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towards making this technology feasible for field scale data. Seismic full waveform inversion
involves several iterations of forward and adjoint simulation of the data. Therefore techniques
that reduce the cost of forward and adjoint computation runs will allow users to solve larger

scale problems in a reasonable amount of time.

25 [0004] Geophysical inversion [1,2] attempts to find a model of subsurface properties that
optimally explains observed data and satisfies geological and geophysical constraints. There
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:

30  [0005] 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
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.
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25  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

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

[0009] 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 {A;, M>, M;,...}
30  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
basis to genecrate 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

0.



Al gorithm 1 summari zes | ocal cost function optim zation. 1. selecting a
starting nodel, 2. conputing the gradient of the cost function S(M wth
respect twothe/pavaneters that describe the nodel, 103. psediseditog2dor an
updat ed nodel that is a perturbation of the starting nodel in the negative
gradient direction that better explains the observed data. Algorithm1 -

Al gorithm for performng | ocal cost function optim zation. [0011] This
procedure is iterated -bﬁ usi ng the new updated nodel as the starting nodel
15 for arfdtitsEtiogroadl &Aehedarct pachefeof prrydegs tsied caulesconritsrpd ahitepiéat ed
model i s {ouRchydAbba? Al oA H@dal e RrIP MINRSCATIEIRRRR UEEkaARS BendieaHRN! Y
used | ocal cost function inversion methods include gradi ent” search,

conj ugat evgiutien daerghmhd Newt on' s met hod. [0012] Local cost function

optim zation of seismc data in the acoustic approximation is a conmon
geophysi dé010] nv eyafpisenatedis kloba raptimszagiem axetiiofls tyiplcplis conveige exti¢mdy owly ypes of
geophysi Laversi.o i rtd Lsm i : cOUSE | C
appr o ot ot B R, VSR, 39 BT St Ry e BT 1 o
r=1 t=1 (Algdritbal lctMmariz¢s, I0gp) et funoym(aptimiadien. ) (Eqn. 1) where: S= cost
function, 25M= vector of N paraneters, (m, nP, ...nmN) describing the
subsurface hoddtctingz sgaingenodehdex,

2. computing the gradient of the cost function S(M/) with respect to the parameters that
describe the model,

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.

[0011] This procedure is iterated by using the new updated model as the starting model
15  for another gradient search. The process continues until an updated model is found that
satisfactorily explains the observed data. Commonly used local cost function inversion

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

[0012] 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

20  inversion. When inverting seismic data in the acoustic approximation the cost function can be

written as:
Ng N, N,
S(M): ZW(Wcalc(M’r’t’Wg)_ W obs (I",t,Wg )) (Eqn. 1)
g=1 r=1 1=l
where:
S = cost function,
25 M = vector of N parameters, (m;, m,, ...my) describing the subsurface model,
g = gather index,
We = source function for gather g which is a function of spatial coordinates and time, for

a point source this is a delta function of the spatial coordinates,
N, = number of gathers,

30 r = receiver index within gather,



wg= source function for gather g which is a function of spatial coordi nates
and tinme, for a point source this is a delta function of the spati al

coor di natwe,20ig743%anber of gat hers, 30r= receiver indexPairtuseonigaizher, WO
2012/ 074592PCT/ US2011/ 050209 Nr= nunber of receivers in a gather, t=tine
sanple index within a trace, Nt= nunber of tinme sanples, W= m nimzation
criteria function (we usually choose Wx)=x2 which is the | east 5squares
(L2) criteria), Vicalc = calculated seismc pressure data fromthe nodel M
Vol ts = rBasuredmbes affpeeivsisds g gitberdat a. [ 0013] The gathers can be any type
of gather that can be sinmulated in one run of a seismc forward nodeling
program ‘Usualtima sseplpdpdeargthing espond to a seisnic shot, although the 10
shots can be nore general than point sources. For point sources the gather
i ndex g c%rr eSpWgsr ¢fdinmefemplseat i on of i ndividual point sources. For plane
wave sources g would correspond to different plane wave propagation
directionfd. Thi BiBHaHY roiste dwirtier atwuydly chqosqldr) =wanvhish wethe dgashcqui r ed
in the fighdeQio¢@Rekg synthesized fromdata acquired using point sources.
The cal cul'ated data vicaic on the other hand can usually be conputed

directly py 15 dd&h?&dgei%ﬁ%gégdrggga AOMEEmba&t i on when forward nodel ing.

For many types of forward nodeling, including finite difference nodeling,

t he conputatian ti general i zed source is roughly equal to
t he conpu Gt i oﬁn%algﬁr%d %gsgﬂggregsg% (gatapoi nt source. [0014] Equation(1l) can be

sinplifi e[GOfﬁ): I\ﬂle%at(hws CEH!X %gng;QypeV&)g)ather that can be simulated in one run of a seismic
forward modeling program. Usually the gathers correspond to a seismic shot, although the

10  shots can be more general than point sources. For point sources the gather index g
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

15 using a generalized source function when forward modeling. For many types of forward
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.

[0014] Equation(1) can be simplified to:

S(M) = %W@(M’Wg )) (Eqn. 2)

g=1

20 where the sum over receivers and time samples is now implied and,

o (M » We ) =V catc (M » W, )_ W obs (Wg ) (Eqn. 3)

[0015] Inversion attempts to update the model M such that S(37) is a minimum. This can
25  be accomplished by local cost function optimization which updates the given model M® as

follows:

M(k+1) _ M(k) _ Ol(k)VMS(M) (Eqn. 4)



g=1 (Eqn. 2) 20 where the sumover receivers and tine sanples is now
inplied and, 6( / I ,W)=1ff "k( 1 ,W)- V obs(W) (Egn. 3)

[ 0015] | nweo=b I 78d92enpt s to update the nodel M such t hatCBUSR01I1H5@0M nNi mum
Thi s can 25be acconplished by | ocal cost function optimzation which
updates the given nodel 1VI(k) as follows: m(k+1)( ) - a (k )vms(m) (Eqn.
4) where k is the iteration nunber, a is the scalar size of the nodel
update, and VM5(M is the gradient of the misfit function, taken with
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nmust $epaﬁ@nﬁkﬂ-conpute the 10 gradient of each gather's contribution to
the cost function, then sumthose contributions. Therefore, the

conput at i[00] efffromtequ@pui(2gehef Bllow@pRYldtiDE MVEE Mrivies fHight kfi@Rnt ffaheonput e
effort %U|red to determine the contribution of a single gather to the
gradlentC 6phy5|cal probl ens, Ng usually corresponds to the nunber of
geophysi cal sources and is on the order of 10,000 to 100,000, greatly

magni fyi ng the cost of c¢ ut| ng (M
v.,S(M)= w))

(Eqn. 5)
[0017] So to compute the gradient of the cost function one must separately compute the
10  gradient of each gather’s contribution to the cost function, then sum those contributions.
Therefore, the computational effort required for computing V 3S(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).

15  [0018] Note that computation of V 5#(0) requires computation of the derivative of W(d)
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

20  at once [1]. The adjoint method for the least squares objective function and a gridded model

parameterization is summarized by the following algorithm:

1. Compute forward simulation of the data using the current model and the gather
signature w, as the source to get l,//mgc(M(k),wg),

2. Subtract the observed data from the simulated data giving 5(M(k),wg),

25 3. Compute the reverse simulation (i.e. backwards in time) using 5(M(k),wg) as the
source producing l,//adjoim(M(k),wg),

4. Compute the integral over time of the product of l//ca;c(M(k),wg) and l,//adjoim(M(k),wg)
to get V ul (XM, wy)).

Algorithm 2 — Algorithm for computing the least-squares cost-function gradient of a
30 gridded model using the adjoint method.



15[ 0018] Not e that conputation of VmMAb) requires conputation of the
derivative of W) with respect to each of the N nodel paraneters m. Since
for geophyeizeelo7givebl emrs N i s usually very | arge (usual lPgTrse@ 105209 One
mllion), this conputation can be extrenely tinme consuming if it had to be
performed for each individual nodel paranmeter. Fortunately, the adjoint

met hod can be used to efficiently performthis conputation for all nodel
paraneters 20at once [1]. The adjoint nethod for the | east squares
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or fully or partially stacking the data before inversion.

[0021] The compute cost reduction gained by inverting combined sources is at least partly
offset by the fact that inversion of the combined data usually produces a less accurate
15  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
can be minimized by encoding each shot record before summing. Encoding before
combination preserves significantly more information in the simultaneous source data, and
20  therefore better constrains the inversion [4]. Encoding also allows combination of closely
spaced sources, thus allowing more sources to be combined for a given computational region.
Various encoding schemes can be used with this technique including time shift encoding and
random phase encoding. The remainder of this Background section briefly reviews various

published geophysical simultaneous source techniques, both encoded and non-encoded.

25 [0022] Van Manen [6] suggests using the seismic interferometry method to speed up
forward simulation. Seismic interferometry works by placing sources everywhere on the
boundary of the region of interest. These sources are modeled individually and the wavefield
at all locations for which a Green’s function is desired is recorded. The Green’s function
between any two recorded locations can then be computed by cross-correlating the traces

30  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
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

-6 -



i ncreasing the conpute cost by a factor of Ng. [0020] The conpute cost of
all categories of inversion can be reduced by inverting data from

conbi nat iwof0783%2 sources, rather than inverting the POUMSRE 1/050209
individually. This may be called sinultaneous source inversion. Several
types of source conbination are known 10 including: coherently sum cl osely
spaced sources to produce an effective source that produces a wavefront of
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of i nt er extve fiPherfeboe desicdhilwpé.npr ovenrent has very limited applicability to
the seism c inversion problem [0023] Berkhout [7] and Zhang [ 8] suggest

t hat 20nvdP8Addn Van Rielnl@d alggesininyersiombyowedneded Staclinge et pattpl ntwnkiep cwided

si mul t ane s th C ent | . > i red
vave. 11 ont s ARG hity oL SHRTRE ORI PA hch BoIACHES: BRERATERA (0T, c.
dat a coulrespbe ®urhedtavkedhddta mehigdhivwiill et biattmiaede Ehub,i théapublicagén emggosts t he
source |acation to produce a dompi-?oi .ngn | ane v?v.e at some partjcular angle
W th respegfovf(%ctoﬁe QUHY a8 TRY'SOF &R i§u§ %0818 g"pe eﬁ%ﬁ PRYE o AN

cat egor i agicaff thanB@ksiu®'B [6 |Aipiilcht@mseircd idviison medtiald thestackiag sepaceby 10

su i on, of the sourc at hers..necessar.i| duces. the a nt of

nf ordtat i B MRSy the e Rtel iRlpARIR h Al Aa Foht EHHIGHT eSO Bhe wave
removes ahverdihiis ilddf @eMads@ainédthihie woeld hiavchedmtvah il ool d#ta. t ravel time
versus source-receiver offset. This information is critical for updating
the sl owl[g025ar Witrg [ bEGKEHoessMayrel Odutd YhatRdR] sundbtwidoerphat eoldesskimowt ' s

met hod is _not well constrained. . To overconme this problem many different
coher ent BnEuRicatiqe Stgacys aproving t ?Ta?f§01mcan@f VRV Oy 1P E R Epeadpd

pr opagat i @fulthERE @RS ) siG@ich. BRninMKME Wigsly pudedt foarte€hhd @ieeﬁlﬁl)intia?e lbost
since the cost of inversion is proportional to the nunber of different suns

i nverXled.Preservaignnudy apredpioEpaien thanstherrelredd s georaicd by Parkipul dtnsvexss zed
sources. JRELEHOLEwIRIGAGIALAS IR Gt BRMpEIEESMoRE r&iAPINESPWaEe OF a
sum of point sources that produces a wave front of sone desired Shape.

20[ 0024] et bRiused [rothesigyeiaien snushbengregpedolp srepmadaelall the adddlngpased parti al
st acki ng i.Lh C - J f i b ihSim C

dat o e o R B R I ek R BT i
will be optim zed. Thus, this publication suggests inproving cost function
based i nversion using non-encoded simultaneous sources. As was true of the
Ber khout's [6] sinultaneous source inversion nethod, the stacking suggested
by 25 this nethod reduces the amount of information in the data to be
inverted and therefore the inversion is | ess well constrained than it would
have been with the original data. [0025] Mora [10] proposes inverting data



this publication suggests inproving the efficiency of inversion using

non- encoded sinmul taneous source sinmulation. Summ ng w dely spaced sources
has t he awloantzgessef 30 preserving nuch nore infornati olCriEsnotiioso2evher ent
sum proposed by Berkhout. However, summation of w dely spaced sources
inplies that the aperture (nodel region inverted) that nust be used in the
i nversion nust be increased to accommpdate all the w dely spaced sources.
Since the conmpute tinme is proportional to the area of this aperture, Mra's
met hod  desneigrodyeoemucheTigray i ascoalddy aghicyedas theoumenc souedivesied i f
the summggl,squf GRS were near each other. [0026] Ovber [11] suggests speeding
up seismc mgration, a special case of non-iterative inversion, by using
si mul t anggysy cRagee %Qggegte%peeéf kb LRthd nggry@ernl QUSEALLRG MBhIRATy: 5 Ober
found that the resulting mgrated | mages significantly reduced

si gnal -t doymsilee byawsing simeltangoushencpdast sonlh:a@ fbﬂt%atdstlman@n@mmﬂlmgmﬁthmu ons
are naces§g ¥ U re than
16 shot o, Ok A 2 1o RRNRE R RN HAD SR ranl R WG
non-iter atuﬁvte thefeat shgnbrvgd hatd venoging oendtipng @rebegqeﬁamiyt énly ainplrosmm@féy hi gh

o 0ne kg, L SR A, 7 oo ) TIPS Bk 0T

nmet hod f ontiffasdry f Sing@nah- Mrmeahvemmotb;s 8it rvatyt @ney us bygis iwith) aitd mgceplﬂglmt
sources that are.actjvated.(in the I at var g tinme |nt rvals. A
et hod 1 G aE b AT B tOeRoMn BEbOR e . PRt dRa

si mul toaneRushysealricdssy.mul at ed data back into the separate simnulations that

woul d have been obtained fromthe individual point 15 sources. These
decoded daexy]cakdis [1I2$rsu@@swsgdnahbdp&rrt faetf f@wyrdcamuiakivn chyalsmiuhmbssﬂy)n
rocedure. robl.emwth |kel h IS tha t he proposed d codln

et hod w ITOIRTSCRE Sty SELH ASE S oA 5 WOMEET ol ralisr B P r™ 1 o t he
di ff er encheth®t MRRO dialisted foP RAAEINACRDE tiHOURIGES s1m£ha@oﬁmsoaﬁe\md1dlat&mme
signific for subsurface npdels that are not |laterally constant, for

exanpl e %ﬁ@ﬁ%&@wgp%ﬁ%%twas Hl?bwpﬁa hayg bese obratned fHom ﬁ]@ ARYidual pRing 20

noi sejsw | dou@EOWhict BERRQS HAt®RohIA thBE bBURBEhs Qhrt SdfMalt @Jﬂe&iﬂl%naﬂoiﬂ{f&%n Due to
these difficulties, lkelle's sinultaneous source approach nmay result in

unaccept dBpeEdwey &) Broblemnyith dkelie’s ssehof nis j thafethe infigposeds dessing abethechatll i s not
lateral | %r&d?l@@E%@Pated[da{%ztﬁlné%fs@?ev@l{’s‘/\%ﬁgﬂoﬂﬂmﬁ)lrt@Qﬁ@ﬁﬁ‘e@ﬂce*@eﬁp&n%taﬁiom' n PCT
Pat ent Application Publication 2081, which is incorporated
her ei n byedjagsrérsewices. iThisangisq will begastei yayfieantfor sbsufacongdels that arevisty cost
et f ecti Vau@RhNAthd . It Ehple!ttdm WRUES Ehliind ¥ ng(r-gﬁgstosré’l%rtﬁaﬂ{o?@?}ﬂs of

si mul t aneous 1 nversion of an enco gat her WI work for receivérs, either
vi a s¥ur owiscewdl v reqgirpposieint yo dlre lnymbwco&smgﬂnamuacspmﬁ:s riduse fov dlrese

| ocati ons i r e
Forver d_ Seuio TR SOHh Rl NG AL ey i BE RSB T T nalb b
effecti vafmdnrcmyers@a ﬁﬁﬂ'urt?aae énathpt;jhuetaHy contaRtibl i cati on No. WO

2009/ 117174, 30 which is incorporated herein by reference in all

jurisdi ctDe28d tS@atcea:hctcmhifmgi propdSeds by Kirble ot ak tin tPRAT Pehmmd’rwdjsatioﬁ Paihlatagomr e
recorded .for |S|t|on e Lrigs and t.h oyysa nd case
0 3D survEy YO BBl SR SubioRBetrE B RL oi@its i SR g e

si gniZsi caiibw i, is qo\reayamscﬁ‘fecave‘ me;(thdd todaeirviall msesﬂﬁptdatan(ﬂ& sa]mé agtrodcatofy val id

f t fi d .dat t th f i
LT enmor RTEROyS iRt SO bR Sl Rl e p O ST P Pl y gt B sreeFuen | n

surveys Vi/@@ﬁ\%r teh@rdcﬁgat b}Oétﬁ:odlflg ﬂt%@l@ﬂuk(l&é&l@f &chtioneth cotnhﬁorpsroaﬁ:bigemel@fot‘ enis
t hat not rec vers are Ilste i ng" to ever shot celq\ﬁers

that are qa afagy Eff; WEFdseriNe sy (rerPiov ﬂ@tadﬂ%nts%w atppfsOny %ﬁ‘@gw E‘f Bt"

"fixed-reped Viggle JFSUNPELIREL; sed F‘C'ﬁﬂﬁibﬁﬂ@’phcﬂi@bﬁ Ph@he"aublogrbSWG@do9nwbﬂ4errs it
is difficult to record data close to the source, and this neans t hat

near - 3f f swichyisneorogted hsreimby yefreucsiimall jurmdistiqns that aldov By Giyer fhedegtthee and

l'and sur MgYgedBot dhofard ResRed &SttRSiSal Mq{n@@i’bn g%mén@s' o HRRGANSInSRAIr ce
gather, every receiver location wll be m ssi ng data for some source shots.
P

I'n summarspse fRDssumeyy. spmpulsticoabwiiags Seom e metoe prsiqyie sigejficant.gn pestice,
si mul tanepy eae&eél@&dasaﬂﬁﬂmh vis RF Qi VARAW T Bkt Fomtloh fi8E QuMEleqliQBat | Ons

for every s
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10 and this may be referred to as the fixed-receiver assunption of

si nmul t aneous encoded-source inversion. In WO 08/ 042081, sone of the

di scl osedwerthedi7eent s may work better than ot hers when rh@/uSzxessrecei ver
assunption is not satisfied. Therefore, it would be advantageous to have an
accommodati on or adjustnent to straightforward application of sinultaneous
encoded sources (and/or receivers) inversion that would enhance its 15
performance when the fixed-receiver assunption is conpromised. The present

i nvent i orgepmeNitdel thagae of masnnyreemrsdatd-ibptsopicesand pakjerangys @ESFY be an
appr 0ach o, 5 ERER R SRl wHRY HRGock GG 1oY RicSiv bl R UL IR AL BRGAT R Sour ce

i nversion using a stochastic optim zation nmethod apply it to a direct
current rresplireopivesy s Oliiteng” SUNKR ¥h@FarpHiEe |rWVENF|t®ﬂ a Fﬁem@ cqnnvagn e

enbodi e am tsﬁ'cﬁ té) QYe. nhln? leb S\acﬂatg OffR u%ﬁéd—fe@b&%m‘n?gl et IT@Q?(L%n fdldl: Ito
wavefiel d 1 nversion, using sinmultaneous source en dim measur ed
geophys|da@ﬁdalmvbmmmﬁam§dﬁméywuh®xddﬂ@dOMnDtbamustymﬂWQShmmgdhmecarver
assunptlo ous .encqded. so i nversi

ohysr bal PGP L bRARONR RGN BE I 280 PG R Peo b S R AT 1 owi ng
steps, desaors bmdn wht Horr efisnbaeeud @utch %afhbo\mdfrﬁrréceﬁffer Fecgion2yillvileenssing al |

sunm ng, mul atin 0 and u t|n forned on a conputer:
(o ot ai T S5 SO PR AR Hatr e el e SR aut et

geophysi qgendatgtafédiy ,encaﬂe]cugartm dondet reiied it inscanke @afidhe fér eXre@ shecei ver
assunption. is not valid, mherekn gach ather is associated mn%ﬂ singl e
gener B i A8 tup ey Be refirred e @ e e Ty e A Ungion §f Smp s PYRecodeigowRRr ei n

each gat hgverdisn. ene 9@ D8(0G00R 1Wkdrhe af ehcf dien@Bd eﬁm@&ﬂhﬁtg nidyn\%m%n&%@[h ect ed
froma set of non-equival ent encodi ng functions sunmm ng

the encod¥®f gatlier 8¢ AXihEcqrEup BIPEimti gt asmwﬁeer )@éqe@é? ell, Wa%}tiab? ecor ds
in each gathfigebiRal KRE rBSREAHMb BN %r rhgju@tn{e%f:?d Vieligi BBV ar@rapplidaBbNdF i Vel y
to a single source, and repeating for each d eren% recei ver or

al t er nat i SByljpngys éla‘@ﬁedduspﬂ@%r{@ndé@urr@éwerw @@Wrﬁlpmngth% veould nghengaests
encodgd %ﬁﬁﬁﬁan@%n Ao ARAGEARL YBlnpRGAW edrilofREdafl Baken] fvchilen {1 €1 d
survey (90) where the encoding functions are nmeasured source S|?natures
(50); prOVIdes wayy ohdeingitng Habshyt plc BlIS] podesctibean paydesch (o e podblern of
subsurfa id t 0 ica
oropert y o icisevert 8 HpRAR RN Dk BBl SRalic Wbl

si mul at i ngethpdsytrddfmmlttogldmtttcarremmglsemwmetﬂeglat her of data using the
assumed physical properties nodel, wherein the sinulation uses encoded

source signatures (70), anJUNMARNOETHEINYENIIGN| t aneous encoded gat her
is simulated in a single sinulation operation; (e) conputing an

obj eci0i vel0929ctlh ome rrpdbodmieny the ossnicwY Sed gbmprtcbisiventadenvbeh faofullne

Z'r]g‘(;htez“g\g Bidld ‘%glgg)ngl?sﬂnhg 1m191E ?&%%g‘% ?éjen@éég ﬁg_%?q} %Jﬁ?edr%?gl}u %‘Eﬁgir %:oer itggeous

nodel by mmt‘wmt]zat rigest e saisfyett ifiwed-feaeiedriassun(plion pf 51multaneous en@q)edlsbm‘cat i ng
steps (a). ast. one, no t he

T5pr oper tree bR PSR T Phie e b Sl e uERE SRR B ed ey s cal

proper ti ebllewidglstepd) described with reference to the flowchart of Fig. 2, wherein all summing,

25  simulating, computing, and updating is performed on a computer:

(a) obtaining a group of two or more encoded gathers of the measured
geophysical data (40), acquired under conditions where the fixed-receiver assumption is not
valid, wherein each gather is associated with a single generalized source, or alternatively with
a single receiver, and wherein each gather is encoded (60) with a different encoding function

30  sclected from a set of non-equivalent encoding functions (30);

(b) summing the encoded gathers in the group by summing all, or selected, data
records in each gather that correspond to a single receiver (60) or alternatively to a single

source, and repeating for each different receiver or alternatively for each different source,
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step (c), resulting in a further updated physical properties nodel; and

(h) after convergence (120), downl oadi ng, displaying, or saving the further
updat ed phQ2bral74geoperti es nodel to conputer storage (P8O)US2BRIVKRE09
DESCRI PTI ON OF THE DRAW NGS 20[ 0030] Due to patent |law restrictions, one or
nore of the drawi ngs are bl ack-and-white reproductions of color originals.
The color originals have been filed in the counterpart U S. application.
Copies of this patent or patent application publication with the col or

dr awi ngs "RAHNEEN bt ApregowreaaedeR €2y B exinltenetivEbatranaing casadp¢ datepivn
request aRArAAUIRAL 0B widEHBAGATRRNCER: or2RLANRILINE: REARRALsopvent i on and

its advantages w | e better understood by referring to the foflpmﬁng
detail ed descrdpti oiuaig 4 Beyabl PRPEFicd HANENED) I0f WisGRurface regionFldg: 1A-C
are data of a test exanple, Wwherein Fig. | A shows the "true" velocity node
for the enredetips@iding evaluphef raddledst (psedphysicali prabetye aks Jasetans| trayghepgyihelat a;
Fig. 1B el ocity nodel obtained by inversion of the simnulated
surve% d§?§w§3%ﬂgg§&conventional 30L2 objective function; and Fig. 1C shows
the velocity del i €L i I S-C 1
obj ective fun tiOnm%@h?h%?%g@%gk?%ﬁ%@%%??%%b%gﬁ%gﬁg&ﬁﬂ@guﬁﬂ%@é%&éﬁ?@ a flow
chart shahysicpl pagpedics medel, whereinghé binutipauios enerdod dourensigrafuresh@0 prad ent
inventiv t. e Fi.g. ' r. - t] ST myl ismc
dat & shoa o AL impshit cofbed sBnGCa i BRE S ol sBhfbloRyfituRE!
cross-section, gf sj LS ing trh - I S space
100 m apart; zg‘ﬁd &Muﬁhg g%%@%@ngﬁéﬁpgiéﬁ%&?%g § ?‘ gmonf%eé&%gggﬁlglﬁ udy
showi g tthesiaitantagasoddl gatheenbodismedtdawfantl hiee pmekedtsimultaeetus wacoded hod
t hat redu%EFréBQ{local m ni mum probl em af fecti ng convergence during
iterative v ’on using a cross-correlation objective function.
10[ 0032] The i nyention..w | descri bed in. connection.wth exa
enbodi ment o.  Fowev SRR (198 Sus PR R et SRRET bl Ry M EPRIBR 1§ bt on
i s speci ffuaction (BOpar t i cul ar enbodi ment or a particular use of the
invention, this is intended to be illustrative only, and is not to be
construed as kgm t itergtitghsteissc GP€f) odt elre dnovienti time vGingtthe updattd physicalt |1 S
intended to cover al ternatives, di fications, and ui val ents .t hat may
b Y udetPers Riod et g B TR o i oo Hed Bind sy ol M ppendad
clai ns. DiepAb)- ERulDESRRI fhithdp d¥te dpRANEIL brdpMBEDh M Tnd[ 0033] The net hod
proposed in this patent nmeno uses a cross-correlation objective

(h) after convergence (120), downloading, displaying, or saving the further

updated physical properties model to computer storage (130).

BRIEF DESCRIPTION OF THE DRAWINGS

20  [0030] Due to patent law restrictions, one or more of the drawings are black-and-white
reproductions of color originals. The color originals have been filed in the counterpart U.S.
application. Copies of this patent or patent application publication with the color drawings
may be obtained from the US Patent and Trademark Office upon request and payment of the

necessary fee.

25  [0031] The present invention and its advantages will be better understood by referring to

the following detailed description and the attached drawings in which:

Figs. 1A-C are data of a test example, wherein Fig. 1A shows the “true” velocity
model for the exercise, i.e. the model used to simulate synthetic survey data; Fig. 1B shows
the velocity model obtained by inversion of the simulated survey data using a conventional

30 L2 objective function; and Fig. 1C shows the velocity model obtained by inversion using the

cross-correlation objective function of the present inventive method;
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function to invert encoded simultaneous source data. The raw shot gathers
that are encoded to form si mul taneous source data have m ssing near and
far-of f sewe 20toviols92s typical in a marine 20 streaner SBCTAR201AM050202 Uitive
under standi ng of how this cross-correl ati on objective function works for
full wave field inversion ("FW") for non-fixed receiver data can be
obt ai ned by considering the imging problem In FW, one or many nodes of
the seism c wavefields are inverted to obtain a physical property nodel of
the Earth. Fi F& %@n%iﬂaerdtaﬁe%hpwa@i l?a@wp%twllérﬁnﬁdﬁu%ﬁaﬁm €18 entsiuhee
reverse td @, Th@hald @fnéd RTM') . 25[0034] Assurme two neasured wavefields di,
d2 in the subsurface due to two sources and they are encoded given by, d
encoded _ " a%e%aépaﬂérossas%%% HOGRRRMISERmR aa%a gmlﬁg AeShl ONRPSAAL Or that
projects the data onto all receivers required fixed receiver
geonetrySp@@dﬁﬁnt%@ﬁoperator Pis sane for all shots then it is a fixed
recei ver 30geonetry. The encoded source is given by, S = alSl + a2S2 Let
the fdrward pFihiéns tessdesiivned sisylatedl seisgiq gt howinggha sy epurishgts space

di fferentjogly, %gﬁ or, dis the sinmulated response and S is the encoded
source functl "It we denote the forward operator by L1 such that
simlated dat gl Salscl oRp@AthARNRKLof REnBREKull] %R@\gﬁ%t 0 a@RSHALOGe éllpy L',
then the i mage obfaine By cross-correlation 1's give mage = ) 0
(i _i df i eTeddden) of Fhaes¢nt ipedatiye yneflpd t[hptdked}lc)es Eheloqaumstnm)tml ipfobizgn k 1
where P i gL %tcBﬁféﬁge%Eé ingi?tg{aﬁ%o{nvérﬁ%‘ﬂ g?%gcrb gﬁfaﬁo§ c?%gﬁmctno f he

entire donal n I xed receiv e cas

recei er ao?ﬁ]"“ | Phe DV EAITR &8 8%3%?%%%non 1‘§ n SR RMIEVEIRLIIRGRI VEr 1S

I|sten|n al | ‘sources. receiver geonetry, assune
t hat Pk |I§0wewer, po aileecxtamnh@tptee et‘blrblwmgltdetaéezdbéﬁtrimfonrlecsewﬂﬂ & flcparttChbr k-th
sour ce. ep the encoded data d

non-f i xed"% r?dlrr]r%:eo Ll Cpaf’tllc)l(llaé gse nglplég]%ls Jls'_llntended to be 1llutstrr_I ative on eanndbls
not to be construed as limiting the scope of the invention. On the contrary, it is 1ntended to

cover all alternatives, modifications and equivalents that may be included within the scope of

15  the invention, as defined by the appended claims.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0033] The method proposed in this patent memo uses a cross-correlation objective
function to invert encoded simultaneous source data. The raw shot gathers that are encoded to
form simultaneous source data have missing near and far-offsets which is typical in a marine
20  streamer survey. An intuitive understanding of how this cross-correlation objective function
works for full wave field inversion (“FWI”) for non-fixed receiver data can be obtained by
considering the imaging problem. In FWI, one or many modes of the seismic wavefields are
inverted to obtain a physical property model of the Earth. First consider the imaging problem

for simultaneous source reverse time migration (“RTM”).

25 [0034] Assume two measured wavefields d,,d, in the subsurface due to two sources and

they are encoded given by,
di™ = a,Pd, + a,Pd,

[0035] Where P is the projection operator that projects the data onto all receivers required
for fixed receiver geometry. So if the operator P is same for all shots then it is a fixed receiver

30  geometry. The encoded source is given by,
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Image =a (L-1 S )0 (1,-1 [Pk d k])+ .cti k=1li# 15[0037]If several

real i zati ons of encoding are used, the second termdue to cross-tal k

cancel s awo 20t207¢9t ri buti on to the i mage di m ni shes, treraisgoienbanci ng t he
signal to noise ratio. There is a close connection between the inmaging and
generating gradient for FW. If we consider the objective function (often
called cost function) in FW to be an L2, i.e. |east-squares, norm between
nmeasured and sinul ated data, then the gradient of the L2 objective 20
function is sinply the cross-cor et ath ov.®f t he back-propagated data
residual with the sinulated wavefield. For fixed receiver geonetry this is
good neadet ¢hesfioncad argbéemt be dératedr e éif ve§ whae | 7 is tlenpangpl tdiffaddtiasoperaes. For
non-fixed,recei.vers,, this is prob] enatic since the coded asured data is
ot of entd bR MPaT S oD SRS PoN Sk DG Seenory ] Se bR E Prigy and

ul ti mat el ypeaRPSyi Nt QAARERsindfidkd 883 3= 255 ARBRhHRWRYSIk hRHakdinh IPtra@pi Ned
fromthe inmagi ng condition where the receivers are non-fixed may be

per ceisveyas' ahal theintdgabbtamed by erosrsshator kghahbpn obj ective function for
FW can help mtigate this problem So instead of L2, we consider a

cross-correl atiion\ohj.ectiyv ncti.on, @i ven\by - .

2012/ 07 459P8ET @Qﬁ@lilﬁ)@w’ﬁ&%ﬁg&dﬁiﬁfQ%HQE%%H%@'(L Pdhd ass nmoen-
-fixedsi nul at ed where dnnmoen&-”s fixed are the “éncoded nmeasured data with

t he non- fuheedP fsebeproRtison dpatakoy itheg niapadhe tite cdmpaaBinftigy entbd dmaireoehdy/ef s ar e
not Iisteogitt.ng to the source are_assuned tig b.ﬁ zero traces. d sinulated are
the si mulAfBEd EEEEd Wabsaras Shii¥ W SN £ aHENTS206 der ! SOUReES $185F: C2fhi s i s
fixed " fgjnu@derﬁf&gieéwignstgﬂﬁgosﬂmgﬁcégl | the sources are fired simnultaneously
and every recelver is measuring the signal fromthis simultaneous source.

Suppoge fle036pachros hoh-fixBy RREREL soilelry,, asiin@ihet &0k hd FroRBRGH Sfcfaté@hto
receivers that are present in the survey and those that are m ssing, such

t hat one sobset vfiriededveck for th k-alt sohirce. Thenitiadnadded dad isgined @t ed fi xed" non
-fixed" mssing (d sinmulated _L d sinulated )neasd sinul at edd neasd
si nul at edd neas doeed  — o Pd, +a,Pd,

non— fixed

The image is then given by

Image = ZZ: a; (L’lSk )® (i’l [P.d, ])+ ZZ: a,a, (L’ISZ.)® (i’l [dej])
k=1 ij

15 [0037] If several realizations of encoding are used, the second term due to cross-talk
cancels and its contribution to the image diminishes, thereby enhancing the signal to noise
ratio. There is a close connection between the imaging and generating gradient for FWL If we
consider the objective function (often called cost function) in FWI to be an L2, i.e. least-
squares, norm between measured and simulated data, then the gradient of the L2 objective
20  function is simply the cross-correlation of the back-propagated data residual with the
simulated wavefield. For fixed receiver geometry this is good measure since a particular
receiver is listening to all sources. For non-fixed receivers, this is problematic since the
encoded measured data is deficient compared to the encoded simulated data. This deficiency

ultimately maps into model artifacts.

25  [0038] However the insight gained from the imaging condition where the receivers are
non-fixed may be perceived as a clue that using a cross-correlation objective function for
FWI can help mitigate this problem. So instead of L2, we consider a cross-correlation

objective function, given by:
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=non- fixed" ms sin g" on- fixed =non- fixed" non -fixed " ms sin g" non
-fixed nnoenas- focedl101dfi xednon nnoena-s' fixed 1111dfi xedas dl at ednons n
frcedl0ldwOxetk/d430@The traces that contribute todsinmul aret/ise@1ozeot!y t he
traces that are not available in the nmsmg neasured data i.e., dnnoena -s
fixed . Thus the contribution of the second termis snmall conpared to the
first termin the above equation. W can approxi mate the objective function
by, dsinul atedThe d as on - foced" non -fixed

fixed 11,1 neas d sinulated 1d." . noBdii.x€d 1111" fixed [0039] Also, if a

Ngma&u ns, preferably at each 15

different encoding is used f FJPQ%B
iteration, as taught by Krebs et ™4l Iln™PCT!'Pat ent Application Publication

No. WO 2 %ﬁi/ré) %2’938 1, aw.'ﬁle %ﬁ&%@(ﬁj ﬂe?gupadvﬁagd ?gl?‘{ ?ﬁt ryo%l—ﬁ%d %ngvgfss an1§ng ?tglg' tion

to changi ng en¢bdi“hg every 1teration, er optronis to use“a set of
encodi Ngsh@kraRRGH WG RLEIPEs BRSIINGEhihE tPMb AblcARcAVERAR B 36baRke0f the
objective function, i.e. the gradients obtained fromeach of the encodi ngs
when sumad. Yyl vae thveinavated gecodedadtitefiom thitremeltoceisabureatimciiane e isdmed hi s 20
aver agi ng process decreases the cross-talk- an idea that is very simlar to
si mul tandecssves deip cucRFMerpgicayagisedsimy banepidedndotychi iseivalilt Meefiufifer ent
encodi NgsALignyaF HIFKAR RubARGS lsoﬁraﬁ SRR Tdrthdh 301, $§porildalRY Soagl fige of the
gradient is also advocated In stochastic optimzationh nethods (Haber et

al ., [ 15]t% scifapox O Tersivewethat|dre pigsant imthp servey arsldtheseizbedi ane missingf suchéhapr esent

i nventive nethodtifm@@d_g mﬁﬁ%inbggwwnot m nimze, the cross-correlation
objectivémFﬁﬂEWPSn,ﬁ+bméV -mgne? edne ref ormul ate t he obj ective function,
e.g. replace it by its negative, in such a way that one effectively solves
a mnim zat i(dﬁiﬁfﬁifaobldelﬁs{fﬁ}@dgﬁggg al d g1t e s, of 4 HLE D in, t he present

i nventive” metho m&stg‘§QM@r to 6bmfﬁmzemgnaﬂmﬂfé| bV € @gm@&u n. Dependi ng
on the choice of"thé& opt i zati on al gort hinf™i . e. , N'ihether ™'t s sol ving a
maxi Moz At At BaffcBhbaBLH A2l QO d RecRBhACHL 6y LGhEAR Fan be
chosen such that It preserves™tfte main characteristics of the

cr oss- cormesbyed dea pe-oger ty. t Has taer eonfribybensef they sccord tgry issynislltqompgred dal e of

t he dat a.thMNirse@dMam BsRE cduabot WS&ENGPHOLInALd AN RItie6 inkgod ByNCtion is it
makes the FW insensitive to the scale of the wavelet. Effectively the
travel -ti me conponents of tQ;zwaeﬁﬁﬁﬁdamemJit with this

[0039] Also, if a different encoding is used for some iterations, preferably at ecach

d simulated
Sfixed

d meas
non — fixed

15  iteration, as taught by Krebs et al. in PCT Patent Application Publication No. WO
2008/042081, the second term will eventually diminish. In addition to changing encoding
every iteration, a further option is to use a set of encodings at each iteration designed to
obtain an average gradient of the objective function, i.e. the gradients obtained from each of
the encodings when summed give the average gradient. Therefore at each iteration this

20  averaging process decreases the cross-talk- an idea that is very similar to simultaneous source
RTM imaging where the images obtained with different encodings are stacked to cancel the
cross-talk noise. The averaging of the gradient is also advocated in stochastic optimization

methods (Haber et al., [15]).

[0040] The overall goal in preferred embodiments of the present inventive method is to
25 maximize, not minimize, the cross-correlation objective function. However, one can
reformulate the objective function, e.g. replace it by its negative, in such a way that one
effectively solves a minimization problem. The general expression of this step in the present
inventive method is therefore to optimize the objective function. Depending on the choice of

the optimization algorithm, i.e., whether it is solving a maximization or a minimization
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5 objective function. This can be easily seen if the objective function is
witten in frequency domain where the phase is a function of the

travel -tiwe.208y183%et i ¢ Exanpl e [ 0041] The feasibility of PChAISpriess8209

i nventive nmethod was denonstrated with a synthetic exanple using the
velocity nodel shown in Fig. 1A In the exanple, 383 shots were 10
generated with 80 m shot spacing and receivers were placed every 20 m To
simul ate the non-fixed receiver %eonetry, for each shot we renoved the near
and far cfgosigin thhopiessiue fupetiagieaas be ehnsepish thay & PrOOven the mainhpraggristist ended,
the missigignd G6QINAEIAM Froplinyt MG 6 AMseRNeft8anPhibifhS shicdrdhaddl® An

fi xed-receiver assunption. Those shots were encoded to formthe neasured
encoded ddvantagatof dlec¢rosstagrralpfignolectivh dungtien isneamekésre F¥lgmsensigvauioethie al | t he
sequent | L8 Q?fh% \x}aOelet.lEfféé?i@ 13 it Bl g&ﬁ‘ﬁ%ﬂ@ntg DPRE wavdrh P e Wit uflL f T er ent
encodi ng functions 1o form 8 si mul'taneous sources to conpute the average
gr adi ént .obPeprentiinetepnohis @an heictsily soasif thal dbj¢csive fmstent isiwrittehen diequcage
gradient,Oog§\y%94%90£%g%pj%ﬁsmg% %qm9&4§&§odings. This is inplenmented for
both the 12" Onbj ect i ve Funct i'on'and thé' €ross-correl ation obj ective

functi on.SyP %CZ Ttpng lgul ti-resolution method with tine-w ndow ng was used to
carry out e Version. In the nulti-resolution method, data are

wi ndowed [B41 r e dllerfeasithlitn o the preserd ivientne métkod wasaetesioostraadobitheasynihepé cal | y
the .dat a agm lge s%n%vﬁg Vf fo AV S %QV% A Eig! KT Ene ef Lo le?% 3 ts Sis rr\xpecrjee !

obt ai ned From the sl ow Tre ency inversion is used as e’ starting nodel for
t he néxt denghed with 80ueshoyspbangandibeccdverewdraphoel dveryiXdenl Toxiavieiedhecmny er gi ng

to awo olution often.referred as | oc m ni sol.utions. Fi re 1B
ons el Gt Rl ok BB b B oS Py Mol SRR PP useloBihy
artifact sr@apodigvesE®NMI to bhh Adh@tabal lonwmaide deeyepaith aotheteer smideal . The

nodel in Fi.g. 1C i he result of usi t he cross-correl ati on objective
functi on.Ofkl“’%éV‘r‘Pgé%‘;e@F%"a’i@?@ﬁ%@%%ﬂ%ﬁ% PF WEHRERAE AR B e‘ﬁo t he
nmodel of dnt@icd URa. A€da0h QEGHGGIntIREnPRBQK UbisRA, ¥Halcdtal@hLleqedtieihbgliat i on
measure i s nmuch better suited to handl e non-fixed receiver geonetry

si mul PandBusus8urtd ereeds B s 4BTe nyers it sopdiae drediontde rigrmatt on
obj ecti ve;hMRatdRRoUTBY (S BGAI BE al@£Rlgrdilidht. "BepMi@e bBoWw RHEE BrofeaRIids bei ng
added are spaced too closeg¥. Spaci ng shot records further apart resolves
this issudeselyin fhedeieeget HadighoQpt cat iNGiease e inBFbophgngodings-t hEhis Aver si on,

ther eby dagadhag iiBendnal  bitedhe tigil BRlnd RYSIbREMRBIccif Niidho resol ve

this conflict is to split aval e shots records into several groups,

wher e shqpo428COrflR RAGHARAIRBN! Qethdlf M%&Wﬂ%wﬁ{geﬁéﬁﬁ%dmf Sl &t tﬁ@ﬁ” . A

different group of shots may then be selected in each iteration of the
nonl i Wearinyasspet slpdlie, myfitrpsolugion mygthod pdatdpag winslewpd b Befluetydbapdsoestbiligay be

r epeat ed i : t i i i e 5
encodi ng k %%g%ﬁs%g;byﬁ%f%]c?%ﬁ; t eét?%ulro%gﬂ @?@%&yurgggféﬁa&%gmﬁ%ﬂggr ed
dat a gat Hhe s10d¢| dbtaared ddtinm ghef lawcirdqoersy finverdet & uset oy ths stagtingi modehéorstbe ect ed

f [ ' i | - fact.. th
ancoi ng FEnREE Ly b 204 AnFAR BIsACh fEdnt FubELEy shibe i 7000
whi ch w |dften edferirdd dsriodaherigms adlusbst BpacilBghdvad thowiodg dblencddsmgpieesZznt ed by

Boonyasi riwal apd Schuster, 10, where th appl hi s a fixed:receiver
oot o artipy Bheq YL afifes sl B i o LR ol fad P i Feh andom
encodi ng mwefudamne enddellin0Fig.1]C isTthé Sestile oh néingl ehefddss icoesl@ami dbfecaofunsgmci ng can
be used iy the present .inventiyve nethod for reducjng _crosstal k_noise for
on- st at | Disergod R cre™ Qe O THEAE T SHBMGL I R Eor B

separ at i aBinfdicih$the DBTIrVa@bn Ga0thp Srdvé-cEddtion @anals ismychRtteevitaed hahd®44] The
followi ng is. an exanple of app]ying the getérat egy descri bed above.

15[ 0045] PRAEH FSCEHy eI SORATSSIRBIHIGARIOVEE 8donst rated with a synthetic
exanpl e. There are 383 shots generated with 20 m shot spacing and receivers
are pllacd804Ver ynyessipy erﬂi SR EoaY ETTHEOR oRPET e durceR DT cgonist rocal of f set s

from posihings ¥8h hetsBurde KiFbAE Beis @Hdddodre §4eBd 8dQlosellN 9B ir b6 red6@s encoded
to formthe neasured encoded data. At each iteration in_ the nonlinear

i nver si orfurter pAL| esphes RIS Soupcby et died amguie gHpigfasmeted gieg die ¢ adi ent .
Figure anv?ers%}{?"éﬁeréb?ede%fémngfthélqﬂiﬁgl §f {hB3HnaPinCertdiQRSdeY SRAGH rdsHRE @nid0 M,
whereas Fig. 4 shows the sum of 4 'shots that are further apart (here 100
m. The basic idea is that increasing the separation of the shots reduces
the cross-tal k conponent in the objectlfve function; however, too nuch
separation |leads to gaps in the data, which reduce the ability to update
the nodel. As stated above, this situation nay be alleviated by choosing
several groups to formthe encoded shots. 25 Each group has well separated
shots, but using several of these groups fills the spatial gaps that would
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30 run with encoded shots that were closely spaced with 8 realizations per
iterations. Figure 5A is the true nodel used in this exanple. Figure 5B
shows t hewoesili7¢sobr om si nul t aneous source inversi on WheTiUuse01308020€S ar e
cl osely spaced. Due to presence of crosstalk in the nodel, the inversion
could not find a suitable update beyond 50 iterations. The nodel at the
SO0th iteration is plotted in Fig. 5B. For conparison, the nodel fromthe
50th iteration when shots are well separated is plotted in Fig. 5C. There
was no coniichdénée spitod] @mllﬂlah Higtst Freoridhveiesicaeral grape Veermsbot teerder

agreene ntbeR)‘?ltgﬂYE e0hElsSfe gl%ggl) épﬂ e Qﬁf’t%%ﬁf&érﬂ %rouﬁ Brangk mAy thPB46] The

foregoing application Is rec ed to particular enbodi nents of” the present
5 i nvent iselictbdin tded lmm@é tlof n¢nlingastipepryiony vintil all roupy havigebcaip peade e

however, rﬂ%gcg?snﬁlaf lf)'e cf e(geqteh Nk Eorﬁfrefg’enéeh abn g tfi% ddn’&l clciﬁlt O(E)‘ﬁe q{'q/ tl{atflé at I ons

to the enbodi nen i bed herein are possi frodi fi cati ons
and vari asmi:@ing funetidng ttlew dedtintlyo theesowict lignattitve asd:dpencasum&éaipr%ﬂlem All

i nvention, a flned i he a p ¢l.ai S0Nns .S illed.in g art
v cadep et hunRs ) Dkt RRBLIER: BBl R R BE g bt BE, o
| east sorset @fualttbaen@t apsact, nhet dsm,ocﬂmgﬁmnmns Tthyi he\meti 1ovrendmﬂjnol¢boaar the plotf or med

on a corrput i e 1 |on is (0] ut er. erren In syc cases,
Che r eountieny abmatony Ol i Pefed RE8 Wit TRy TR bR wi-Siihroadea
di spl ayed3ooayastbiuednd Schaortip a0, w&é@rﬂa@eappllyemeltcemﬁﬁal rleselveTaplam midefor 2A

"l nversi gngfOf seismc éEf I egtl on data_ in e aco(lllstl c a ,?
Geophisi ofent Ppsnosc- 13815 ¢4 %4‘?“6 ugng ‘é"lerr m gncodigs §edpP t }Pb ent
wavef or M tbdMRfS | 10N iR AglsihERBoNGacidy Tk Aegyd idrhs phes: |1ﬁ‘@nf1@€ﬂmf@h for
frequencies,” Geop hﬁ%ﬁllcs 69, 231-248 (2004). 3. Fallat, R, Dosso, S.

E., " Geodedlsiig Cotkepascoiar PpustpiiRuaty, regivisa) Otheh ekt i1 aﬁb}awg% &reekhs,
Jour nal %Boﬁs@ﬁarﬁ%%%ﬂe%&hllé%%u%g ¥t @bt BERAd 68 JlRvisd219- 3230 (1999). a.

H nkley, D. and Krebs, J., "Gadient conputation for sinultaneous source

i nver si onop44PCT ﬁ@tfelmw1%|ah%§4mﬁwoﬁﬂpiyhfgahé QR desw@oe%oa@%ell7l74 S. Kr ebs,

J. R, Anderson, J. el amani, R, | ey, , Jing, C, D ckens, T.,

Krohnys C.j0045] ay rFe@mblPty of this b%bhdhels IdeMBHistiad vaih eds%lnﬁleflé @fﬁnﬁiléﬂﬂ{lhh%rb@@us
geophysi cal sources, tent Application Publication No.

2008/ 042081 S Otsge%ﬁdwﬂw m phot ypacingyd Fecsy e areplaedevencly . do Ssmulat@ Maki ng

vave by ol 8¥QANSREver g r&“& "e@fﬁdnpgt% tw’é&@@%ﬂ %'ﬂﬁn%%@@%o}%admﬂb'@'
Meet i ng Expanded Abstracdts, 1763 hout, A , "Areal

shot recoryse sldin@reogieodedyisyforal thef m@éﬂf@@h e@ccEB@él ciaraatAtowcll ltesm% 1in 2B
(1992).

nonlinear inversion, 8 simultancous sources are used to compute the average gradient. Figure
20 3 shows the sum of 4 shots that are closely spaced (here 20 m), whereas Fig. 4 shows the sum
of 4 shots that are further apart (here 100 m). The basic idea is that increasing the separation
of the shots reduces the cross-talk component in the objective function; however, too much
separation leads to gaps in the data, which reduce the ability to update the model. As stated
above, this situation may be alleviated by choosing several groups to form the encoded shots.
25  Each group has well separated shots, but using several of these groups fills the spatial gaps
that would otherwise remain if only one group is chosen. For the example presented here, 4
groups are chosen at each iteration and 2 realizations are used for each group, a realization
being a simultaneous source simulation with a different set of encoding functions. So, in
total, there are 8 encoded simultaneous shots per iteration. For comparison, an inversion was
30  run with encoded shots that were closely spaced with 8 realizations per iterations. Figure SA
is the true model used in this example. Figure 5B shows the results from simultaneous source
inversion when the sources are closely spaced. Due to presence of crosstalk in the model, the

inversion could not find a suitable update beyond 50 iterations. The model at the 50™ iteration
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WD 2012/ 074592PCT/ US2011/ 050209 8. Zhang, Y., Sun, J., Notfors, C, Gay,
S. H, Chen-is, L., Young, J., "Delayed-shot 3D depth mgration,"”

Geophysi cw0OR2012/E202E28 (2005). 9. Van R el, P., and Hemrdmiuszoiwseeo9 D. ,
"Met hod of estimating elastic and conpositional paranmeters from seismc and
echo-acoustic data,"” U S Patent No. 6,876,928 (2005). 510.Mra, P.,

"Nonl i near two-dinensional elastic inversion of nmulti-offset seismc data,'
Geophysics 52, 1211-1228 (1987). 11. Ober, C C, Ronero, L. A, Ghiglia,
D. C., "Neplgel ofFin 3 dior pgmiseiemnitee medsd g the @0 Siterpagnevibenngots growall 094

(2000) . stparathK &l ﬁl@nedL ﬂléat e'\@‘llletré w%é“ﬁ@tc'oﬂ& 81%‘61%& Qurﬁl%' tﬁ@‘n?vef’ﬁ%ﬁ' ' 29

and acqw sition, nt No. 6, . Ronero .

Ghi gl i a, Thereds mucibbﬁﬁter @reagient M\Weﬂjrflgsgc mld 5A Fldaab@twemliig$ 3G aofl 58hot recor ds
in prestack mgration," Geophysics 65, 426-436 (2000). 14. Jing X,

Finn, C. [9046]Di cRisnforcetingappliopipn éndirqotedgo ,partentap ¢mbgdipagnts iopltke pigeant gat her s

Vet ng eupanaed LsA S UL EROD, APy PRSI AARATS FERIIE |

Her r mann,art; fat lealfyelmodlﬁ@tlm dnddrafigronp ar therembedimeitts datriled hwetrmrPDEmble

i o ip st Ao AR B b Ao RE R o 1R E0EiD e ScolPSrild Brosent

Krebs, J OhVEnEfon Am dﬁ'msd) im, thappiedddei crtd{ﬂneyPerRmsrelshed\melheaaraml], re&lllywex@gglza OLee,

Anatoly mste rtin- aca "Ful | ield seismc
Mver ) oo g e e Bot Rt SRy dety 1 SGRRT TR VetageiSboo)
17. Bkl)pn)/iﬁ@dnflvmbtho&lare [ﬁﬁdrn&dhm&t @J’mpu@r,, i 8l 1Me|nt1d)18 QLbl’oﬁ@uﬁ‘eﬂinhpIMﬁétﬁ‘dOr m
e O g Y 1A G Ao RS S A0 oo T RAP IS ARRLASE S 29,

dlsplayed, or saved to computer storage.

References

15 L Tarantola, A., "Inversion of seismic reflection data in the acoustic approximation,”

Geophysics 49, 1259-1266 (1984).

2. Sirgue, L., and Pratt G. "Efficient waveform inversion and imaging: A strategy for

selecting temporal frequencies," Geophysics 69, 231-248 (2004).

3. Fallat, M. R., Dosso, S. E., “Geoacoustic inversion via local, global, and hybrid
20  algorithms,” Journal of the Acoustical Society of America 105, 3219-3230 (1999).

4. Hinkley, D. and Krebs, J., “Gradient computation for simultaneous source inversion,”

PCT Patent Application Publication No. WO 2009/117174.

5. Krebs, J. R., Anderson, J. A., Neelamani, R., Hinkley, D., Jing, C., Dickens, T.,
Krohn, C., Traynin, P., “Iterative inversion of data from simultaneous geophysical sources,”

25  PCT Patent Application Publication No. WO 2008/042081.

6. Van Manen, D. J., Robertsson, J.O.A., Curtis, A., "Making wave by time reversal,”
SEG International Exposition and 75" Annual Meeting Expanded Abstracts, 1763-1766
(2005).

7. Berkhout, A. J., "Areal shot record technology,"” Journal of Seismic Exploration 1,
30 251-264 (1992).

- 16 -



CLAI M5 1. A conputer-inplenmented nethod for sinultaneous encoded-source

i nversi on of neasured geophysical data, acquired under conditions where the
fi xed-r ecwOver2/as®anpt i on of sinmultaneous encoded- sour c@Cirfusee12i060209 s not
valid, to determ ne a physical properties nodel 5for a subsurface region,
conprising the follow ng steps wherein all summ ng, sinulating, conputing,
and updating are performed on a conputer that is programred to perform

t hem a) obtalnln%&g group of two or nore encoded gathers of the

measur ed feopHPaie Xl At b M. CedTande H. <disdist Loouphdr eDelpged-shot 3D

fixed- reqﬁb%g&géﬁéyng%hgﬁw&ﬁnmgﬁ1E§§Cg05mhere|n each gather is associated
with a single generalized source, or alternatlvely with a 10single

receiver,qg and Wwhehgi i SRGHQAAK ST 1 15, aRGRIest cihflig (Histid ﬁ{ae&'ﬁnp%ﬂﬁ&ﬁ! ng

function selected froma set of non- eqU|vaIent encaodi n unctions;

(b) sunminagnickres Boro sdedicgad pdwichustic fea,g ok Fatsyt Ig@mﬁmgzmoosm sel ect ed,
data records in each gather that correspond to a single receiver or

al t er Mat i Wel y Masa.&- siNpgliecas bue-dimensione] elegeanyaigor of melicHisel sefseriedatat ecei ver

or aIterQ%;hé%(XSEqQIFQ%ﬂ3@b§{erent source, resulting in 15a sinul taneous

encoded gat uning a physical properties nodel of the

subsur facg, 1 egiian.c. aiichIndsl Prokel 801Nl 1ALl ﬁﬁ&ﬁ@%{;@gﬁ*ca'

property at |ocations throlughout tHhe subsurface regfo

si mul at i igSaPatgnhiNeed.9Z1.@M2A0ANeous encoded gat her of data, using the
assunmed 20physi cal properties nodel, wherein the sinulation uses encoded
source silgnat dkadls, Lafid "Whiki-giontizmappredch do s¢inmictapdebog 2eheoniedicgat Her i s

S|nulﬂ§eq?%glﬁo Qﬁ@g7§ﬂﬁy ation operation; (e) computing an
obj ective tunction freasuring cross-correlation between the simultaneous
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(g) iterating steps (a)-(f) at |east one nore tinme using the updated
physi cal properties nodel fromthe previous iteration as the assuned
physi cal woapeywi®s nodel in step (c), resulting in a fecrhseowmpsered

physi cal properties nodel; and (h) downl oadi ng, displaying, or
saving the further updated physical properties 30 nodel to conputer
st or age. 2. The nethod of claim1, wherein the objective functionis given

by or is nmathematically equivalent to: dneasd simulated non-fixed m
non-fixeds fixed 1111C fixed 11 fi xe&AMMSre d nenon'ixed are the

si mul t aneous encoded gat her of nmeasured data, and d is ainmeudiated are the
- f si nullat ed Asicapetanidwlgneaisdomedrod doh simylisesausi godsilnoyrag deveadeia of r aces

for all recelN@led RGRal @RS a%ﬁ%ﬁ'ﬁﬁde@@&ddvtﬁm%hér@ﬁfetﬂx\é&r&kaﬁgs&n&i%ﬁfoi‘CU' ar
shot, and I1-11"denotes a selected norm 3. The nethod of claim?2, further

conpr i si rgméfspeonicnepdrhigourdsenvisjiecisingevafidnietdetsrming o pligsicrliprapetiestoedet i xed - s
fixed 5nor}—0if hﬁﬁlggurfac’]elregioﬂ;e&%lprising the following steps wherein all summing, simulating,

computing, and updating are performed on a computer that is programmed to perform them:

(a) obtaining a group of two or more encoded gathers of the measured
geophysical data acquired under conditions where the fixed-receiver assumption is not valid,
wherein each gather is associated with a single generalized source, or alternatively with a

10  single receiver, and wherein each gather is encoded with a different encoding function

selected from a set of non-equivalent encoding functions;

(b) summing the encoded gathers in the group by summing all, or selected, data
records in each gather that correspond to a single receiver or alternatively to a single source,
and repeating for each different receiver or alternatively for each different source, resulting in

15  asimultancous encoded gather;

(©) assuming a physical properties model of the subsurface region, said model
providing values of at least one physical property at locations throughout the subsurface

region;

(d) simulating a synthetic simultaneous encoded gather of data, using the assumed
20  physical properties model, wherein the simulation uses encoded source signatures, and

wherein an entire simultaneous encoded gather is simulated in a single simulation operation;

(e) computing an objective function measuring cross-correlation between the
simultaneous encoded gather of measured data and the simulated simultaneous encoded
gather;

25 () updating the physical properties model by optimizing the objective function;

(2) iterating steps (a)-(f) at least one more time using the updated physical
properties model from the previous iteration as the assumed physical properties model in step

(¢), resulting in a further updated physical properties model; and

(h) downloading, displaying, or saving the further updated physical properties

30  model to computer storage.
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"fixedl111" fixed d sinulated non -fixed 11 where d sinulated " non -fixed
are the sinulated sinultaneous encoded gather such that the traces

corr espormiprgi¥a439ecei vers that are inactive during a p&criusediansehot are
substituted with zeros 15before encoding. 4. The nethod of claim1,
wherein the encoding function used on a gather in step (a) is changed in at
| east one of the iterations. 20 5. The nethod of claim4, wherein two or
nore sets of encoding functions are used at each iteration and are designed
to obtairt-an dbheragbogoidilam lowherpd oty ebicFtire fuiéen ¢nis 8VPhebymet Hod of
claim 1, wherehit.fldusepdbng functions are changed in every iteration

257. The nmethod of "claim 1, further conprising obtaining at |east one
additional group of two or nore encoded gathers of the measured geophysi cal
data as in step (a), and perforn.ng step,th) for each additional group,
then accunul ating the corres gﬂéﬁngwc ﬁggied obj ective functions from step
(e), wherein the updating of tﬂhggn¥§m@§y“bﬂoperties nmodel in step (f) is
determ ned by nmaxim zing the accumul ate

d conput ed objective functions. 30
WO 2052/ 074592PCT/ US2011/ 050209 8. The nethod of claim 1, wherein said

encoded gat hers..of neasur.ed data are encoded by te ral ly .£enaval ving al
races. t RIS o gat B Tht PR Rl S A P ol S LBREEP LY oy PirchE D her
59. The neithdatcdfsigiltenenus , engbrerd egather hacludiee smylged detactebetl fgarthareivef
measur ed ldatiansawbetbdstagiiveedr Ingctolst duiring Rgpagiacutve sbotohndi it d denotry a sgedphysi cal
survey i mowhi ch data are acquired froma plurality of sinultaneously

oper afg ng, uni quely encoded source devi ces.

3. The method of claim 2, further comprising approximating the objective function by:

simulated meas
dmm — fixed ® dmm — fixed

where  djn%  are the simulated simultancous encoded gather such that the traces

¢ =

d simulated
Sfixed

d meas
non — fixed

corresponding to receivers that are inactive during a particular shot are substituted with zeros
15  before encoding.

4. The method of claim 1, wherein the encoding function used on a gather in step (a) is

changed in at least one of the iterations.

20 5. The method of claim 4, wherein two or more sets of encoding functions are used at

each iteration and are designed to obtain an average gradient of the objective function.

6. The method of claim 1, wherein all encoding functions are changed in every iteration.

25 7. The method of claim 1, further comprising obtaining at least one additional group of
two or more encoded gathers of the measured geophysical data as in step (a), and performing
step (b) for each additional group, then accumulating the corresponding computed objective
functions from step (e), wherein the updating of the physical properties model in step (f) is

determined by maximizing the accumulated computed objective functions.

30
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10. The method of claim 1, wherein the nmeasured geophysical data are froma
seism c 10survey of the subsurface region. 11. The nmethod of claim 10,
wher ei n twe 2genes®ki zed sei sm c sources are either all porrus2&00s@2es or al l
pl ane-wave sources. 1512. The nethod of claim 1, wherein the encoded source
signatures used in the synthetic sinultaneous encoded gat her sinulation

ei ther use the sane encodi ng functions used to encode the sinultaneous

encoded gat her of neasured data or are functions made by tenporally
convol vi iy rmed$emeghodrof ekpim daybercwsaidcaceded gathers of nmgptured ¢ge gagecadatodi ng

functi ong, Usadoh®, ERSONRldMErLA fERRANGING WIRARY ERDaBBHRTioh Rel&h&Pof ) -

wherei n the 20neasured geophysical data i1nclude neasured or estimated
source sithhgathpres of each source activation. 13. The method of claim8,
wherein the encoding functions are of a type selected froma group

consi sting of linear, random phase, chirp, nodified chirp, randomtine
shift, and 25frequency independent phase encoding. 14. The nethod of claim
8, whéreih t hdhemedwidmg claimdt wbersingthe twd obmerct apsedefl gathes rad egenreddataind of

anot her t r har..:Sour. 7 / 1/ . The
met hod ofXQﬁg%ﬁ$i?&Wﬁg?£@%g%ﬁ%meﬁﬁ%%%%égé8ﬁ%ggﬁﬁgﬁégg%gé%f%?ggg%?éﬁgnprove
qual ity ockqtited fiobj ®pltialiy Ffumotimously dperatiigeumetchothcodedsbaienlevicewher ei n t he
simulating in step (d) is perforned with a finite 5difference, finite

el enent or finite volume sinulation code. 17. The nethod of claim 10,
wherein the physical property nodel is a nodel of seismc wave velocity,
sei smi ¢ ellast iTde peethodetfenlasm Is evherpire thg mcasured pgoppavicahndtte rge Brmgeiesimic

anel aRt i Cslu}%y BAHhAURL GRe rég@on.

11. The method of claim 10, wherein the generalized seismic sources are either all point

sources or all plane-wave sources.

15 12.  The method of claim 1, wherein the encoded source signatures used in the synthetic
simultaneous encoded gather simulation either use the same encoding functions used to
encode the simultancous encoded gather of measured data or are functions made by
temporally convolving measured or estimated source signatures with the same encoding
functions used to encode the corresponding measured gather in step (a), wherein the

20  measured geophysical data include measured or estimated source signatures of each source

activation.

13. The method of claim 8, wherein the encoding functions are of a type selected from a
group consisting of linear, random phase, chirp, modified chirp, random time shift, and

25  frequency independent phase encoding.

14.  The method of claim §, wherein the encoding functions are of one type for some

sources and of another type for other sources.
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18. The nmethod of claim 1, wherein a gl obal objective function optim zation
nmet hod sel ected froma group consisting of Monte Carlo, sinulated
anneal i ngyvogersdt7#so2or evol ution algorithmis used to upaarastha/osazde! .

1519. The nethod of claim 1, wherein a |ocal objective function optim zation
met hod sel ected froma group consisting of gradient |ine search, conjugate
gradients or Newmon's nethod is used to update the nodel. 20. The nethod
of claim1, wherein nmaximzing the objective function conprises 20conputi ng
a gradi entd- of Thpengdjderftglaimn f.uveareinihiprcading Jwectiong ge paaed dp SMBPVE he

physi cal RLAPSFIH©BjcBRIGinctiogl- A conputer-inpl emented nethod for

si nul t aneous” encoded- source 1 nversion of neasured geophysical data,

acqui red under conditions where the fixed-receiver assunption of
25si nul t aneous encoded-source inversion is not valid, to determne a

physi cal g opaint inRehodRA€lairh A7 whersiHRBLULFAGENE §OIQI) RAMPRHHBINith a finite (@)
obt ai ni ng neasured geophysi cal data from a geophysical survey of the
subsurf achfferensieofniferslopenter finie velume dinfudation ¢ede. assunpt i on was not val i d;

(b) using a progranmed conputer to invert the nmeasured data by iterative
30i nversi on conprising using an assuned or updated physical properties
nodel to sinultaneously sinulate survey data representing a plurality of
survey solr cedhe giethgdiod clagn ilQetvhergn phaphaypicalyprererty epasliel e pamodghef wismis our ce
or recei S ur on.;al: : : [Nao [N o Y8
sinulateﬁﬁgfn&??ggééﬁgmgﬂg%%%ﬁﬁggﬁkg%io%mgggﬁﬁ€§?§§ﬁIﬁgﬁggﬁiﬁ% $ﬁ%§€sion
furt her conlpsticsy pgramettsr mi ni ng a nodel update for a next iteration by
optim zing an 5 objective function neasuring cross-correlation between the
si mul # ed si nul t aneous encoded gat her and a correspondi ng si nul t aneously
encoded gat her of the nmeasured geophysical data; and ~ (c) downl oadi ng
or di spl ai ng Thn mgdliut efdclpiny $i wasreipr o plobtli eechipel dinchpn eptimiAgfiqnt metyo¢ onput er

menory Orseféﬁt{c}glfrégﬁoe{ g%tﬁ% c&%isti%%of M%ﬁte’@é%f&?gm‘aiaté&' AhQifg; (MO & RofBOE ©r all

of the geop are rtirtion
algorithm is used to update the model.

15 19. The method of claim 1, wherein a local objective function optimization method
selected from a group consisting of gradient line search, conjugate gradients or Newton’s

method is used to update the model.

20. The method of claim 1, wherein maximizing the objective function comprises
20  computing a gradient of the objective function with respect to parameters of the physical

properties model.

21. A computer-implemented method for simultancous encoded-source inversion of
measured geophysical data, acquired under conditions where the fixed-receiver assumption of
25  simultaneous encoded-source inversion is not valid, to determine a physical properties model

for a subsurface region, comprising;:

(a) obtaining measured geophysical data from a geophysical survey of the

subsurface region in which the fixed-receiver assumption was not valid;

(b) using a programmed computer to invert the measured data by iterative

30 inversion comprising using an assumed or updated physical properties model to
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into a plurality of data groups in a way that increases separation between
source activation locations for within each data group as conpared to the
some or awb20f2/u7®2geophysi cal data before partitioni ngpCans$2ath®seonul at ed
si mul t aneous encoded gat her for each iteration 15corresponds to a different
data group wth all groups being used in the course of the iterations. 23.
A conput er program product, conprising a non-transitory conputer usable
medi um havi ng a conputer readabl e program code enbodi ed therein, said
conput er SREHaIUSlYp sieyam POvey odua awafstRing or purkiyc af edrey SMEIcEment a

met hod T Ofeiblfidhy APRAUS) SCOAAS SOEGPJuReek SLARClinMRRASHR SR ORARNYST Cal
data, acquired under conditions where the fixed-recéiver assunption of
si mul t anetsusncefeso destltisg i & simuated simpHaiegunecoded| gagher pb sepehesiad dea.ghphysi cal
properti 0 i
(o mputhy R et icompRe WA ARt SR Tu SRl fr TR0 e RO,
geophysi oﬁoﬁectlx%fudam m%hmir@i qnoseaohelg@mwwaes tes g oolagdednwliantoua es¢ng<ll e

generalize rce | tern tlvel single receiver erein
ach gat et St GiSionfink FASHTY el Buft HBHY o BR FLan SR AF o'
set of namdequi val ent encodi ng functions; (b) summ ng the encoded

gathers in the group by summng all data records in each gather that
correspond to(@ si Wrﬂowdﬁrge@ruﬁqplay'mgednt@dmd pheiopl popatisi mgded os ervinget and

30repeat| g fog eac %ﬁﬂﬁr receiver or alternatively for each different
source, reSUMRYHJ" ?ﬁ“%og ?"8%%eous encoded gather; WO
2012/H74592PCT/U82011/050209 (c) inputting a physical properties

nodel of the subsurface region, said nodel providing values of at |east one

physi cal propett cat i t hr.ou hout he.subs rfa (d)
ol aci i o ahduslion PSR AT E “ane Bl O BT AR G 5 Byt
assumed Sphysplealitypsfajaer grogs inadedy, thadhiecredsss tdperagommbdtatdnosoutes estnanom)ded

Sl ot o o8 & i el SefuR S fupa LR, (O R SOy SRR AR ' °

obj ect i vevefdirGlaltRidniig SR ItRY skid&st iul@h&ub GhcRREWeitr bRE Wae ifcheon
si mul t aneous encoded ther of neasured data and t he si | at ed S|nyltaneous
Pifrsit o t

encoded FRFTRPPNIS 9 #) dadp eroup oRiS 2l rouns ot Pd odel CoBge htter zi ng
t he obj eGteatignd uncti on;

23. A computer program product, comprising a non-transitory computer usable medium
having a computer readable program code embodied therein, said computer readable program
20  code adapted to be executed to implement a method for simultaneous encoded-source
inversion of measured geophysical data, acquired under conditions where the fixed-receiver
assumption of simultancous encoded-source inversion is not valid, to determine a physical

properties model for a subsurface region, said method comprising:

(a) inputting a group of two or more encoded gathers of the measured geophysical
25  data, wherein each gather is associated with a single generalized source, or alternatively with
a single receiver, and wherein each gather is encoded with a different encoding function

selected from a set of non-equivalent encoding functions;

(b) summing the encoded gathers in the group by summing all data records in
each gather that correspond to a single receiver or alternatively to a single source, and
30  repeating for each different receiver or alternatively for each different source, resulting in a

simultaneous encoded gather;
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and (g)iterating steps (a)-(f) at |east one nore time using the updated
physi cal properties nodel fromthe previous iteration as the assuned

physi cal woapeywi®s nodel in step (c), resulting in a fecrhseowmpsered

physi cal properties nodel. 15 24. A nethod for produci ng hydrocarbons from a
subsurface region, conprising: (a) performng a seismc survey of

t he subsurface region, wherein the fixed- receiver assunption of

si mul t aneous encoded-source inversion is not satisfied; (b)

obt ai ni ng a véYoci ipuipel@l Physical ieoraites upedst ef thegsubruriiee avgiemeaidbyods met hod
ZOCOWpI‘ | %r&gdlng values of at leadt rb\ﬁ@rpthfyﬁall erthl, Y?c)’cat?oﬂg'etﬁﬁ)ﬂ‘él%t dat leg}ffa'cé erative
i nversion conprising using an assunmed or updated velocrty nodel to

si mul t angegishy sinul ate survey data representing a plurality of survey
sources, or alternatively a plurality of receivers, wherein source or

recei ver si gnabur esmufatinge syithetie ainfuancapecnspdaddether ofedatal pipgyth assamed nul at ed
si mul t;an %gg o i i o] urt her
conpri SI ﬁﬁyﬂg%}ro (rglglﬁgde\%{eifvg(%l&{l yﬁlﬁogﬁﬁg%%dg%g e?‘gé&g Str?tehic? I gguzéisi grﬁé by
optim zi nghea:nn ab¢reict imelténgoustenonledreatbarns ngulstedsa single eimatldtion opaativmen t he

si mul at ed si nmul taneous encoded gat her and a correspondi ng sinul taneously
encoded gat hefe)of tdmeputipgsuplyertiva fienction measurifggrogdroofrtlatign ketwish betwsto a
ayer | 0 hPSRHBRYL ACSualanol HRNLI G Bl deGihiRA RO QRLAR
interpretation o S ruc € su surface regl o usi ng an updat ed
velocity gaddel from (b); and WO 2012/074592PCT/U82011/050209 (d)produ0|ng
hydr ocarbons fromthe well. 25. The nethod of claim1, wherein the
encodiong i s péhf or nekitilny thewhysigll prapgrteaotvdgadiyhartinaniog deothjesour ectgingnat ur e
by a selected encodi ng function, and wherein in each iteration of 5 step
(g) one of “ror e encodi ng functions are set equal to zero such that the data
records not zer.oed.correspon e _activation t|o je nore
separ at ed, on? ver%tlemtmgtIilteS ﬁﬁkﬁhéoﬁggéﬁféaogg%p 9@?’ ?§a£gﬁswa

encodi ng,propetties aiddeld“&trmthem@'ﬁ(ﬁhs itbatingasubedbsurmedephyriodl phfpleﬂgs metddedste@s t he

iteratio rogr ess. 6. The, net. d of claim 25, wherein the encoding
functiongghgzS@E%H”FBnﬁﬁHH%ﬁ?vﬁﬁﬁ‘ SEPIBERE ot s in each iteration that
Wil ﬂ@sult in increased shot spacing.

24. A method for producing hydrocarbons from a subsurface region, comprising:

(a) performing a seismic survey of the subsurface region, wherein the fixed-

receiver assumption of simultaneous encoded-source inversion is not satisfied;

(b) obtaining a velocity model of the subsurface region determined by a method

20  comprising:

inverting the survey’s measured data by iterative inversion comprising using

an assumed or updated velocity model to simultancously simulate survey data representing a
plurality of survey sources, or alternatively a plurality of receivers, wherein source or
receiver signatures in the simulation are encoded, resulting in a simulated simultaneous

25  encoded gather of geophysical data, the inversion further comprising determining a velocity
model update for a next iteration by optimizing an objective function measuring cross-
correlation between the simulated simultaneous encoded gather and a corresponding

simultaneously encoded gather of the measured data;

(c) drilling a well into a layer in the subsurface region identified at least partly
30  from an interpretation of structure in the subsurface region made using an updated velocity
model from (b); and
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27. The nethod of claim 1, wherein the neasured geophysical data being
Inverted are full-wavefield seismc data.
WO 2012/074592 PCT/US2011/050209

10

(d) producing hydrocarbons from the well.

25. The method of claim 1, wherein the encoding is performed by multiplying each gather
and each source signature by a selected encoding function, and wherein in each iteration of
step (g) one or more encoding functions are set equal to zero such that the data records not
zeroed correspond to source activation locations that are more separated, on average, than in
the measured geophysical data before encoding, with all data records being used, i.e. not

being zeroed, as the iterations progress.

26. The method of claim 25, wherein the encoding functions are used to randomly choose

the shots in each iteration that will result in increased shot spacing.

27.  The method of claim 1, wherein the measured geophysical data being inverted are

full-wavefield seismic data.
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