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AN EFFI Cl ENT METHOD FOR | NVERSI ON OF GEOPHYSI CAL DATA

CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] This
wa@ppbiicari on cl ai ms the benefit of U S. Provi sPOEE2009/032010

Application No. 61/070,297 filed on March 21, 2008,

and is related to PCT Publication No. WX2008/ 042081

A I I O TSR A

I nuul Pt

| NVENTI ON [ 0002] The invention relates generally to
the field of CROSSHREFERENCESI®REDYTEANAPRDIEATIONS
particularly to geophysical data processing.

O ot o o b DTN BBl B kL fcion o

61996 Q9aiﬁle§§‘¢1§Maﬁch5231U POES, ant Ny R MeN D PEPPRABBEABh No. WO2008/042081
si nul ation t hat corrput es the data from many

puklishad padesili$0,20081 the enigebpdfyshickls lgmrp@r@@dlhy refseence herein.
execution of the simulation. BACKGROUND CF THE
| NVENTI ON [ 0003] Gepyipivis oreTHEWMEVENGTIONL. 2] attenpts
to find a nodel of subsurface properties that
opti mal | gnhexpl ains observed data and satisfies

[0092b1 ogi c eaﬁwn@e@ pRNtep sncrande ke Hell ofreropbysdisad pgospecting, and
I
mor@b%ﬁgﬁgﬂp Fﬁﬁ_ﬁe él% %1 cl‘aEa n@%c&@ﬁl %3)69 1C@F3p I‘Pl%%’%lb%ﬁ lon 011§ a method for
invieyiorC @f eer iaeguircdt Romt madtiple uebphysitabRduideN sidlematselstic sources,
. inversion. The followng are definitions of what is
VoS BFYP Isigal sigyplagige hejf campuiteswye cataefam @any popoipeously-active
A that is
ge&;ﬁ?m‘tﬂ% ﬁ{?eé’ dyd%agigﬁljlrtnl%ﬁgo fé%err]rsé&glﬁdlrt%gﬁe background nodel
and updat| ng the nodel based on the input data. This
met hod does not BAYKGROUNDDEXHBARIVENTIONUt to
anot her step of inversion. For the case of seismc
[ogaf a t he%%_ogl%ﬁshﬁgﬁlv@ ?oncﬁrﬂgoﬂeﬂl fsetgqr{deéjmtoaelaocf subsurface properties
I magi ng, mgration ffra |ontom)grapy or Born
thait mpemsllp rexplaGB0djsevt & ratai anei satwBess gamogical rmdrgsbplmysical constraints.

i nvol vi re i tipus | nt. of. the subsurface
Thigicoperd i’ Bb o BRIl FIR P THBUEr OF SCPOBREAL Hiterion. These well
kn&@h | SERGYOThIN Vin®X Rhal 6‘13 thhec %%Weé’ eﬁelgﬁ‘&@ vaérs&ﬁ' eand non-iterative
I nversion converges, then the Tinal nodel wll better
inverydmai The Hellobseraredefintianand whiat is mrmaonllyasean}t by each of the two
roxi mate the actual subsurface properties.
calfRBIS | ve

[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 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
observed data. If the inversion converges, then the final model will better explain the
observed data and will more closely approximate the actual subsurface properties. Iterative
inversion usually produces a more accurate model than non-iterative inversion, but is much

more expensive to compute.
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i nversion usually produces a nore accurate nodel than
non-iterative inversion, but is nmuch nore expensive to
w@eopaiaz{ 0006] Iterative inversion is general PgT/US2009/032010
preferred over non-iterative inversion, because it
yi el ds nore accurate subsurface paraneter nodels.
(00481 o t Un@kRkYe ihvicBli@ IsVRnbRAUGHEMBRed Sy Ron-iterative inversion, because
conmputationally expensive that it is inpractical to
it yaglg$ yorre accoratamsubspifads| panemaér madads. ebnfortlnatslyhitgtative inversion is so

co tati onal ex se. i.s the result of the fa t hat. )
co PR R Bins R G dorL et Fa g o gHBupE Dlom 8 interest. This
high"Hofipaital@ndl KPR QS resltO e @at d1MBv&kioANWchniques require many
I ndi vidual sinulation is proportional to the nunber of

compuie c g¥enstyebeingteamsed, Thndomppiec diney of hewye iadigidugh gemulation is
nunbers, of sources.in geophysical, data..The .problemis

QgAY b eamPp S e iRl B i A BaichlE R g et fumbers of

soutbEEDargeephysicalliahl aNS phdtadém MYstacb®ae@ TOtt&dtivSinversion, because the
proportional to the nunber of iterations in the

nuinheeeissimrlatigng thah musubbh eempiited iseprappdiesalrtedhé neabersof iterations in

typical | the .order, of. hundreds.to thousands,
tne 585 P s S e PiaRb RS s plshPy B MiSarsgs gfhundreds to
thoweidded enpl oyed i n geophysics is cost function

optim zation. Cost function optim zation involves

jterative mnimzation or Xi m zati.on .of the val ue, )
lﬂdfﬁ h resff@etmpa EABMOBe cINOXS HelaB¥E IpYATRIPR olﬁle@eﬁ/p employed in

ge(‘(/:ﬁaihiygilas ii$ RstRASHLE RlinfilRioll SOkt BRIMEEDptiREzation involves iterative

cul ated and observed data (this is also sonetines
minigfigatioadrtroaxamizahien oblectdlve Withotspan o thehmpdel tMeof a cost function

cal cul ated data is, si ted with onmput er . usi ng,the. .
SOEE TS §anySiatane B deri et hoearIsnn on bRy s is also
sorHOVREIVRGr RO RAGRIILRR L flndBoDOWRER tBd 8@l latbd dta TRHMMBred with a
represented by a given geophysical properties nodel.

commpretesiusingathcorugenp geentysiosl megpeiecsdorwdebyndntheophysics governing

sever al nerical.nqphods i.ncl udi ng . b not Iinitﬁd.t? )
prapaggtion QafinLF? SPBHT &8 1Hid ' EHBSRES e‘f 539 AIRY; §RQPIE ! propertics
modleMUITAL | @R IGR6P %ﬁbhﬁﬂ@nscﬁﬁ%% st B BB of Re@irIngimdRal methods
frequency or tine domain. [0008] Cost function

inchptingrbutandtdimitst teolisitcadiéfeaanchefinitcod ehengrorglap bekcing3] The simulation
d obal thods sinpl.y i I ti. he . t
cof R TERRERS T BTSSR 0S' .

..} and selecting a set of one or nore nodels from
[00:08ht popdloat fumetidh @ptimpgartion imethedsyami ¢githet 2ecabliglodal [3]. Global
further inprqvenent |s desired this w. sel ected set
mefodsSHBPY RYAVE FRRPHING, &Ogs%acmﬂ?@ for @eﬁ?@ﬂﬁf@n Qf models (M,

VTSP LBl T o L RS AR LASABE, i
aperagimated ehinimize iEM) e §ft further improvement is desired this new selected set of
models can then be used as a 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 an iteration, or at a higher level each set of populations

tested can be considered an iteration. Well known global inversion methods include Monte

Carlo, simulated annealing, genetic and evolution algorithms.

[0009] Unfortunately global optimization methods typically converge extremely
slowly and therefore most geophysical inversions are based on local cost function

optimization. Algorithm 1 summarizes local cost function optimization.

.
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popul ati on can be considered to be an iteration, or at

a higher |l evel each set of populations tested can be
we@ongittdared an iteration. Well known gl obal i nREF/E509/032010

met hods i ncl ude Monte Carl o, sinulated annealing,

genetic and evolution algorithnms. [0009] Unfortunately

gfo {Rtd % jret hods typically converge
ext?%h%ﬁ% §¥%mﬁ hgﬂ%’therefore nost geophysi ca

i nversions are based on I ocal cost function

opt compeingothe gradioriof ks qoss finetion 26Y) Madalesrass to the parameters that

fungt.| timzation. - ? -1. selecting a starting
nndg%¥%g?a%3h%%%ﬁng the gradient of the cost function
S(M with respect to the ﬁaraneters t hat describe the

nbded¢arcldng deraprc pdajed orodah thap dae gerivddebn tofidhe isgrteng model in the
perturbation.of the.starti nodel in the negative
P nrEne  arid RS ioR R el b Ay Bl er veo

data. Algorithm1 - Algorithmitor pertormng [ ocal

Algdvsthn LN g@Nh@Fbi Parforiniiglocdl @A inditvinSopifaggdur e i s
Iterated by using the new updated nodel as the

rting del for another, gradi ent search, The .
10§95 oo TBR Pitcetie it R B dsinedhhgte) S diedel pnfhe strting
modef for faR6ther Ltaic@xBéREHS ThE@rRSesontidusiadfil aFApIRRHYodel is found

used |l ocal cost function inversion O methods include '
thag satdifastorilg eapleins tho p])wgmded adgr. atpmntonlyamstd Nega sastsfunction inversion

thad., Next, .this backgr.ound inf.ormati 111 be :

Qg el e debAnt SgrBe i God Tetna MEged  Next this
badeRGINdQRToPRLGGH WAL bORpRfinEh SBincwlAlAokctdne acoust i ¢
approxi mation i s a conmon geophysical inversion task,

is generally illustrative of. other types of . N
lﬂﬁﬁgphysi L5Fal CAYIEFOR ODNFRIOR S SESTE detd nie agppstic ppproximation
‘ : . . ¢ o
PR SRR SRR G 10 QOn R RS, B s of
geephgsicalr ingfrsiunp dVismmenesrsing Saismia data .in thddoudiés epprokingtion the cost

t he subsurface nodel, O g = gather index, g = source

funclifR £AHPF WHFCYAt her g which is a function of spatia
coordi nates and tine, for

Ng Nr Nt

S(M)=ZZZW(I//cazc(M””’f’Wg)‘V’obs<””’wg)) (1)

g=1r=1 t=1

where:

S = cost function,

M = vector of N parameters, (m;, m>, ...my) describing the subsurface model,

g = gather index,

Weg = 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,

Ng = number of gathers,

r = receiver index within gather,
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a point source this is a delta function of the spatia
coordi nates, g = nunber of gathers, r =receiver index

wowvdaobitnigat her, N 1 = nunber of receivers in a Per/bgr009/632010
= time sanple index within a trace, Nt = nunber of
time sanples, W= mnimzation criteria function (we

N, usual fyyniehepeeeiV)in 7 g¥thér, Which is the | east squares
(L2) criteria), ycaic = calculated seismc pressure
data fromthe npdel. M yobs = neasured seismc

t pre§§HP%“@%ﬂ%FmFE®ﬂ%T1WE@“@athers of seismic data in
Equation 1 can be any type of gather that can be

N; Si M ingidr bti@dBgarhplds,0f a seismc forward nodel i ng
program Usually the gathers correspond to a seisnic

shot, al.though the.shots can be re gen than . .
W ot i mBHHREEN o Briot SiF deuBnEh R LR i hdasshich is the leas
sqERES @3peRdEay 0 the location of individual point

sources. For plane wave sources g would correspond to

di fferent plane wave propagation directions. This
Vegrenarealculades seiie grogurg datp droga theauedebMoher be acqui red

in the field or can be synthesized fromdata acquired
woMST BOnPRIAY sSRMICHSssuld@itgal cul ated data yc a ic on

the other hand can usually be conputed directly by

usi ng a generalized source function when forward
[0HBdel i ng.Thrartheemf seijpessdass inguation | ivaBe piyytype of gather that can be

AL 08 L0 RS, GRS R R PESGRIPA 30 comson

to taaseishic Ghomp ulthéughnthti shibtsne@died nfods gandedli thtin $OiHt Burces. For point
[0013] Equation 1 can be sinplified to: where the sum

soges the gaBpy/iwdex grarresnepds tenihe dacatian abindivigual gaingseprces. For plane

= C - [ . . . .

walt Yoliftel 2 YOO odrisihd 1o ARl e Gk b id Singorions.  Thi

gelidRaldet 86Mce tdatal pUAL @ntdidenBel etquMed us thd fiell oB(cM bk Sy@thesized from
m nimum This can be acconplished |ocal cost function

datggciwietatsingnpoint sobragpddhe salewlated ideenyamde thedther hand can usually be
foll : re k is the .iteration nunber, IS the, ..

corBupd AT Ben Gyt & ehguiof siaee Rt Ve e PRdeting. For many

typ6 ast RMvalf niddelimg, Sittudfngn kit i fféRKQN Midbing, eHPe&Impufation time
t he nodel paraneters. The nodel

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

source.
[0013] Equation 1 can be simplified to:
Ng
S00)- 3ol

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

5(M’ Wg ) =V (M’ Wg )_ W obs (Wg) 3)

[0014] The object of inversion by cost function optimization is to attempt to update
the model M such that S(M) is a minimum. This can be accomplished local cost function

optimization which updates the given model M® as follows:
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perturbations, or the values by which the nodel is
updated, are calculated by nmultiplication of the
w@e@ditenv4 of the objective function with a stepCT/Esyn$032010
a, which nmust be repeatedly cal cul ated. [0015] From
Equation 2, the follow ng equation can be derived for

t he gradi ent of t he ¢0s ctl onput e the

gradi ent of theMg 1y IM{lorralt &Q%isary to 4)
separately conpute the gradi ent of each gat her's
contribution to the cost function, then sumthose

wheesnk 1si theiiteHen nTmbeefop dhe sorkar é@m@lﬁtﬂm m@d\%llupé@tﬁomd VuS(M) is the
gt of e P RTREOMCRMPY ERftR g B BustiPE R GRRER The model

pedirBStichs 98t fhelvahRs b avicReicembdel F9 Lp@ir@R RS tAdllated by multiplication
probl ens Ng usual |y corresponds to the nunber of

of gleo prasint af thoobicetsvy Bmetion ot i stepofengthsouwbish must be repeatedly
laﬁgﬁr atus being considered a separate source) and is
calgfileffle or der of 10,000 to 100,000, greatly magnifying
the cost of conputing VM5(M. [0016] It may be noted
[Otlllsat c ompuirattiqoationf 2, MhdNoBpwirenequatsen confpudaivied forahe pladient of the
rivative of WS) with respect to each of the N nodel
Cosﬁg nghiePers Tn 1. Since for geophysical problens Nis
usual ly very large (the nunber of different paraneters
times the nunber of m)deIN rid cells where the

par anet ers nus s i g usugl ly nore

that one mlli E&M@M& 3) extremel y (5)
time consum ng |f |t had be performed for each

i ndi vi dual nodel pararreter [0017] What is needed is a

nore efficient method of conputing the cost function

Sogp anbirgte, tlwi grh«liamt afi thaidostchmttiore dtict hemss'ary tchecparately compute the
ccur ey | ocal cost functi orpg zation. The

gr%}e@é@ t aF T /7OBEPHLPY o ththFat fang Ons Jop Eposqgentributions.

ThEI’%thc\[)rg ﬂloﬂaﬁ‘ e rreﬁz[ly‘%g ffgfeggrnn%lftltllgl v 15O thrfesdhe compute

COﬁ'pU er | enente medsur e

cfforoRQyBECadb dbadrnineo tideeiithibigora ofhy Singid g@ﬂl@ﬂ&btﬂhesgradlent For
nodel for a subsurface region, conprising a)
ey sicali rgbEMgr M psustly tapsreenondp e tléqqe@lab@f @fagmhxm@afl sources (each

loctaﬁgn Séég\?c% %%QIQWSSB&?% cgﬁsﬁ&rec}/\,@ gérgteesfbglgceg%hg E§S P{ﬁ;the order of

assocl ate general |

10900ks %Gmﬁgk@ﬂ% REhiTiag thd/coshbit damepuﬁhggy £Smecei ver,
and wherein eac gather is encoded with a

[0016] It may be noted that computation of V W(9) requires computation of the
derivative of () with respect to each of the N model parameters m;. Since for geophysical
problems N is usually very large (the number of different parameters times the number of
model grid cells where the parameters must be assigned values is usually more that one
million), this computation can be extremely time consuming if it had to be performed for

cach individual model parameter.

[0017] What is needed is a more efficient method of computing the cost function
gradient, without significant reduction in the accuracy of the local cost function optimization.

The present invention satisfies this need.

SUMMARY OF THE INVENTION
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di fferent encoding function selected froma set of
non- equi val ent encodi ng functions; (b) summ ng the
wepwoded7gat hers in the group by summ ng all dBECEHUS2009/032010
records in each gather that correspond to a single
receiver (or source if reciprocity is used), and
[0018peat i ngy foRk @AIAirHeALf ﬁ{eeﬁltveﬁt?&ﬁisvﬁroon{p%&lﬂlﬁﬂﬂﬂtgnétﬁe(fimethod for
si mul t aneous encoded gather; (c) assum ng a physi cal
invgrsogre of inesasned egeophysidaé ety dewomincegipbpsica aprdperidemodel for a
iding values.of at |east one physical property at
SutFS %g?eirgﬁg’ Nt $PIIGESGt t he subsurface region: and (d)
i nverting the neasured geophysical data, one
si mi)it anebnamimgwwo@dulgatﬂwewo atr andrenencodsd ngptidre of the measured
a SuIre hysi cal operti es nodel an initial del ,
Sliciﬂéiag% vaﬂéreyn 9%&&6%11% 1%%%?%9%%@“3@0@1% %B?ﬁeiaélzgg gQyfe or, using
soJrE’@ Fﬁtc'eﬁ/@r & &d'lf Qm‘ﬂ%%#%q%%ei%ﬁfah& w@l%?éﬁ?@&[bh gather is encoded with a
si mul a ata and e measured geophysical data
diffemerg enardam&ﬁmmlmp@édomdl fiodry sisciadf nonepgevialeasenmodmlg, functions;
wherei n nodel adjustnents are nade using a gradient of
the ost t.
par So; el At ichld BARES i (B BhofoPRE T3 tata records in
cadhnp@feathiad rcoatspondr 0du Gingd rem:mie(dr source if reciprocity is used), and
si nmul t anegus-source data sinmulated forward in tine and
repspidnsion caghdifferignbisaay dotrselbing &t a sigiianeauenerdskweatheri n
time. [0019] The updated physical properties nodel
typioal | ﬁssluﬁuﬁg)wwgd fopriet MeodeP BP WEEuRNrfB@VRYidnD said model
conputer storage, and u?tl mately used to infer
prqyidize ebics of ah deast @no fphasiealnnibpeto Ak lashtionsdthoahpeinthe subsurface
ro I N th%%ubsurface regi on. BRI EF DESCRI PTI ON OF THE
[ 0020] The present invention and its
advantages will be better understood by referring to
t he(d)ol | awiertingdtbe aicheuedigmphypitil dataaont siteltatepactredded gather at a

awings in which: Fig. 1 is.a fl chart.
il e Pep ey o BoRERES grodlcppbdefiel Moddl, and iteratively
updd@hidORoddritd mikintiSe & chdt Fh G heaSNHY BYrRASH HisPit BOSveen model-
in an alternative enbodi nent of the pr esent i nventi on;

sinkilgfed Gatg odhet meastua@iegewehmqaﬂ ylatmw gbnan@e dntupdefed hysi@l propertics

t.h as.ur ed inth esent ed ) )
madeh ol RS dd e BoHs ol Srhils e s HBER B T, coth function with
resﬁécst to it Bastbne RN %Qﬁr&%r&lﬁlcﬁ %trzﬁﬁént Cﬁ c&ﬁ%&’c@dﬂ'ﬁ‘oﬁi a time integration

source data fromthe nodel shown in Fi

I 9
of gfmm@@mﬁﬂmabéo&mubmdedomw dete sdaulategeﬁoewaﬂed ttmo@and encoded

snnutltageozu% OSOSIf‘CG Eiat% snnulated backward in time.

[0019] The updated physical properties model typically is downloaded from the
computer or saved to computer storage, and ultimately used to infer presence or absence of

accumulations of hydrocarbons in the subsurface region.
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Fig. 6 shows the initial nodel (210 in Fig. 2) for the

i nversion exanple; Fig. 7 shows an L2 norm nodel fit
waensas7ird erati on of the sequential source andPenusue032010

si mul t aneous source inversions in the exanple; Fig. 8

shows the results of the twelfth iteration of the

Shovs the ootttk BESCRIFEANE HEDRABINGY, of (e

encoded si nmul taneous source inversion in the exanple.
[0({201)2 1] Théae iprogeditinantivh bhd headlastiptdet] babarnoeddrstosd by referring
its preferred enbodi nents. However, to the extent

to ﬂlﬁa&)llqvweg flsterlediengripeanmindahic adached gramanesiis wdiehi fic to

a particular enbodinment or a particular use of the
Fig. NM&RFloRbhaktRh&wing Habit 8RES th dre ddgbddlirthéts lof @fel prescaninyention;

and is not to be construed as I|n1t|ng t he scope of

e . |nv nt i the contrary, i ntend

Fig, o dt La r%%t”ﬂ%?as%&ﬁp? T shidnaia eaﬁ?%%ﬁq?fs the present
invieR@én;MBY be included within the scope of the

i nvention, as defined by the appended cl ai ms. DETAI LED

DESCRI PTI ON OF EXAMPLE EMBODI MENTS [ 0022] The present
Fig. ds8arp $it kas yeiresy Bodeddised i gdsratq e npgqgured data used in the example

t
pﬁ%un&?%%%ﬁ%g?+ﬁ$é§aygﬁﬁgE%W%BW%ﬁ%at y regggegozy usi ng

~a method called the adjoint nethod to calculate the
Figydatipwnose ssureergatlos of sdquaetidl spurae defe drofrothe mpslel shown in Fig. 3;
| ocal opti m zation process, and then applying that

Fi2BRhERS E‘lnhfPtahéb\ﬁ@reh%&f%&@&ﬁ@e gah @ﬁe?at@& gﬁh{@{é W&Bﬁg 2;

source data, thereby conputing t e gradi ent of
encoded si nmul taneous sour.ce cost function. [0023] The

Fig gjsBpwe thesntvighmede] (Y tidda Ddortheinycesion sxagdieor m (see

the discussion follow ng Equation 5) the conputation

Fi%ﬁ SRyvsOft LY atdrvemOlicl WtS)erWist ierSRFPEL thet Rq8@##A1 Qburtd@nd encoded
nodel paranmeters W1, for all nodel par anet ers at

singhigaequs[sourth envahi@isnn theetxhoglt or t he | east squar es
obj ective function and a grldded node

Fléo }r ABRL @d 17e§ﬁ1{so(§f tH@YWQEh %é b iof &tk &y %&J{uleﬁt\f‘dll RGurce inversion;
he data

algorithm 1. Conpute ormar simul at |
andisi ng t he current nodel and the gather S|gnature wg as
the source to get 2 . Subtract the observed data from

Fié he sRd bt Rutlah R ol wzerﬁ%l-ﬁrst iteration of the encoded simultancous source

inversion in the example.

[0021] The invention will be described in connection with its preferred embodiments.
However, to the extent that the following detailed description is specific to a particular
embodiment or a particular use of the invention, this is intended to be illustrative only, and is
not to be construed as limiting the scope of the invention. On the contrary, it is intended to
cover all alternatives, modifications and equivalents that may be included within the scope of

the invention, as defined by the appended claims.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0022] The present invention embodies a realization that the computational time
needed to perform local cost function optimization can be greatly reduced by using a method

called the adjoint method to calculate the gradients of the cost function needed for the local

-7-
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3. Conmpute the reverse sinulation (i.e. backwards in
tinme) using as the source producing yadjom, g ) , 4.
w@9pi1Aa74 he integral over time of the productP@f/US2009/032010
ycaic( wg) and yadjmti Mr) wg) to get VMWd(Mw g
)). Algorithm2 - Algorithmfor conputing the
opli®Batios GRS LthbM | ahadiaBRba@ t8 GRbdd athers of
P e EANl oA b [g%%ﬁ{ o, BbAdaRoded gathers o
sinpdpeauatsowige dhtat therayy adinpntisg theignaflieiof adjcodasied wenttadeous source
IS efficient relative to other nmethods, it is stil
CO%EWVMQBStIy. In particular the adjoint method requires
two simulations, one forward in tinme and one backward
[0023] t i me, Tanddjcnt getplysinclad ugrdotol effieichiipgerform (see the discussion
sinmul ations are usually very conpute intensjve. Al

SO,
follpgvipg Eguaioad) dhpcampution ofdfoflerivatize AbY (Dombhitesped fo cach of the N
rfo t -
R R e SRR R B LR T OB mmothog for the leas
squresMdlgective GObibn Aad atgidddd nvdekepaimoedzdtibh, midyhBe summarized by the
conpute cost of all categories of inversion can be
follaygpg algohm:nverting data from conbi nations of the
sources, rather than inverting the sources

| VT GHANLY fortir® ST atsh GRIH: ki LTHE HRNGRHSt SRVIHCF 8nd the gather

i nyersion. Several types of source conbination are

known sigreiturdivpgs tieabercens byt wur gl osel y spaced
solirces to produce an effective source that produces a

wayef r of . so desj red shape . | ane ,

s ratsecens Bt RdEE St fdl e B SRR Sy

stacking the data before inversion. [0026] The conpute

co$8. reshupitt ol gaicnedsithylatiow €ird. ibagkwatbimeches awinge¥11*4w,) as the
at |l east partly offset by the fact that inversion of

t he cowbrasadodiging UsuwalMy p.oduces a | ess accurate

inyerted nodel. This loss in accuracy is due to the

facy t [ At L S I Nclir b k)
i B LA R R SR s RS
not cqagef‘@imdqﬂ,@)yerted model as strongly as the

unsummed data. This loss of information during

sumation can be mnimzed by encoding each shot
Algasizbmg? belgpathay faricagiputing S Ingptisenaseecasbiichan geadient of a

ke S.SLgnifi. I re information in the
gngéliergars%%eﬁé%%é%geo%dljé:}lgp a gﬁpand t herefore better

constrains the inversion [4]. Encoding also allows ' '
[02dhbi nat Mdnlecofompwsiadry of phe entadionts assg theusdjaink owéthed is efficient

relarlrt?vreetoso uerr %?e%hot(g, 1?(1%5 &ﬁf@e’r{y‘ ecgstfy(.) rInapa iiC\l/.l?arI]‘ tlgeo %lojlln?}nieﬁlno%lrequires two
simulations, one forward in time and one backward in time, and for geophysical problems
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,.

[0025] As stated in reference [4], 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 called simultancous source inversion. Several types of
source combination are known including: coherently summing closely spaced sources to

produce an effective source that produces a wavefront of some desired shape (e.g. a plane
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regi on. Various encodi ng schenmes can be used with this
technique including tinme shift encodi ng and random
w@bagsaiancodi ng. Next follow brief reviews of REF/U82089/032010
publ i shed geophysi cal sinultaneous source techniques,
bot h encoded and non-encoded. [0027] Van Manen [ 5]
waséug%%ﬁn%ngswf&w RBaREi DUhcLs,! B Gl R MBrfix 1y Ria0RR tfhe data before
speed orward simulation. Seismic interferone
Invigerides by pl aci ng sources everywhere on the boundary of
the region of interest. These sources are nodel ed
raei vi du t
[OqZ%fat | onésphl? Yot te @t gtfedrlll %ﬂ?éds‘t?{ Iﬁféf%ft?lgdcgesbln?ééi our es is at least
paByedfscsby tlre:d’actdhatbet/men odithe ¢ommbin@lt datal @shallgqaddwens a less accurate
. can then b nput ed by cr.oss-correlating.the traces
inveggdimasigl. A0 BEHESY Yoascubisy dedur do dis GRS theh w@mﬁ%gls lost when the
1n(f_?\ylﬁﬁalaéd r egearp%ﬂgﬁ’&y a%au{hgf%%o | fhe t RinAlaL ﬁattaod(gé@ not constrain the
I nverte ave a | argé nunber of sources and receivers
invetted raodel vast kirongineasr égi ansunimedtdataestTHiaslosppbsietbrination during

havi.n on or.the qther o e boyndary), then this is
SurBOT C e P75t Ho B9 rngcsq%gﬁﬁoh 5@%5% byther sumgming.> Encoding

befStEEMBndtIRGIE Qs sy nfdRE 1ﬁf91‘?na§i%hstm1fé s‘#ﬁhﬁarﬁt@ﬁsesource data,
it I1s rare that both the source and receiver for th

andlahaecfiore bettérnumstraids dhe inwerdiom [#he Hnegdiog afo aldes @stnblnatlon of
Therefore, this i nprovenent has ver Ii i.t ed ) )

Cloagwsp%cgs SPRIESS, Byt eHlging TBie SO g i0d nﬁm fohf epgHsgPutational

redf@l. KR2iouk @hedtith 4bRngksl cbh @@ggé?is@vnhhtﬁ{s !e@erﬁ&ﬁé %ld&ng time shift

general can be inproved by inverting non-encoded
enxidmg techeauons phassesncola. aNexs dotired beishecwen$ of t\carlous published

e S A R R e

summed with tine shifts that are a |inear function of
[0(1217]3 sour &&an|Medhi [6h siggests asliug ehasddomo -igeifagntgnecthad & speed up

sonme particular angle with respect to the surface.
forwr% SEREHAng u e RN alt%réeralaﬁw atpTk by nlaieg egjapesesvagywhere on the

bou §f Al re rﬁl}at Slee?%E‘t Wﬁﬁ&etsgﬁt%eﬁg eled ﬂﬂléfdually ?%/d the wavefield

entsu on O e source gat ers necessar’i
is feednaieéat tHdoautious forohichfaoGrehisofunttiort Reddatd. THo Green s function

exanpl summati on tq produ pl ane wave renoves
betpiean [3Y SPREIEFIRCY I RN eins bR Teeaoan Mt P eaTass Wg%ng the traces

acduiftR a‘{‘%l'ié’gf fé&ifd"eﬂ B@aﬁﬁhé’%ﬁ% nglfngﬁl%/&&' al ih@f@g%%ﬁm es. If the

s critic atlngt varyl ng ckgroun
dataed beitvwertnd Hele a Bllngb mmelee fob seurBey dadattdiscrsrdtahad wishindie region of

wel |l constrai ned. To overco this roble man
intgfiestr(ay GPROSE FPehaevmg Qe the Oq}%é opdhe, %1 @rySn Yh& Srigvery efficient

meYR4ESr Whrh tgigftfl R HAY ﬁhﬂcﬁ@nsd | &GP TS) th%%E‘ﬂsgué)@ata case it is
I nverted, but t en efficiency Is lost since the cost

rarefthitrhogls sheosouiree pdb poeivieo fal the alatah® bmnb’erted)fdre within the region of

1ntgr|e£tf ell:hee{r]etforsel,J Hﬁs improvement has very limited applicability to the seismic inversion

problem.

[0028] Berkhout [6] and Zhang [7] suggest that inversion in general can be improved
by inverting non-encoded simultancous 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

could be applied to all categories of inversion. A problem with this method is that coherent
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inverted. W call such coherently sumred sources

general i zed sources. Therefore, a generalized source
w@2amoritirer be a point source or a sum of poi NPCHU0EE32010

t hat produces a wave front of sonme desired shape.

[0029] Van Riel [8] suggests inversion by non-encoded
surfin@féh B tHRN soBRktdatlers h@&%kdahyy fahtdy the€aRREht éinformation in the data.

source-recei ver offset) of t'he input seisnic data,
SOtﬂoe exgpplenswgmatiende predvet iaoplant tWave gspeees & 1(1) theh information in the

soiS B SRR S BHELeEh BUPR BT ot ohbip ATagmetion is critca

forl UPABHiSI DB slb$il ga &@E?@ﬁﬁ’d 54158yt MDEQ Usgn dSREHEERS BeAdiout’s method
was true of t erkhout' s [ 6] si'nul t aneous source

is natwealsgomntrareed olilo ové¢reonye vk prodl e gyes tdefderbyt aohgrent sums of the data

met hod reduces t i nf.ormati.on
e Fomas pliFe Taas i ATERaE oPeraeRus] ik @Rl Sl pedfhed. but then
cffWdnlcy GOt Kiatd 8@} doRBS inkedil ifl phepoeidiRe R WetduniRe of different sums
original data. [0030] Mora [9] proposes |nvert|ng dat a

inveried: aWVe e4lb seehcolicroittie BVn@péc@dfCS?&) weaerslizerh s@rcetsm dherefore, a

get?eﬁgézegasbllﬁr%g c%ﬁ %gtﬁgr gee n%gé dsogl t he aglférfg S po&ct sggrces that produces a
waSt fehadfl Bhe doingd ghgpw dely spaced sources has the
advant age of preserving nmuch nore information than the

er ent osed by. Ber khaqut Fbmeve sunmat
0GB Gl 358 PBL A S BBt pionay EemeoHes sphipg s partial stacking
(witiRABtct i&HRE- fe'a&%lt Skt dFahe MYSLscRenibafd, ﬂh@n H@ﬁmng a cost function
i nversi on nmust be increased to accomodate all the
withi weppogt spHue dtasiodr dats whiinedl bheptomedt elltuspthis publication suggests

imf? oo BEeriB PRI S Wperoerieesdraypul g sources. As was
trué Qe kick B@rkﬁ&lﬂ"se@ %ﬂlﬁltatngﬁusséé)ﬂm%Cin§&k‘16§ %@etﬂ\@d ChQAEkiBRGkbgested by

ot her. [0031 10] suggests speeding up seism ¢
thlm@tlaxdl mducea thfp empamt Q:faséarmfatwmm ther datd (ebé mwertsd end therefore the

usi n ources i ng
imtdtoradte g SRR Bwte B retnuiibonegRiding
m grated i mages had S|gn|f|cantly reduced
[O(Biognal - t Mok §8] p@boes doreerting tiixe tﬁaﬁt(}’tre theagunbobadddianpaced sources.

functions are necessarily . only approxi mately
Thi. tﬁ%aﬁ&catl% USSR SHIPERIRE ABF RETECICH BT MECIsiot ¥sing Hgn-encoded

sinflHBhéd¥ QurdcNSrdulRhS! QBmARSe Rkl astp'aéédaE&REé/s lga%' fHe€advantage of
non-iterative rnversion i s not ve cost egin

praaﬁ:ﬂvmgamdclshnoeinlﬁdng’mtish Girenl the @ehmerﬁsunapmposed\l@frl%rhmouts However,
desi.red thls tec gue i s not ractlced in th

surg@gﬁm of wigely spare rsyurcF@gng}espk%q %g apeq_uri] @G@lg@gp@ 1gverted) that
muSEbBAed 9 th@Sivet SoMafle Bt THEREA N0 PYecSinMdLRNAPYHR Widely spaced

sources. Since the compute time is proportional to the area of this aperture, Mora’s method

s

does not produce as much efficiency gain as could be achieved if the summed sources were

near each other.

[0031] Ober [10] suggests speeding up seismic migration, a special case of non-
iterative inversion, by using simultancous encoded sources. After testing various coding
methods, Ober found that the resulting migrated images had significantly reduced signal-to-
noise ratio due to the fact that broad band encoding functions are necessarily only
approximately orthogonal. Thus, when summing more than 16 shots, the quality of the

inversion was not satisfactory. Since non-iterative inversion is not very costly to begin with,

- 10 -
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simul ati ng point sources that are activated (in the
sinmulation) at varying tinme intervals. A nethod is
wa@bk@o/1dilzcussed for decodi ng these time-shift eRCT/US2009/032010
si mul t aneous-source sinul ated data back into the
separate sinmulations that would have been obtai ned
and §i888 hiBR sigRE-tLEBIR] ralQ inVersRAHE G8Sred TSR cIHBGRAS Aoty practiced
could then be used as part of any conventional
in thageoliysisabindedure. A problemw th lkelle's method is
that the proposed decoding method will produce
arate t r t
e encs b woa At & pefot LS KBSt Ao 8 RGiancousty
sinnoatagy pmhﬂ sdne@e rthatsarg activatainfin ftlm’ smuuﬂxmmlnj at:eamn@eﬂlme intervals. A
t hat a ter st ant, r exanple fro
meﬁl%ielﬁ@ Se awﬁ %ﬁnﬁgj éftlinéec% %d Sl%‘#ﬁ“ilf‘&uﬁrﬁ?‘éfce simulated data
baél@in AR RBardtd Almgfaﬁ%é FhaPWRORRS £ RMe R P{hﬁlerduﬁraﬁrth@fndlwdual point
si nul t aneous sources. Due to these Iculties
sourkesl I é"hssesdasmkieémletauemﬂd)uh@ebappecbas tpamauyf aigs kbveintional inversion
ptabl e | evel s of noise if u in invert
DRty § AcROplaL Wd Hiil lelsoipghnatt iy tﬁ%;nfél?anﬁ)powolﬁ?dmg method will
JFuebScratatd dath AhvifB AW Naleld ASpsGRS|a thd Bt} HRED data f
plrsour céﬁcaost aunc\tlll n csan ee 15cyglgrpu ed nore efefeiqlc?e%eﬁn e from
adjabant sooree nthonabisc owtl Hagnoki ogsfivdit fer stbdutfapr ooiddisngat are not

accurate inversio The |rrultaneou source cost
latgrgi e PR olOF BYAAR fipat Bogels ee%tﬁwg}ge RPINE TRIGFART o fugthermore, this

noREAVR) r&hepBpSHiBHBLI AR Q¥8ber’ BF %irﬂﬁ'ﬁa%e@tﬁd sUrf®. Due to these
sarrpIeS|S|rrpI|ed as in Equation 2, and: defines a
dif§omitiow Eeellg atstmulgmbyussmurc@reqmmacbfmagfatehdt Bl, urs¢aptable estls of noise

.. function for s ous rce data, G = the groups
i 4550 1 AP B OUR ROl P 3o PSRN ahg N G < Che
nunber of groups,Cg functions of tine that are
[0033hvol ve®r{bsSst)al 4] bhaachut gat febdsd siowttascosis go@ce cesttfonction can
encode t he at hers, these encoding functions are
be cpigprigd tn&prg@ &ﬁlqm]é(rtggﬁ cor}vegtlor}% ﬁ%‘% drReiioas yvh(lg s‘@ll prov1d1ng accurate
Uty L Y
1n\>§4rast(1:(2r@ The s%ﬁl?a&%&ﬂ SO ! gcgﬁ(t dtlﬂﬁlgtgo!rn el% taéf?%g%%gg%% (8%1218%? with Equation
2abamjom phase funct| ons). [0034] The outer summation in
Equation 6 is over groups of sinmultaneous generalized
sources corresponding to the gather type (e.,g. point
sources for comon shdt gaft hérs)._The inner \Sunmati on,
over g, is (g/ergrjgp?:gﬁw tMrEec gsdyped |f or
si mul t aneous *€bhput at . |For so ot war d® rgdel i ng (6)
met hods, such as fini¢e! di¥ferend&E%odel i ng//t he
comput ati on of

where a summation over receivers and time samples is implied as in Equation 2, and:

N g N g

Z = Z Z defines a sum over gathers by sub groups of gathers,
g=l1 G=1 geG

Ssm = cost function for simultaneous source data,

G = the groups of simultancous generalized sources, and

Ng = the number of groups,

- 11 -
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the forward nodel for sunmmed generalized sources (the
i nner sum over ge@ can be perforned in the sane
w@ewant71af tinme as the conputation for a singl BCHUS200%032010
Therefore, as shown in Krebs et al. [4], can be
conputed very efficiently using an approach such as
ce A 997 1 BB oRs oF-tirmt Ak %&%&%%M (®F With 5ac)hvgatﬁertksédﬁgceaﬁgnature to
S|ngle run of the sinulator u5|ng c as the source,
Convol emeo%thh gaesy tiede dataligatinetion drh choend® be dlfferent i.c. non-

encodi n nctions then sumithe resultin code
gat her%q% &‘th (&8 yoHOUhY atign, appsetigatel 1Y ehpgiay sy cach gather

step %nﬁé;@?‘get eSS I%alpzfauéﬁse&randd%& g5k FiMPtBns).
Al gorithmTfor  conputing the encoded
si mul t anegus- sour ce ¢oOsSt functlon [ 0035] Again as )
[003dbwn i n Tke eptgr gmmptiorn i Equatpns 6 &3 ¢esr iBtips @B Hinadapous generalized

SO §ésn;t(o e n@dﬂf%t%;t&? gq_t%lglz {;’g 3& geaﬁo%t?sfb:u d;%s tf%‘?&\;l%l&% s cQar‘helrs). The

innet stihation,|dveogcigloveiothp %ﬁﬂﬁmthsﬂ(arb loesliped fohdmugaikuous abmputation.
field, can be used to very efficiently calcul ate

Fosgqmi K%rwalfﬁiopneﬁ%m@frmt@%ﬁuf@raéaﬁmgﬁ @ﬁ@@&cwwﬁw@p thegipgputation of
thet ?o%%/apd’] lrﬁ’q E‘i‘é‘r‘ sﬁenn%%gp l'gilglla ?(%i gf)urg% (tﬁg 3 néru u% §EG) can be

|nverS|

peidibi@eydi mhm Seiiie ahﬁm%me& Abthé @Bfﬁpﬁtaﬁd)rofbr@f su&g,he s@uﬁ“@é Therefore, as
function gradi ent for many gradi ent eval uation

shaven olecbs Roal. &4lanpl &c.Pivpi caa bei dofmutadoery offivignallyi uwsimgagn approach
%b radlen i nvol ves conputation of the cost function

SUGGH gWB& ‘M and a nearby nodel M+rdMt d has one of
its paraneters perturbed by a small anmount.[0037]

Howsgiilatet %;CWEEﬁ@WJf)YuSi@r Y8ingWRRI oOfhe @EBlator using Zc,Qw, as the

paraneters typica geophysical inversion inplies
t hasowedputi ng the gradient of SSim(M wll still be
very costly if conventional gradient conputation

r@t @%ﬁ%lvé WGth ﬁ%agdr&l td@tadéaftﬁe?r\%'@l?% cAEfcofRY R¥8Gbns then sum the
This problemis solved in the present®invention by

conmpastiiting chb@ledreatheanti.caf ¢ Sspum(M)),usi ng an adj oi nt
nethod Thus, a goal of this invention is to conpute M

I nv g&%acmecrﬁelha%fd Nt %1 ﬁg@%@e {\ﬁ%uf gf\%:f’P gg f/\gl) ? can be

conputed very efficiently using an adjoint-style
Algithad 3suchlgasiths fout danyding nthAl gaotdéd mirultancous-source cost

function.

[0035] Again as shown in Krebs et al. [4], this algorithm can compute S;,(M) a factor
of N,/Ng times faster than S(4/) from Equation 2.

[0036] The above algorithm, or variants of it that will occur to persons skilled in the
technical field, can be used to very efficiently calculate S;;,,(M) and therefore can greatly
speed up inversions that only require computation of the cost function, such as global
inversion methods. In fact, the above algorithm can also speed up computation of the cost
function gradient for many gradient evaluation methods. For example, finite difference
computation of the gradient involves computation of the cost function for a model M and a

nearby model M+0M that has one of its parameters perturbed by a small amount.
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1. Conpute forward sinulation of the sinultaneous
source data, in a single run of the sinulator, using

wao b@oagurrent nodel and the simultaneous sour cePQEUK®NI/032010
signature cg wg as the source to get 2 . Convol ve each
neasured data gather with the cg encoding functions

[0(I3|7En SUMHORR vELSthbt bXteen®idG OB GakiBEF S inoBel Pafameters typical of
yobs(wg)), 3. Subtract the result of step 2 fromthe

geonhwyeicel iofersiorpmpligs dhd¢amgpuing Conrpratent oSy mgl still be very costly

.~ Simulation (i.e. backwards in tipe) wusi d(Mk c :
it G B CHTp Gom GG e edintshas e AHES YT 0 giftoved. This
prduldi® i9Koltbe irpﬁ&dg&ken@fin\%ﬂﬁoNW] &puhg Ghd eWilllerkt @FULL,(M) using an
VMNd(M t cg wg)). Algorithm4 - Algor|t§n1for
adjoormathoty The, e goddddhisiimentiam eotessosputac ¥,SostM uwbich ondefined as
radi ent using an adjoint style method. [0038] In
fol ctice, the invention may typically be used to
performlocal cost function inversion according to the
flow chart of one enbgdi ment gf the invention own in
Fig. 1. As in cppyent al iterativegnversion,|the
process Eégﬁﬁgnﬁﬂfﬁzsgf?gﬁwgﬁ> A, | | € 1M$de 10
that is an approxi matgonp of the lactugl;subsurfac )
physi cal properties. (An updated nodel 20 repl aces the
initial nodel in later iterations of the inversion.)
in e BEARE ORI VIRLOLPORPREh T bo PERALIScr ¢iigiontly wsing
an adjasusede chathad40ch a5 is befhinbédiraAtbotiten our ce si gnat ur es
50 in step 70. As discussed below and in reference

[ 4, many different. types of ,encodi ng function cam be

magd | ORPWE e Seiplad AT Bl ERARE RS SHEddetSnele run of
measurgd @atiitdrS WRITRA tHRV 8lirr&RUMm68ell EAUthONSmMARINcB@E Rource gather
recei ver) 80 and the encoded source signatures 90,

bol h ofignehire B ca®e, enthodedrcaid gettthe (BEhEcsi,)of

encodi ng functions produced in step 30, a process

exphai r r

okl P el GRF il WG BAGR h 3L, RBERETufifons then sum the

conputresuitisd agolelgdth@n (ife. INJRA,QOFHY, hm 4 above, or
obyi ous variations thereof. In step 110, the initia

nodel i s updated pased t he gradi ent conputed._i
st GS- 1%31“%@3%4?89 te? Stﬁﬂgir}’r?é“ e rgﬂgttq AP h@elgl%@ﬂ@%%@vg),
version of the gradient to the initial nodel. Step 120

i s|a chehfutt e RIBMEKBRANSESEMOfi.ct PRKWAVRS iitRRe) ubligSSBAN S c,Qw,) as
be|perforned by conputing the encoded
sinulﬂhnsmussm@du@eg@Qﬁﬁ(ﬂﬁ%Eqﬁ@ngior t he updat ed

5. Compute the integral over time of the product of l//ca]c(Mk),ZCg@Wg) and
Vadjoind M Zeg@w) to get V yW (&M Zcg®wy)).

Algorithm 4 — Algorithm for computing the encoded simultancous-source cost-

function gradient using an adjoint style method.

[0038] In practice, the invention may typically be used to perform local cost function
inversion according to the flow chart of one embodiment of the invention shown in Fig. 1.
As in conventional iterative inversion, the process begins with selection of an initial model
10 that is an approximation of the actual subsurface physical properties. (An updated model

20 replaces the initial model in later iterations of the inversion.) In the next step of the
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nodel using Equation 6 and Al gorithm 3, and conparing

the cost function's value to the value fromthe
w@e@viloug4s iteration. If the inversion is judgeRCHUS2009032010

have converged, then the process iterates back to step

30, using updated nodel 20 fromstep 110. Wen test

invE&forS IYSerchdihg M tbhe hRt AR HaR woINYEL@8de cREoRNAE RR%sured data
stopplng condl%lon is met, the process is finished

40 (1118@)) 60[ 0039} sivkmy sigppess W iernepdit gAfs drectisotdeloy @ahin reference

Eguat i 6 d .Equat 1 udi b
[4]n &a%??cﬂﬁi:rgat g%»gs \ En %)éifn{]g ﬁg:%ﬁgq.r;cglg ﬂ;ne rIBa(%C Ui ng? g%eps 60 and 70
pradibé ﬂlefeﬁl@@dé%r}ﬁé’asgl%ﬁ%ﬁf&%ﬁnﬁﬁé%@e@@)ﬁ%' 10&htBAs Rfr%ﬁ@rme%glver) 80 and
in Ronero et al. [12]; The frequency independent

thephrme dedesvniod mglaalsrep p@.slmth @8 wihichJirn gnetdedlwith thg]spme set of encoding
Random ti nme shift encodin Fr.e di vision
fur e BIOGKT R T REVAY. S PR UPUISRgh ﬁwﬁiyef |ﬂb FIRRE Fidpyeaders o
skiftBgl it A&l VIS LN 100 thd Q}aﬁ?@nf‘g; doTMR Jtp[htlon 7 and Algorithm 4
t el ecomunications. Some of these encodlng echni ques
abawiel br vbvikudedriagions Hencodt He lst@pddpethm 1ng1al,|pm>delt1helpdated based on the

l'ication,. and i ned. artlc
grag cPEDY nh%%slﬁgzﬁsua Y & OR éul’fwtqug Bg e §ce eda vérsion of the
orfIGRE RABRTNEaNA8 R PRASL1 BNS %qﬂh@& i Qoﬂe?%enk&( of ﬁfgqh{?érﬁgn This can
frequency i ndependent encodi ng of nearby sources wth
be fppﬁqmdclyy detpputd@ﬁle reanoktzch qmlmlktmeens: sdirexgcdsoifunmioe for the updated

ar at our ce di cati.on of th

ol Gyts FORATH § R PR Ac *RhEHRPHIS USreasbEtpRadalue o the
valQ¥ ffotDHeNFeliSsd itdrA&. SIFARS inteksibreid Gl 2@ tnoP fo %%h@& ed, then the

functions to determ ne which converges faster. [0 F
prdcessshoatbsibdsh tootep 30t Mg tetedimedd 26 éousstep 110. When test 120 shows

ed-source tec an be .used for man pes of. .

thaf i TS So Y TaC QAT it & Gonsg O i G BaoeeSs is inished
13¢5€d for cost functions based on other norms than L2

di scussed above. It could al so be used on nore

sophi sticated cost_ functigns than the one presented in
[003811at i on Manyjtipgsirfisngodiag funefipneer @HNC ysghat Fgppdion 6 and Equation

t aneous encoded-source method coul d

7’%£E§§%ﬂnﬁk&ﬁnﬁﬁgykype of gl obal or |ocal cost function

i nversion nmethod including Monte Carlo, sinulated

anneal i n@lnegeneemdomal dorpi tandy nevdiiagt ichnp afigguanchmiependent phase

gradient |ine search E%Qkygﬁtet%iﬁ?ﬁfnts and Newt on's

encoding as preschte cro ¢
o The frequency independent phase encoding as presented in Jing et al. [13];
o Random time shift encoding;
o Frequency division multiplexing (FDMA), time division multiplexing

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

telecommunications.

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 for more

widely separated sources. An indication of the relative merits of different encodings can be
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nmet hod. [0041] The present inventive nmethod can al so
be used in conjunction with various types of
w@emwengiirged source techni ques, such as those BULUSXDEB32010
by Berkhout [6]. In this case, rather than encodi ng
di fferent point source gather signatures, one would
ob@NRAds &Hﬁingltgs"t‘ ahwtgsns With dhdif &% denSUMIBIESH Bl RR@mine which
waves. [0042] Some variations on the enbodi nent
comissgasifisget. above include: The Cg encoding functions
can be changed for each iteration of the inversion. In
[O(ﬁﬁ)kl east Itss(ﬁgﬁlfd' RHAAC tfl@ bitnd1EADRs bRed RELsEHire technique can be used
convergence of the inversion. In sonme cases ?e.g.
forwheny types sdinvesigaapt ifungtios. de pseicutahd@ncaulde be @sei foercost functions
sanmplipg) it may be advaniageous to use reciprocity to . .
baseda o burse i e E@Puﬁé?% A5 dheritd flSe harustn e sophisticated
co@Ntn&REQ 4R 1 &fe‘?ﬁey&ﬂegi h{‘ﬁg&%noi hOGdRBUEERSrized T8s® functions.
Invention is not limted to single-conponent ™ poi nt
Firralg eihe estrsultdrepuexaopgéd sourtremedodi ooaldsbe osdddwitke any type of global or

receiver arrays or th could be nulticonponent . .
100&@&%%@?@1.011 i %f_smégetﬁgd iiudios 3_40%t¢?6‘8; BiEghlgjgd anncaling, goneic
algﬁﬁﬁfn‘i’,v%l@%tp Ridofikizh Ngraditeic QREOH G, tc%n%ﬁ'r%gﬂed %ﬁahf%_nts and Newton’s

I ghest quality i1 nversion. For exanple e encodi ng
methaact i ons coul d be optimzed to reduce the nunber of

|l ocal mnima in the cost function. The encodi ng
[0(f4liECt | Ong 6 g;?ésgntbﬁvglﬁwe%éﬁgg ah .hd(fsro ]%y}l nl{ﬂaéon'uncti%n with various

I NSpecti on tests performed using diftferen ncodi ng
typesio gdrensizod saistdgclatiqwds) aithtae chosptudpestad bpBerkhout [6]. In this case,

rocedure. Acquisition of sinultaneous encoded-source
rathit Hagoen@dimes differtH BeighisprEangaty@opispaitcal oggryould encode the
sieRGAHSh! RGOS RAL AT WEPL, MRr i ne sei smi ¢ data

surveys, 1t woul e very effrcient to acquire encoded

source data from sinul taneously operating marine
[0042br at or Somkaeriaies andhe onbedimenisdopelied adoyhingideon.

O her definitions for the cost function may be used,

i nclyudi n e . If.f t . r . .

(ab gol ut gh\% gf S\Lé()%%,ll Sguggt‘gﬁnfg fc%{lg)@ ncg?x%efa‘ fgﬁ a&h itdratR 8P the inversion.

In at least some instances this leads to faster convergence of the inversion.

o 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

Sourcces.

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

component receivers.

o The present inventive 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 functions could be optimized either by manual inspection of tests
performed using different encoding functions or using an automated

optimization procedure.
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additional terns to regul arize and stabilize the

inversion (e.g. terns that woul d penalize nodel s that
w@e@p/11713400t h or nodel s that are not sparse).P¢D0&48)9/032010

Figure 2 is a flow chart of an alternative enbodi nent

of the present inventive nmethod for |ocal cost

fungti onAcﬂMﬁfﬁ)hodT m&l[llté?‘nefo'u@é’ngd'&ﬂtsohl%e %&SE&H& ir&lultyin significant

simlar to'that in Fig. 1 (reference nunbers of

cor r espogdiphysibalxks aqeisitmoroestesaviegs.oy 200) except for

the follow ng changes: In step 230 the encodi ng

o Sdoa ol RRAREpIR R RIRP kb AR PR 5 g B peiRe cncoced

condi ti OB@dcd’JSdaﬂ?g fiavy sWﬁhlkaﬂéBﬁSl\yl dpetdiad, rnaﬁﬂe f\@brators that operate
better convergence the conditioned gradient is used to

conput e EAREINEORLgdele iymadPent . In (I ocal)

opti m zation schenmes, it is well know that the

conyer geafkerofcrafticak 98¢ tHchiBsE @hdien IR BY @S ¥ncluding the use of a
choosi ng a decent direction (the gradient) as a |linear

conbi nat ddferoft mdrm |()fagt Landorou(atenlutd eeke) igkteadc of disnorm), and

This is kn onj ugat e gr .ie .met hod

Condi ¢ offABORB erBIdo EGATER o e s IET 8GN Ly tgrms that would
known Stb@&ﬁﬁ%nﬁﬂ%b&ﬂﬂ%R%h@ﬁm@@ﬂﬁ@ﬁ&ﬁﬂﬂﬁﬂxnéHm%%ﬁﬂe)

310, a line search in the dlrectlon of the conjugate

radient i s used to update the nod A line search is .
0043t of Eiswkdarye Hew Shosizat aarﬁlf@Wé}V%@nlégdlawat ploHsPEgsgnt inventive

me?xodsito?rl({)da[] gosqtfu ol ih €Ak PR o'ﬁltls ﬂSQO %ftqg sﬂ‘os‘{jétﬁﬁﬁ% sflilar to that in
I"ong

or eval uati ng e cost tunction values, novin
Fig. Ha{rechose lmudibbﬂcdiﬂ anreapehdig: Bysads at Iungerhh&ed: b§t200) except for the
function at each new | ocation, and choosi ng the point
foltaygne ghapgcthe mi ni num val ue of that cost function. The
direction (in this case) is the gradient or conjugate

gradi ent 1 &@?éko tddntdR@kntibiemiobd einBeH BRRLELSerdfidhs.

made during the inversion in this particular
Il lustrative enbodi nent of the present inventjve

met Rod:  DterRfS 1 Adsd. Beitehd . (gt #adisnidromesice 308 as eppditioned using
240 are QW%E k‘ﬁwwﬂt étﬂb'& Ca%dqg'lteggt[e? ogver%&%eqﬁkce)&idﬁgoned gradient

Si gnature are osen’ to ran om pha

si gnat ur ésused masm&npiﬁe ohetomugatcSpratiicat. singhaalropticaratioa schemes, it

made sinply ?y maki % a , ,
1s well” know that the convergence of an algorithm can be improved by
choosing a decent direction (the gradient) as a linear combination of the past
and current decent directions. This is known as the conjugate gradient
method. Conditioning (or pre-conditioning) is a classically known strategy for

improving convergence.

o In step 310, a line search in the direction of the conjugate gradient is used to
update the model. A line search is part of standard optimization strategies and
consists of starting at a current point, choosing a direction for evaluating the
cost function values, moving along that chosen direction and re-evaluating the
cost function at each new location, and choosing the point that gave the
minimum value of that cost function. The direction (in this case) is the

gradient or conjugate gradient.
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sequence that consists of tinme sanples which are a
uni f orm pseudo random sequence. 3. In steps 260 and
WQZ®9/11hed gat hers and signatures are encoded bRCT/US2009/032010
convol ving each trace in the gather with that gather's
encodi ng signature. 4. In steps 300 and 320, the
[0Gu4Ul at | ARRitRIGIP R TENRANY dHdiRs fdr8ih&led i@ @C eversion in this
seism ¢ nodeling code in the space-tinme domain. 5. In
paricelgs 11 BOQatarecengRdimet of degirefennioveiveinsetbadmput ed usi ng
an L2 norm Exanple [0045] Figures 3 to 9 present a
synthet i d le.of i | - it .
avousti o SR e URE P HhoARE] Aok SRNSle Fyrapon point
conpar i sesuret gdthérke conventi onal sequenti al source
nmet hod. For this exanple the enbodi nent described in
Fig, 2 used,. exceptin at step .305 wa, .
el {71 nat ae FRA LSRN 2CR. Bh%R 33 B hese dgpyrares
rel ative fioth RBmsroetaPhech $Gghdii® daf be EARSANYIGIHyMBaking a
exanpl e of the advantages of this invention. [0046]
Fi gure 3s¢@icn¢rethghsensissy eEfimg sepdds whish aro agowiermatpscudo-
t he neas%ﬁ%gnggh&ﬂkgig. 4) for this exanple. A
successful rnversion of the measured data sinul ated
fromthis nodel should I ook |ike a band-1imted
ver Si on &f skipg.26. afid@49) the gathers4arsheignatores mowmnseded by
gat her of neasured data si ated fromthe nodel, in .
25, horrant gch o it b difes Sy ik diigpp hooding
whi ch Fi gigngubs the first) with the sources positioned
near the surface of the nodel and spread out evenly

across the nodel . 1024 _seism.c receivers re als .
spréad olit sEpEnt %&,42 320 1R esirligions e PetrncdamiBra finite

receiverg; : I ' .:e. the

Facel ver o I R e R R ur o

shows the sinmultaneous encoded source data generated

frof st epn sters Y0 gnid$20othe vhet fantioniihepririied vore sik2 aon.

second | ong random phase function. Al 128 sources
ExWaipfe €encoded with different random phase functions

then sumed to produce this sinultaneous encoded

source. Note that the encoded sinultaneous. source data .
(00431 Fi g.  Bigusok S| foke Pratidtbr AUHBEIREINRIG rifalwartifet sonstant-density

acdusle isnli0 Odda%[ dgin%u kit quQf'?Wﬁ L %?hlpﬁlqﬁ)tn Was HREdonventional
as the inrtial nodel ?2 In FIg. 0

sequential source method. For this example the embodiment described in Fig. 2 was used

excepting that step 305 was eliminated. Inclusion of step 305 improves the results relative to

this example, so this is a conservative example of the advantages of this invention.

[0046] Figure 3 is the base velocity model used to generate the measured data (Fig. 4)
for this example. A successful inversion of the measured data simulated from this model

should look like a band-limited version of Fig. 3.

[0047] Figure 4 shows one source gather of measured data simulated from the model
in Fig. 3. A total of 128 sources were simulated (of which Fig. 4 is the first) with the sources
positioned near the surface of the model and spread out evenly across the model. 1024
seismic receivers were also spread out evenly across the model. The same set of receivers

was used for each source location (i.e. the receivers do not move with the source).
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this inversion exanple. This nodel was generated by
heavi ly snoot hi ng the base nodel shown in Fig. 3. The
w@pmonkiimg was chosen to be great enough to reP@I/ESENN/032010
reflections and small scale velocity anonalies, while
preserving the snooth background of the nodel. [0050]
[00u8¢ dat aFidhrés Ghows AR QinThiBhnedus¥RCEIddNBSNrL et ddi¥Rtddetbm step 260

O course, the present invention was used to invert
of Fig i bk tcaneding famtlode\dass@)l}r sr:@omrhﬂ(mgl ranfomy. phdse funchray. All 128

be noted that, sincg.the th 8 .sour ce gat hers .
soitiey RS ceinb Wi EPELasE Pk APSiaR BT g i mupduce mis
sifi@hediBkBedRdIBldte 1 RBtd ihaBHc FRERI A ATRMtB s’ BufccRRta in Fig. 5 look

iteration than needed to invert the encoded
likg randpmanvessushencemperadawigh Figh#ts factor of 128 is due to

the fact that the gradient nmust be conputed for each
[ogefluent i @k BOH LGSy me%ﬁ(ﬁ&eﬁm wah s dingind | ﬁﬁd@nwd@ﬁdzqnmlg 2) for

art sunmed t o pro uce the total sequential source
thigimdirent cxdnplehellos merdehand,gehéretedrigdhenvilyfsamoothirg the base model

enco i pul t aneous source data i s conputed from .
sh wré&ighé E[H? O8A i wrféw%enstﬁgwr?% SR b Ty Ections and
smhi &AL 1.0 lmﬁ{ahgfnver ?rés‘é@vu’l fﬁ% sfloBfSbackBund of the model.

sequentla source k squares) converges

roughh%VtMAce the rate of the encoded
[00§0im| t anddasadntie 4 maFigi drvqaticndotyinyeded. . Of vprse, the present

1nV%RﬁI(?A Wfaé ﬁsed% 1ﬂ\Ie§trtﬁ$ El%ltﬁpéougfen cflfé? g&?rﬁe SR el ::11111 ?rg? gu%,% may be noted

ource it nversion 1s ro egua

thalt @mba&h@meﬁamflzsmuaﬁtgaﬂie@ ﬁuthe SelineiaSsounce) dd‘t@,V&ﬁVﬁan of these
si nce each |terat|on of simul t aneous source i nversion
datg gwust ke youghip 828 Henca main eorppute sHpLitmeT EpppR thappgeded to invert the

enio?i%&) de0 Shodts BRL0 UStaS PR CAAPYLT B Qb %o él% f%dégigag %G dient must

I Cl ent an seq uential source inversi

be Eb@pn&d&‘oﬁmﬁhﬁeguer&als bomcdedphraedly,tdne thew &feSd: @radients are summed to
results. The 12th sequentjal source_ inversion and t

progluge; fheéﬁ@bme@i%wr% grdient oQp dhe pthohandoths apdient for the encoded
l. I h
sinflIREs o8 hrc R LYomARGAHSR 1h1Onl BifcaPP OX Tt E v Lhe

| ook rou%hly like a band limted version of the base
[UQﬁiﬁel i nFRiuge 73howe themod¢lsfet toisus itaatioanmwely for the two inversions.
Thg ga% n e%l{'lgcoeﬁl(rr)lgér%leon{/@y%ﬂsﬂuarngc%n%erfgg% ﬂoélgﬂléf w11:e he rate of the

en@fded sﬁﬂ‘ﬁtdne&[ﬁ%d)mceoﬁwﬁ@ﬂoﬁe(thB|s§uaﬁr@§)5 &(TheUhsUeP€it for iteration 21 of
easi | yrenoved by either inmage roceSS|nalthe i nversi on

engagled Istmwranpgusaoprapi ingereionds roushbnenue te preaoedaitppy iteration 12 of
seqll)gntéaﬁ Pé@recggl{]\i\égsrlogl{ rf‘IOVL 0053 ﬁ%-gagﬁ fl? t%OI r}%tlrﬁglrglnleéﬁlst SO?I?CG inversion

t1C Ul

usdsron@N1i108 thoimbing of %bﬂl@ﬁ% Ffort, kﬂd@icb&éd ﬂﬁlultﬁneoh& stMrtd inversion is

be apparent, however, to one skllled in the
64 times more efficient than sequential source inversion.

[0052] Figure 8 and Fig. 9 show both of the inversion results. The 12" sequential
source inversion and the 21% encoded simultancous-source inversions were chosen for
display, because the have approximately the same model fit. Note that both of these
inversions look roughly like a band limited version of the base model in Fig. 3. Notice also
that the encoded simultaneous-source inversion looks very much like the sequential source

inversion, except for the addition of a small amount of noise. This noise could be casily
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10

art, that many nodifications and variations to the
enbodi nents descri bed herein are possible. Al such
wore@dfiiTiat i ons and variations are intended to PET/vb1009/682010
the scope of the present invention, as defined in the
appended clains. Persons skilled in the art w |
rerh@RAi ByY cifiRe Qﬁﬁ%e’- BrdcBaing the RhEdrE6H @EkuBNROSY BFNYBig onlifiBning (step
i nvention, at Teast sone of the steps in the present
305 nf/Exgt 2Vt theinvodionr e perfornmed on a conputer, i.e. the
invention is conmputer inplenmented. In such cases, the
ultin i.cak - pr t] I =Y
03P doun! ahaed cbr SO TS SEHRERG b FnEE e P ledihe prosent
invkntidafaanhopaposk. of illlsimaeng itort ofill bebapparents kdwe@et,itoone skilled in the
aﬂgt%ggtpé%g%lggifggﬁ;n%ta%_ﬁ Vgﬁgt%q?é I’ton‘il{el’ eo ’ il’%lgg %/sséll_rilggd Iél‘regr’ein are possible.
Alf Efdn! ﬂb&fffcaﬂ%‘é%ﬂr VA meRL St heafda 'Rl fYi iAW LBREY the present
for selecting tenporal frequencies, ophysi cs ,
inv2B8tleR 48 d¢2044h thSappeadddatlaimyl PRrspndsBal inShe Bt will readily recognize
"Ceoacoustic inversion via |local, global, and hybri
thaé%&r? R ,embgg]mqqéq 0 Jthet }%é(er)fwu &t I%E,aéi SERE 0 ttk]/e )é‘ﬁeps ?n the present
invRlBYd fRthdA e FtF a3 { LR Mter, 4. HKEERontidn is Bmputer implemented.
Anderson, J . A, Neelamani, R, H nkley, D., JI% , C
In sudb @kenshe Esyltikg opdrtedphysimabypripasticPmode] ey &itherebe downloaded or
i nversi on of data from sinultaneous geophysica
sagg o EQBPYICHETagRIb] i cation No. WO2008/ 042081. 5. Van
Manen, D. J., Robertsson, J.O A, Curtis, A, "Mking
wave by tinme reversal,"” SEG International Exposition
and 75th Annual Meeting Expanded Abstracts, 1763-1766
(2005). 6. Berkhout, A J., "Areal shot record
technol ogy," Journal of Seismc Exploration 1, 251-264
(1992). 7. Zhang, Y., Sun, J., Notfors, C, Gay, S
H., Cherris, L., Young, J., "Del ayed-shot 3D depth
m gration," CGeophysics 70, E21-E28 (2005). 8. Van
Rel, P., and Hendrik, W J . D., "Method of
estimating elastic and conpositional paraneters from
seism c and echo-acoustic data,” U S. Patent No.
6,876,928 (2005). 9. Mira, P., "Nonlinear
t wo- di mensi onal elastic inversion of multi-offset
seismc data," CGeophysics 52, 121 1-1228 (1987).
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10. Qover, C. C, Romero, L. A, CGhiglia, D. C,

"Met hod of Mgrating Seism c Records,” U S. Patent No.
wG2®21110%4 (2000). 11. lkelle, L. T., "Milti-shODUSI999/032010

approach to seism c nodeling and acquisition,” U S.

Patent No. 6,327,537 (2001). 12. Ronero, L. A,

Refdpbidesa, D. C, Ober, C. C, Mrton, S. A, "Phase

encodi ng of shot records in prestack migration," o
l. Geofhipsiads 85, TmM2eidBe! eaﬁom)reﬂmwmda’qag xthe &omsijc @proximation,”

l[len, D. E., "Encoding multiple

(kgﬁ@?“ﬁgghgég Eﬁ6g 1¥&Vack nigration,” SEG Internationa
2. EXp8sihd,an, and At 6. ARfeadnt MegbioRg ﬁiﬁa@m@@hdﬁfﬁfagf@cwmmgy for

786- 789 (2000) CLAIMS 1. A conputer-inpl enmented nethod

selegmgitempors| ﬁim@ncméﬁaowsgfeéﬁh%@rw (26&4)61 to

det
5. agr O Bt AR S By Betoab g 2 g ol rSiiiotgbT Bna nybria
al gBREEnENINLRE ogwwo%lsz@cfaz sh&ehRAs WeRE, 109321813030 (HBLR,

wher ei n each gat her is associated with a single
4. gen&fdbsb de®. sbodgsomr], A;sN@glag@m,dé rfbnlelpy,eD Jing, C., Dickens, T.,
wher e

r eCI flé’}“éngo Ltar V?S :l{ln rsg?q[(? & ?rogh%lglal tﬁ@eoluﬁl Igg(?ﬁlé/ﬁlcal sources,’

che[bwfembnfmamv@zaeg/omognon equi val ent encodi ng
functions; (b) summ ng the encoded gathers in the

5. 9r ob’@nﬂ\ﬂa@qm:nlﬁ dg Rabiertsienal Ped o awtis, md. eé'MHk@gch?éie hyhtame reversal,”
t
SEBoTETRADY PuhuRiel it R Pl M Re Lk pratn, 17631766

(2008%.€i ver, resul ting in a sinmultaneous encoded gat her;
? assum ng Phy5| cal properties nodel of the

6. subB@rlfhaub 4.elyi Oheaksgliod reasei@ itegbnotoR’ gukral wé Seistricatxploration 1,

_ physi cal property at |ocations throughout
25{ gl?glug%agrface region; (d) inverting the neasured

7. geophysd, oal SlﬂﬁtJa,Nd@fd)@s 1) r@iatyaselqus:h@ﬁisomdmmghﬁr"raéla@d-shot 3D
time, using t he assuned _% gsn cal properties nodel as
de@thrmgtatlpa,l” GPQE@YSZCSQHdE?-l Pa(?48)y updating said nodel
L. B8 Puf PEabF, 108, TRAOHL A0 i T ebposiona

paﬁﬁ@tﬁayﬁbﬁaslelsﬁﬁé and &h@%@@lﬁs@f& elafll Udahest REYE8 2928 (2005).
properties nodel, wherein model adj ustnents are nade
9. usi 3@0@, Ry ahi@lémeabtwcrﬁléne@@l@tlalfqm@p|1@Y¢rwm R pedtpetictisgismic data,”

RS PO gEA e er, o gradient i

10. Ober, C. C., Romero, L. A., Ghiglia, D. C., "Method of Migrating Seismic Records,"”
U.S. Patent No. 6,021,094 (2000).

11.  Ikelle, L. T., "Multi-shooting approach to seismic modeling and acquisition,” U.S.
Patent No. 6,327,537 (2001).

12. Romero, L. A., Ghiglia, D. C., Ober, C. C., Morton, S. A., "Phase encoding of shot
records in prestack migration," Geophysics 65, 426-436 (2000).

13. Jing X, Finn, C. J., Dickens, T. A., Willen, D. E., "Encoding multiple shot gathers in
prestack migration," SEG International Exposition and 70" Annual Meeting Expanded

Abstracts, 786-789 (2000).
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of a product of encoded sinultaneous-source data
sinmulated forward in tine and encoded
W@t aneous- sour ce data sinmul ated backward i PCT/US09/032010
and (e) downl oadi ng the updated physical properties
nodel or saving it to conputer storage. 2. The nethod
of claim1, wherein invertaﬁhﬁ%ginultaneous encoded
gat her of neasured geophysi ta conprises (i)
conmputer simulating a simultaneous encoded gat her
1. cor resp@pdicngnplemthied Smetibd abe dnsrdoe adedcgatdde peaphysical data to
nmeasured data, using the assuned physical praoperties
deteppir 2 niprd e inFoRCHEesINQAS Eariacberg Bige EQRiR €ORPYHAL Ur es
encoded with the sanme encodi ng functi onsused to encode
t he(§i NnubbaNLRS: anc@ilest 8réd her mdre "BRRUEEdoliadrd, of the measured

wherein an entire sinultaneous encoded gather is

geaythiysilcalt dath, iwheeeis Pandl gaths indssediznd b raatinge genenalizgil isgurce or, using

computing a.cost function neasuring degree of stit :
so TR PE TR A PG RTe REBRK, BR RERIE Rl binooded with o

diftiaéd cassllindRinslicod il BorindlstedtauscqaRardesh@aindetnctdns;
The nethod of claim1, further conprising using a

di fferent set ngn-equival ent encpdi ng functions for, at )
eabd) onduTREEHoeBRcd fuhes dR 4t OB SHAGHY b it records in

cadiP98ther that REcPROE Ofsifl@irBedver WOE sBIRe | iP W@éi{n@o@ﬂy tid&ised), and
measur ed geophysical data conprises: (i) conputing a
repfeatinvgatod cadhndiffetchbirecafer rrsulding oule dingilrntduarecadsd sgathare
data, in a single sinmulation run, using a current

physgtcal i d ; ' c .
C it AR BREL b B T op MiBT IdeE] 9 (R s T foafhp, seid moce
prsadieg entesiofiguit flease tono physigalugepertyo ae hwatlenst theoupghastuthe dsubsurface
data, to get ycaic, (ii) conputing the cost function
Cgsubt racti ng the sinultaneous encoded gat her of
nmeasur ed geophysical data fromthe result of step (i);

(iiid) computtimpghanicemessgeophiRitaidb@nold sidulthrokyeiddded gather at a
_in tinme) using as sinmulation source, producing yadj om )
timgn disinigv heceswpiied mpysisali propgities ¢l asi e ipitiat meodel,” and iteratively

LG | t - e, gradi
B S 0 S b B A B ygoommoces
sinffstd Huachd ot heasaejdusdophyiicalidatatie gomaett aMupdated physical properties
model, wherein model adjustments are made using a gradient of the cost function with
respect to at least one model parameter, which gradient is computed from a time integration

of a product of encoded simultancous-source data simulated forward in time and encoded

simultaneous-source data simulated backward in time; and

() downloading the updated physical properties model or saving it to computer

storage.

2. The method of claim 1, wherein inverting a simultaneous encoded gather of measured

geophysical data comprises

(1) computer simulating a simultancous encoded gather corresponding to the
simultaneous encoded gather of measured data, using the assumed physical properties model,

wherein the simulation uses source signatures encoded with the same encoding functions
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5. The nmethod of claim1l, wherein said encoded gathers
of nmeasured data are encoded by tenporally convol ving
w@bkdootitaces fromthe gather with a correspondi PQI/US2009/032010
encoded source signature, said encoded source
signature being the convolution of a source function
usddOko thoddatiee sinWitahledul CerRBEQH IR WICHEANrRICURE! Qthef@E an entire
the gather. 6. The nethod of claim 1, wherein the two
singrltanenue ceptsd gdthgniskhanglast inre amgleedmdlatian apearatdt ahdied
by obtai ning gathers of data from a geophysical survey
in iy chg gﬁtn@’ &, &R fidlkidd o uﬂh%” a%éréé’ Of misfit between the
si t aneously "operating, uniquely encoded source
sinddtahems. entoddhgathet o6 dnakurel adata ind whe senulatel esimultaneous encoded
asured geophysical data are froma seismc survey. -
g4ge-_8. The method of claim 7, wherein the generalized
seism c sources are either all point sources or al
3. pl amae wastBod T ggisn 19.fulthe o@hpidin®fusidlai iferembredtendh-equivalent
the neasured geophysical data I nclude nmeasured or
enqoghinenfaneépns ifgina depseancateradiparp il iteratigcindating ehthgmepdehe
encoded source signatures used in the sinulation

4. OpPerak infffodayfelmdl) dhef s inVBARcINe MeARBIEIdYhysical data comprises:
convol ving the neasured or estinmated source signatures

wi th the sane.encoding functions used to encode the .
cor fis poﬁamﬂg}%%gqaw&% YapkEpn Pﬁt@te@pﬁe&)S}m&l&nemsource data, in a
et Qﬁ{gleoginﬁla@i'omrﬁn, ﬁ\ﬁﬁg &l Airfehie ﬁ%‘f@aﬂj !p%e%%b@é?sMaefn% using as a
of a type selected froma groug consisting of |inear,

r andaurc hasiequlehéaus, sowoati fatber sighatpre eagvdodn witlhrghe same encoding
shift, and frequency | ndependent phase encodi ng. 11.

The THRSHABY Copsceitaeniofie thrapastredidets heddieny functi ons
are of one type for sonme sources and of another type

for (ipf hegompitiete c8RF MRS BLIuBE&BIgaRE SichultaREHu8 encoded gather
group consisting of linear, random phase, chirp,

modpf inedsuedr ggophy aewd datatfiome thehefult ofateg (Dr equency
i ndependent phase encoding. 12. The nethod of claim1,

wherein : . . ar N . ' '
‘ool HFRIRELR L AIRULATEGR, BB U gas smutin
netaggag%ngh@hﬁhéww»p@ﬁwin the forward or backward

simul ation operations in step (d) are performed with a

finite difference, finite elenent or fjnite volu

Si n@vat i Bﬁmput?ng an integral over time of the prociuct ofe Weale angel//adjomt to get the

gradient of the cost function; and
(v) using the gradient of the cost function to adjust and update model M.

5. The method of claim 1, wherein said encoded gathers of measured data are encoded
by temporally convolving all traces from the gather with a corresponding encoded source
signature, said encoded source signature being the convolution of a source function for the

gather with the encoding function selected for the gather.

6. The method of claim 1, wherein the two or more encoded gathers of measured data
are obtained by obtaining gathers of data from a geophysical survey in which data are

acquired from a plurality of simultaneously operating, uniquely encoded source devices.

7. The method of claim 1, wherein the measured geophysical data are from a seismic

survey.
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code. 14. The nmethod of claim7, wherein the physica
properties nodels are nodels of seismc wave velocity,
w@eisiim7el asti c paraneters, seisn c ani sotr opgCT/US2009/032010
paranmeters or seismc anelasticity paranmeters. 15. The
met hod of claim1l1, wherein a |ocal cost function
8. Opt iRk ZAdth QN MELEY, %@f&i@ﬁle%&gﬂaﬁ%d bdifiRic SBaFcef are cither all point
conjugate gradients or Newton's nethod is used to
sowrpepeatrellifiancapeie! souncgs. The met hod of claim 1, wherein
the cost function is the LI -normcost function or the
L2- ot i f i :
O o B I D PR, hE ISRty TR (HBY inglud measured or
estimated gigeatnres o€ cadnsomoie acalvetiin @victhdiengpded Roticongnatuees used in the
. sybstantial.ly orthogonal functions. - | -18. A nethod
sinpftiony GRFSTRRS ge ﬁ@géweédnﬁa%pbwé?re%ﬂralésatcanwlmgathe measured or
estRHASYT IREE rs%ﬂhﬁ?lﬂebst Quifty ARPEGIef %CJEMQ% ORALRMISused to encode the
conprising: (a) obtaining a group of Two or nore
coenponididg gehheed gahertinstepgasur ed geophysi cal dat a,
wherein each gather is associated with a single
lO.gen%@lrﬁe%lfo% C?‘f%f%iﬁ]el,%her n'the eﬁ&ﬂ{n%refuhgt?o?sﬁg of a type selnected from a
reciprocity, w a single recelrver, an ereln-eac
gradipt taRkistifg exfdated rahddin hdid, fadirgninodifieidciigp, franddn Gfine shift, and
sel ected froma set of non-equival ent encodi ng
fregyugiey inslegendes Phaseie9ginghe encoded gathers in the
group by sunmng all data records in each gather that
11cor maspedtEod of @lashnNg| whdréiaethy @hcddifig FMGRs afe of one type for some
reciprocity is used), and repeating for each different
soyreesepickof anethgr ttypry o othies ispuicesa nkach stypi dethgd saent¢re from a group
cob ol e iR BT Mo Bl Gl P Grg B8 ahinypnd frequency
hukﬁ&ﬁknﬁﬁﬁs@&M%ﬁﬁ@l property at |ocations throughout
the subsurface region; (d) inverting the neasured

eophysi cal a, one si.my tanequs encoded gather at.
1207 i g Sitadin EiadeiBbe SRS AGRRS S Ritiare Sy respect to
theddst fihbfidH beimd@led. and iteratively updating said nodel

to minimze a cost function neasuring degree of msfit

bet ween npdel si qul ated data and t he asured . . . )
Bgeophydnehed aheldimd, gewesadthe rwapt gfnggc sty lation operations in

stegg(?gﬁfet faé??mﬁ?ég &lith ?’hﬁi%i &‘iff%%?é ﬁﬁle“él%&@ﬁér Ahite VBfihe simulation

g a gra lent o e cost U,nCtI on w
code.

14.  The method of claim 7, wherein the physical properties models are models of seismic
wave velocity, seismic elastic parameters, seismic anisotropy parameters or seismic

anelasticity parameters.

15. The method of claim 1, wherein a local cost function optimization method such as

gradient line search, conjugate gradients or Newton’s method is used to update the model.

16. The method of claim 1, wherein the cost function is the L1-norm cost function or the

L2-norm cost function and the cost function may contain regularization terms.

17. The method of claim 1, wherein the non-equivalent encoding functions are

substantially orthogonal functions.
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respect to at |east one nodel paraneter, which

gradient is conputed froma tine integration of a
w@e@dacti7of encoded sinul t aneous-source data sPeUS10e2032010

forward in time and encoded sinmul taneous-source data

simul ated backward in tinme; and (e) using the updated

18PNy 6RthoRr P §R¥drESn P dlasired %@@ﬁg@&m figh PUER0GAERORS region to
in the subsurface region. 19. met hod for producing

pﬂmpdﬁ@mdnbﬁn@ﬂmeWDaqsmmgurface regi on, conprising: (a)
perform ng a geophysical survey of the subsurface

regiy i gal 0 LES I

sal nndep%ﬁge% Q%Q%%qggﬁﬁﬁrﬁgf% Eu%?%gbg %%?%%Jﬁégm measured
geophybicalcata) v&dieaaum:a‘lch gakticc s éssodiate@mﬁthraadi@e haregilizedyource or, using

reference; usi t he sjcal propertie del to .
SOYTEsFRP R 1:—160&9%9% é‘(ﬂfg&?“&’égF%ﬁ’del’z SR ARG A<D BRGF fsngoded with a
diff 88t %{1@0({11&5%%&1&& SNt M6thla sbmﬁoﬁlr@ugv‘aﬁﬁt é{b@dlng functions;

produci ng hydrocarbons fromthe wel

(b) summing the encoded gathers in the group by summing all data records in

cach gather that correspond to a single receiver (or source if reciprocity is used), and

repeating for each different receiver, resulting in a simultaneous 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) inverting the measured geophysical data, one simultancous encoded gather at a
time, using the assumed physical properties model as an initial model, and iteratively
updating said model to minimize a cost function measuring degree of misfit between model-
simulated data and the measured geophysical data to generate an updated physical properties
model, wherein model adjustments are made using a gradient of the cost function with
respect to at least one model parameter, which gradient is computed from a time integration
of a product of encoded simultaneous-source data simulated forward in time and encoded

simultaneous-source data simulated backward in time; and

() using the updated physical properties model to prospect for hydrocarbons in

the subsurface region.
19. A method for producing hydrocarbons from a subsurface region, comprising:
(a) performing a geophysical survey of the subsurface region;

(b) obtaining a physical properties model, said model having been constructed

using a method as recited in claim 1, which is incorporated herein by reference;

(©) using the physical properties model to identify a hydrocarbon bearing zone in

the subsurface region;

(d) drilling a well into the zone and producing hydrocarbons from the well.
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