂhauwm@ugﬂm@ami86@9@Dmibénﬁmﬂﬂndmar&&hmBQKB}BQBO

(1999). 4 obtlalinnakclorr%CteP atd re31dual ??lé%.r%lﬁastourcc;% %%g?a]%ton P Ut lell%grovo({ tc);f usl%' WO

si mul t aneous source Inversion, ent rca |on

2009/ 11717¢ﬁqult1[ﬁe eilKioddis datal residugls, Aacte cgnputedusing. 4 dllﬁéﬁhaémmilng Rn,sudti akdsey, D.,
Jing, C, terative sl on

data from ﬂ%l#é%%%@%ﬁli%ﬁﬁﬂd&‘ﬁ ‘E‘B&Fc@éremefgéﬁd Bieh st C’ ﬁ’Fdﬂmal

Publ i capi omdie.. WO 2008/ 042081. 6. Van Manen, D. J. Robertsson, J.OA,
Curtis, A, "Making wave by tinme reversal," SEG | nt er nat i onal Exposition

and 7 5th | Meeting Ex ande tracts 1763-1766 (2005).

207. Ber khoAé] S%ﬁ\ (5‘1%\6’5‘? 1Rt &E%P@f“{eﬁté A 1%gly, a9 Béﬁs'%gq 4Gt adsaptagh ¢
Expl orati onf iy eﬁﬁé’d‘nﬁ@lﬂs 6ﬂ-t%8§?esent Grvedtn@NBothod is tha¥ they dan hdﬂ@lefspxl;a‘{?wty%f fiefd ay,
S. H, Cherris, L., Youn "Del ayed- shot 3D depth migration,’

Geophysi cs S7@NCUERST0 Epgrt (f@d)é%a and rgahzvaweﬁauel ue o the sipylnsperanroding The key, |
"Met hod of s@ﬁto'f TRhdRGe Rl ’54tE s&ﬁgtlgﬁ) @&Weﬁ't@rﬁ'bcessmg steps makes the algorithm

15  practical for field data sets. Neclamani et al. [20,21] show that the compute time for
simultaneous source separation is significantly less compared to one forward simulation run,
which is one of the primary advantages to this approach. Another embodiment of this
invention determines the optimal number of sources so that the separation problem is well-
posed. Using fewer, farther spaced sources for encoding helps the source separation

20  problem; however, too much separation may cause spatial aliasing in the model update and
eventually degrade the subsurface model. On the other hand, encoding too many closely
spaced sources makes the separation problem difficult. Thus, depending on the scale length
of the subsurface model to be updated and available sources in a survey, an optimal source
spacing (i.e. optimal number of sources) can be chosen to balance the two competing

25  considerations. Thus, to make the source separation problem well-posed may require not
using all the sources recorded in a survey. In another embodiment, the encoding is changed

every iteration of the inversion, or at least in some iterations, as taught by WO 2008/042081.

[0057] The foregoing application is directed to particular embodiments of the present
invention for the purpose of illustrating it. It will be apparent, however, to one skilled in the
30  art, that many modifications and variations to the embodiments described herein are possible.
All such modifications and variations are intended to be within the scope of the present

invention, as defined in the appended claims. Persons skilled in the art will readily recognize
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WO 2012/ 047378PCT/ US2011/ 047770 CLAIMS 1. A conputer-inpl enented nethod
for sinmultaneous inversion of neasured geophysical data frommnultiple
encoded swonropi4rsdet ermi ne a physi cal properties nodelpCrars2@1owtysur f ace
regi on, the neasured geophysical data resulting froma survey for which the
5 fixed-receiver assunption of sinultaneous encoded-source inversion may
not be valid, said nethod conprising using a conputer to perform

si mul t aneous-source separation to | essen any effect of the nmeasured
geophysi cabk2dat sfegnhat, @aﬂambwnngnd rEe H. IIX@EEnh&Kfe"A{@jms&BJﬁUlﬁm{gl gmultwhReiei n a
data processing step com ng after | t aneous source separation acts to
conf or m noABICS; r?ﬁ?ha‘f%a]o%‘inéer?lﬁetaﬁ Eﬁtﬁlﬁgﬂ? %%%ﬁ%ﬁdé&w @At gop%&o%)ur ce
and receiver conbinations 10that are missing in the nmeasured geophysi cal
data. 2. Phe netRafdupfDChakfa b MRk, t‘ﬂ@rg@%rfﬁﬁf&defshﬁeﬁés imaging of
constructingpan in|t|al phy5|cal propertles nodel and using it to sinulate
synt heti c @&ndeddsta’ %ﬁﬁ’i“ﬁbmﬁ%n"t“ﬁ%al%“égﬁ% ot g Eupstiged 41 aﬁé@oﬁ)w%\her ein

sources and/or receivers in the sinulation are encoded and S|nulated

si mul t apeons| y, HER@ERDY. DERAhEINIAG Einbiticabed reneegedr Afidadvaform inversion,”
separating the simulated encoded data accordi ng to source, resultlng in
si nul at ed $égtfethsirant GOBLFAGC Rgelona meeting 20dPhcessi ng t he si nul at ed

sequenti al -source data to make them conformto the nmeasured geophysi cal

data for sogrceHand, F.eCRueEN. @MHErﬂﬁ&ﬂrpﬂﬁn tefradtiva e tHodSsi parhétet dd8mation
20neasur ed geoRBéS|cal dat a; utlng differences, called data
resi dual s, Rt pRestinele e ity §Wﬁﬂﬂ%té$ edawht isiies. SoleRdindata HRE t he

”Easured_9%9&”%%N@ﬁhh%@ééﬂh&BmﬁRM&P&iﬂﬂﬁo&ﬁ%%ﬁY@mIGP”b'nat'ons that are
present in the measured geophysical da encodi ng the data

resi dual s u5|ng the sane or different encoding as was used in 259enerat|ng
the sill at 6d eRevlsedCdapdew look at mpging ginulaneont srmeess-d dia Leasisdkdge 27¢ o
conpute ang % ? the initial physical properties nodel; and WO
2012/047378PCT/U 2011/ 047770

27. Akerberg, P., G. Hampson, J. Rickett, H. Martin, and J. Cole, “Simultaneous source
separation by sparse radon transform,” 78th Annual International Meeting, SEG, Expanded
Abstracts, 2801-2805 (2008).

15
28. Spitz, S., G. Hampson, and A. Pica, “Simultancous source separation: a prediction-
subtraction approach,” 78th Annual International Meeting, SEG, Expanded Abstracts, 2811—
2815 (2008).
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conmbi ning the update with the initial nodel to form an updated physical
properties nodel. 3. The nethod of claim2, wherein the encoded data

resi dual swereiumesyst o conpute a gradi ent of an obj ecti vecrarseelirow;77¢ai d
gradient being with respect to paraneters of the 5physical properties
nodel , which is then used in a selected optim zation schene to update the
physi cal properties nodel. 4. The nethod of claim2, further conprising
iterating the nethod steps at |east one tine, using the updated physi cal
properties nodel fromone iteration as éﬂﬁ;initial nodel for a next
iteration. 105. The nmet hod of cl aim 4, in the sources are encoded using
a selected set of encoding functions, and wherein a different set of

encodi ng fUnctienamh@u&ehQQMﬁﬂu&brmamodeﬁﬁtsmmﬂmmimmhené@EmakEOM$amuﬁi The
met hod of claim.2, further conprisi tlne for the co n

G £ or enced® GPRcH 118 RBmugn ERbe HedSuuiss ooty iy Sl teper 6r MR HE s arre
or di ffer entsubQifaceregidaOthe NkadFedV@Sopiach] Ida\tagemﬁ@t i alupve lfHﬂNVB’bE(ﬂhe
encoded dat a; separ at i ng the encoded neasured data accordln

source 8si rﬁ@e%regﬁﬁ?r@éswawf ﬁlaw ltanequy proRfsdrvrtce WRSTSITSHaY  BedPei V# 1@»6565# ating

the si mul atnee@hoa%ﬁfgﬁgng%ﬁg 3C&H; C?Qtepgo b&f&&ugﬁﬁﬁhmﬁa& S%Qféélsagmtdaﬁ tS q&@é@t ed
measured data in co ata residual s. . he net hod cl a|m2

further conpy p&ohgf ﬁfetré@asmrhda gwﬂwﬂ@@ﬂ idafg’sgtoe @a@fymgo@ﬁ ékedfqﬁew@romjmmtwg
di ff er ences,3t.6p, dagag@y%sgg%§t9ﬁl£0%n%§@§'a\éﬁﬁul LRGAE LAR& & éa@{ﬂom%ts% E‘E!ﬁko’?} ed

sequenti al -source orres to source-receive cations wt

m ssi ng datadelsimhleterddats o thd ng:eﬂpd:ﬁ/&oplmswdladam foP 5@urckrrad meatrtvodecnfbiitiansm 7,
mherelqoth%lrenDV|§%t urce-recei ver p% tions fromthe sinul ated
sequent I al ~EHHF U %%%8%%¥?§ﬁ%ﬁ Y one or nore data processing steps
froma group con5|st|ng of offset muting i.e. renmoving of near and far

of fsets; miti ngThasetlodof claim 1, wherein the method comprises:

constructing an initial physical properties model and using it to simulate synthetic
data corresponding to the measured geophysical data, wherein sources and/or receivers in the
simulation are encoded and simulated simultaneously, thereby generating simulated encoded

15 data;

separating the simulated encoded data according to source, resulting in simulated

sequential-source data;

processing the simulated sequential-source data to make them conform to the
measured geophysical data for source and receiver combinations that are missing in the

20  measured geophysical data;

computing differences, called data residuals, between the processed simulated
sequential source data and the measured geophysical data for source and receiver

combinations that are present in the measured geophysical data;

encoding the data residuals using the same or different encoding as was used in

25  generating the simulated encoded data;

using the encoded data residuals to compute an update to the initial physical

properties model; and
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WO 2012/ 047378PCT/ US2011/ 047770 type of arrivals including transm ssion
versus reflection conponent of data, and renoving the data's elastic
conponentwotrzerx4fswar d sinmul ation is based on an acousPCE/USEROPLTTON.

9. The nethod of claim2, wherein each gather of the sinmulated encoded data
is encoded by tenporally convolving all traces fromthe gather with an
encodi ng signature selected for 5the gather. 10. The nethod of claiml,
wherein the method conpri ses: constructing an initial physical
properties nodetontitingSlicngpdate Wwith i mtiat oy & hvehian Hahdd pRysiABpRPEHiag to
t he neasured geophysical data, wherein sources and/or receivers in the

si mul at i on ™™gl encoded usi ng sel ected encodi ng functions and si nul ated

si mul t aneousl y, 10t hereby generating sinmul ated encoded dat a;

separating3t he Shathleabedf @RGP he@inathd @EQIEH Aeka tresiRLI €€ udAthb Wompee el Ver
using a source or receiver separation algorithm resulting in sinulated
sequent i al SE9isnt&f AR APIFI Y EBEy Sgigt gadient being with respedt P RFranpseers iofmiteat ed
sequent kal ﬁ%%a?ﬁro@&ﬁés%ocfeﬁ%ﬁhdﬁ% AL R LR a BUEEed (PR alBh BheholRiRALe tO as
the m ssing data, corresponding to source and receiver conbinations that
are n155|n@hwwmih@pﬁ@ﬁ§mﬂ@H geophysi cal dat a; encodi ng the nissing
data, using encoding functions that are the sane or different than said
sel ected encodi g hfeﬂl%alo@%lmqnmemoﬂl 1@M@thgwmét%latq@s{s@onéjs' ng
encodi ng functions that are th e same 20 as used in the encoding t

m ssi ng datige, e Bebirdated tohyideal pengrtigcaedad frag ane itstiees thmltmé@éwé@r a

posi tion, %“ﬁqkﬁM8n5|nulated encoded data, thereby generating encoded data
resi dual s, wi'll be incorrect due to the m ssing source and receiver
conblnatlons in_the measured geophysical data; subtracting the
encodedOmi $si ngThanmgthod o d4ia@ sneleden thia surecs sirel gedoded GSlg@ﬁeﬂeEF'@d set 0

25cor r ect ed, &l %I‘P'cngﬁ‘st And Lfr@ﬁ{aa! cﬁffﬁrgntl set of %ﬁ%b&%?&ﬁ& id QELRY f&naﬁcf&gp dat a

resi dual s to coffpute an update to sl ca propertles o
and one of the iterations.
6. The method of claim 2, further comprising at any time before the computing

differences step:

15 encoding the measured geophysical data, using the same or different source encoding

as was used in generating the simulated encoded data;

separating the encoded measured data according to source using a source separation
algorithm that was also used in separating the simulated encoded data according to source;

and
20 using the separated measured data in computing the data residuals.

7. The method of claim 2, further comprising after the separating step and before the
computing differences step, removing source-receiver locations from the simulated
sequential-source data to correspond to source-receiver locations with missing data in the

measured geophysical data.

25 8. The method of claim 7, wherein the removing source-receiver locations from the
simulated sequential-source data is accomplished by one or more data processing steps from

a group consisting of offset muting i.e. removing of near and far offsets; muting based on
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WO 2012/ 047378PCT/ US2011/ 047770 conbi ning the update with the initial nodel
to forman updated physical properties nodel. 11. The nethod of claim
10, furthwo2emmari’gsing iterating the nethod steps at | e2et/usa@10#178) Uusi ng
t he updat ed physical properties nodel fromone iteration as the initial
nodel for a 5next iteration. 12. The nethod of claim 11, wherein the
encodi ng functions or signatures are changed for at |east one of the
iterations. 13. The nethod of claim 10, wherein fewer than all source

and/ or r eceypér alri@Rlinciisng tihnkhigsi A& 4k @6l cgeapdtyifotalt oflddta add Rnlésad thar t he
generating sinul ated encoded data in order t 10 i nprove accuracy of the
source or MREESASHC OIS WORICAPYGF] T RRY BN 'ﬁﬁﬂﬁeﬂ@n f] RECUEIS S PG

wel | - posed, but not reducing sanpling of the measured geophysical data to
an extent bhat ThUGEHoAbT ASTY wherkth cadlhgath@lohad sBiul@bdédtbddd, dawhieebbed he
m ssing data occur_at near apd far_ ends of the neasured geophysical data's
of f set r an§s tempp3ly1eoaversing gt tgeesdrom tegthepudih an sneoding sinetey sebeted e

si nul at ed grd data is encoded by tenporally convolving all traces from
the gather with an encoding signature selected for the gather. 16. The
met hod of claim 10, wherein the encoding the neasured geophysical data is
acconpl i shdf by Thoigthed dglamtlhehererthymetiod ¢Bmriseyeophysi cal survey in

whi ch data are 20acquired froma plurality of sinultaneously operating,

uni quel y encodeghns@uiiag afanikiglehysical prperifdiemo® hed uahg @l @i sindlate Wathedd t he
met hod conpri ses: ) constructkgg an initial physical properties nodel
and usi ng dpt2CoTESPARing te tg measwier geaphyHcat gtr-odisE PRECet and/ paesrbeE iR dbe

geophysi calkinfaRn MILR&IIRI SOHE GBR BN AhQdidzCRAENRL Sinll Nidh{18ed isTMI@hd RNy ar e
encoded, u5|ng sel ected encoding functions, and sinmnul ated sinmultaneously,

25t her dBy aenaggingismilaiedencedrdodiad dat a; using said sel ected
encodi ng functions to encode the neasured geophysical data and subtracting

them accor di ng g Ui Aithel SARIE sRORESUAR o S6RE bRGorSB At SMgencoded
data, WO 2012/047378 / US2011/ 047770

source or receiver separation algorithm, resulting in simulated sequential source and/or

receiver data;

processing the simulated sequential source and/or receiver data to mute those data,
15  referred to as the missing data, corresponding to source and receiver combinations that are

missing in the measured geophysical data;

encoding the missing data, using encoding functions that are the same or different

than said selected encoding functions;

encoding the measured geophysical data, using encoding functions that are the same

20 as used in the encoding the missing data, and subtracting them, according to source and
receiver position, from the simulated encoded data, thereby generating encoded data
residuals, which will be incorrect due to the missing source and receiver combinations in the

measured geophysical data;

subtracting the encoded missing data from the encoded data residuals to generate

25  corrected encoded data residuals;

using the corrected encoded data residuals to compute an update to the initial physical

properties model; and
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t hereby generating encoded data residuals, which will include incorrect

val ues due to the m ssing source and receiver conbinations in the neasured
geophysi cabD 207378 separating the encoded data re®cCuiskei1aeor di ng to
source and/or receiver using a source or receiver separation algorithm
resulting in sequential residual data; 5processing the sequential residual
data to estimate sinmulated data, referred to as m ssing data, corresponding
to source and receiver conbinations that are mssing in the nmeasured
geophysi cal dat amigmiagdicngdufdeyviti 8 iifgaldasd] tdHrMGnSpdstes ehpaepropsraadi ng
functi ons; subtracting the encoded m ssing data fromthe encoded
data resi didel t o generate 10corrected encoded data residuals; usi ng
the corrected encoded data residuals to conpute an update to the initial
physi cal pnoper Themeiiodef clagndochfémdongrikig ildpedag ehevwnéthod kepsi AAilkdsabndrodel
to form an updated physical properties nodel. 1518. The nethod of claim1,
wher ei n t héM§ebys s idated phwsicyl propartieyipede fom ongfiteighpnds the mifial mpdsldotidel d i s
inverted. pdQitedignmethod of claim 1, wherein a plurality of encoded data
sets are used to performthe sinultaneous-source separation. 20. A
conput er program product, conprising a non-transitory conputer usable

medi um 20 Havi nghameBad el i ld awheseia theresgeding uagions pbdenaauesareshangrd fam; d
conput er rgadablhe FRokMAsede adapted to be executed to inplenent a nethod
for full-wavefield inversion of neasured geophysical data to determne a
physi cal propertijies nodel for a subsurface region, said nethod conprising:
constructing or Thewpethed pfrladm Onvhsreip foyray shag a1l Sprreqyandtar ssseivpidesatighin (s ng i t
to siml at @ cadred YbIRIdE d8ati 6R0NLIRCRGAUN QintulRedTBRSIHE LGS GPBRYS Lal
data, wherein sources and/or receivers in the sinulation are encoded and

si mul atléd $hprave agsarsgs lof thet doprce vy repsiver sapriagors plgolithnely wakiogdlt warration\D

2012/ 04737%@0&&?%&%094Z&1Z91g sampling of the measured geophysical data to an extent that

causes aliasing.

14. The method of claim 10, wherein the missing data occur at near and far ends of the

measured geophysical data’s offset range.

15 15. The method of claim 10, wherein each gather of the simulated encoded data is
encoded by temporally convolving all traces from the gather with an encoding signature

selected for the gather.

16. The method of claim 10, wherein the encoding the measured geophysical data is
accomplished by obtaining gathers of data from a geophysical survey in which data are

20  acquired from a plurality of simultancously operating, uniquely encoded source devices.
17. The method of claim 1, wherein the method comprises:

constructing an initial physical properties model and using it to simulate synthetic
data corresponding to the measured geophysical data, wherein sources and/or receivers in the
simulation are encoded, using selected encoding functions, and simulated simultaneously,

25  thereby generating simulated encoded data;

using said selected encoding functions to encode the measured geophysical data and

subtracting them, according to source and receiver position, from the simulated encoded data,
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separating the sinmul ated encoded data according to source, resulting in
simul ated sequenti al -source data; conputing differences, called data
resi dual swokzetvesrst he si nmul at ed sequential source dat aramdSeéa/047770
correspondi ng neasured geophysi cal data; 5encoding the data residuals
according to source using the sane encoding as was used in generating the
si mul ated encoded dat a; using the encoded data residuals to conpute
an update to the initial physical properties nodel; and conbining the

updat e W t fhekdbg debrbiid ernvodtall ddt rdsidams, anhivipaall ettlyyiséeatt RileRealt iteshe
10nodel . 21. A conputer program product, conprising a non-transitory
comput er uSHBINS SHEAEF B THERINH gorRb IRy inghitnghe medsiericeontyHen! 4t code enbodi ed
therein, said conmputer readable program code adapted to be executed to

i npl enent a et fiparafind tHeUdncod@virkd elsidualnvedosditn tOfoui@asid & degeap hiymk cal
data to determ ne a, physical properties nodel for a subsurface region, said
15met hod cONFS Yirprgiver Separationceruithdesulignedp ssauptitet ieigualde®ni ti al  physi cal
properties nodel and using it to sinmulate synthetic data corresponding to
the nmeasured gepbysihgahe d@fudntiaI@i®RIaN IS Ub GESmAB didilate@ GelaV @dfsSrrddntot A
simul ation are encoded using sel ected encodi ng functions and si nmul ated

si mul t aneolf¥iSPe Hakk rOBYSPGBHBE &2 PAYCS PRI FeSEider emebbrpdiany dph areonapaiathng t he
sinul at ed epeafed-HatRicacker di ng to source and/or receiver using a source
or receiver separation algorithm resulting in sinulated sequential source
and/ or receiver data; o prqcessin? the sinul ated sequential source
and/ or recei ver ¥8¢i8S ths Mitiing datio yEngpidselocied epqodinetienctiens he ni ssing data,
correspondi ng to source and receiver conbinations that are 25mi ssing in the

neasur ed geophysibéadtindah@encoded missBRCQM RGmt ME RtSS NGtadRtiduald® BeheRRCOdi NG
functions that are the same or different than said sel ected encodi ng
funct i dﬁs; corrected encoded data residuals;

using the corrected encoded data residuals to compute an update to the initial physical

properties model; and

combining the update with the initial model to form an updated physical properties

model.

15 18. The method of claim 1, wherein the geophysical data are seismic data, of which a full

wavefield is inverted.

19.  The method of claim 1, wherein a plurality of encoded data sets are used to perform

the simultaneous-source separation.

20. A computer program product, comprising a non-transitory computer usable medium
20  having a computer readable program code embodied therein, said computer readable program
code adapted to be executed to implement a method for full-wavefield inversion of measured
geophysical data to determine a physical properties model for a subsurface region, said

method comprising:

constructing or inputting an initial physical properties model and using it to simulate
25  synthetic data corresponding to the measured geophysical data, wherein sources and/or
receivers in the simulation are encoded and simulated simultaneously, thereby generating

simulated encoded data;
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WO 2012/ 047378PCT/ US2011/ 047770 encodi ng the neasured geophysi cal
data, using encoding functions that are the sane as used in the encoding

t he m ssiwQ 2det737and subtracting them according to soRctasand/osscei ver
position, fromthe sinmulated encoded data, thereby generating encoded data
resi duals; 5subtracting the encoded m ssing data fromthe encoded data
residuals to generate corrected encoded data residuals; using the
corrected encoded data residuals to conpute an update to the initial

physi cal proper {dpastindrl simaatd cavkicdi dag idierduigdat @umwe! Restilfife imkiniuddtedTodel
to form an updated physical properties 10nodel. 22. A conputer program
product, céﬁﬁFW%Eﬁﬁ“%f ®n-transitory conmputer usabl e medi um having a
conput er readabl e program code enbodi ed therein, said conputer readable
program code adgph@eing QifRenexeedllcedath @esidupk civBiden ah®inhattd k&fuential source

full -wavefield inversion of neasured eoph sical data to determ ne a

physi cal pigpérd Yhé§0rﬁ?§8‘é‘}d“¥gd?leaéur§@15"s%g¥%@é #&gi on, said 15nmet hod

conpri si ng: Constructing or inputting an initial physi cal properties
model apd usi Ngerchdin@ tifel dit rBiuatyRtHeink Go Saka & RRsPARENAE tastwis uegasur ed
geophysi cal data, wherein sources and/or receivers in the sinulation are
encoded, u§?ﬁﬁﬁ@8P%@@éﬁm@ﬁ%HﬁFW§ flact i ons, and sinul ated sinul t aneously,

t her eby generating sinul ated encoded data; 20using said sel ected encodi ng

functions to engggle thhendvaas daRdregid@P¥s i Gmpudaim upie Solthé agitikinghyiskeem
according to source and receiver position, fromthe sinulated encoded data,

t her eby geREPSHIChEOdcHded data residual s; separating the encoded
data residual s according to source and/or receiver using a source or

receiver separ a¢driniak @@ djde wittemullifitilOnbdd] &L LA Wdate@phytital pdpdries
25processing the sequential residual data to estimate sinmulated data,
referrdf t&ogsl m ssing data, corresponding to source and receiver
conbi nations that are mssing in the nmeasured geophysi cal data;

21. A computer program product, comprising a non-transitory computer usable medium
having a computer readable program code embodied therein, said computer readable program
code adapted to be executed to implement a method for full-waveficld inversion of measured
geophysical data to determine a physical properties model for a subsurface region, said

15  method comprising:

Constructing or inputting an initial physical properties model and using it to simulate
synthetic data corresponding to the measured geophysical data, wherein sources and/or
receivers in the simulation are encoded using selected encoding functions and simulated

simultaneously, thereby generating simulated encoded data;

20 separating the simulated encoded data according to source and/or receiver using a
source or receiver separation algorithm, resulting in simulated sequential source and/or

receiver data;

processing the simulated sequential source and/or receiver data to mute those data,
referred to as the missing data, corresponding to source and receiver combinations that are

25  missing in the measured geophysical data;

encoding the missing data, using encoding functions that are the same or different

than said selected encoding functions;
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encodi ng the m ssing data, using said selected encoding functions; WO
2012/ 047378PCT/ US2011/ 047770 subtracting the encoded m ssing data
fromthe wocotbéd73fat a resi duals to generate corrected eRrCodsdI1datE70

resi dual s; using the corrected encoded data residuals to conpute an
update to the initial physical properties nodel; and 5conbining the update
with the initial nodel to form an updated physical properties nodel. 23.A
met hod for produci ng hydrocarbons froma subsurface region, conprising:

per for m;jng a %emb&?s'gglﬁl m&dgl‘g@ge@ﬂlﬁlm d&tﬁﬁt&ﬁfgf@ﬁ@dm%gin@tﬁbnﬁeﬁdﬂbieitﬂgsdnﬂ:
nmeasur ed geophysi c ata, pr.ocessi ng the neasured geophysical data on a
conput er by* &S Hel'Hol BN MMNRE tihedrdP %Cﬁﬂ%&eeam@?@%%ﬁ SREC el of

the subsurf@egef 986, from the AFHERRHNChHYAr QGAT hféfbb?%e%@ﬁahﬁ’é eBéodbdClata
subsurface %gglon usi ng the physical propertles nodel ; and

drilling areuplsi nto the subsurface regi on based at Ieast in part on the
assessnent of 15hydrocarbon potential, and produci ng hydrocarbons fromthe

well. 5 subtracting the encoded missing data from the encoded data residuals to generate

corrected encoded data residuals;

using the corrected encoded data residuals to compute an update to the initial physical

properties model; and

combining the update with the initial model to form an updated physical properties

10  model.

22. A computer program product, comprising a non-transitory computer usable medium
having a computer readable program code embodied therein, said computer readable program
code adapted to be executed to implement a method for full-waveficld inversion of measured
geophysical data to determine a physical properties model for a subsurface region, said

15  method comprising:

Constructing or inputting an initial physical properties model and using it to simulate
synthetic data corresponding to the measured geophysical data, wherein sources and/or
receivers in the simulation are encoded, using selected encoding functions, and simulated

simultancously, thereby generating simulated encoded data;

20 using said selected encoding functions to encode the measured geophysical data and
subtracting them, according to source and receiver position, from the simulated encoded data,

thereby generating encoded data residuals;

separating the encoded data residuals according to source and/or receiver using a

source or receiver separation algorithm, resulting in sequential residual data;

25 processing the sequential residual data to estimate simulated data, referred to as
missing data, corresponding to source and receiver combinations that are missing in the

measured geophysical data;

encoding the missing data, using said selected encoding functions;
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subtracting the encoded missing data from the encoded data residuals to generate

corrected encoded data residuals;

using the corrected encoded data residuals to compute an update to the initial physical

properties model; and

5 combining the update with the initial model to form an updated physical properties
model.
23. A method for producing hydrocarbons from a subsurface region, comprising:

performing a geophysical survey of the subsurface region resulting in measured

geophysical data;

10 processing the measured geophysical data on a computer by a method of claim 1 to

generate a physical properties model of the subsurface region;

assessing hydrocarbon potential of the subsurface region using the physical properties

model; and

drilling a well into the subsurface region based at least in part on the assessment of

15  hydrocarbon potential, and producing hydrocarbons from the well.
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