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application 60/847,696 which was filed on Septenber

28, 2006. FIELD OF THE | NVENTI ON [ 00021 The invention

rel ates generally to the field of geophysical
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geophysi cal sour%@@méfﬁg%%%%@ Lﬁ*ﬁgN i nvol vi ng
g( alala S a S anl o O C a e a =]
si mul t aneousl y-acti ve geophysi cal sources in one
execution of the sinulation. BACKGROUND OF THE

I NVENTI ON [ 0003] Geophysical inversion [1,2] attenpts

to find a nodelITERATDE IVYERSIQNCE DALS FROM

optimal |y expl ains observed data and satisfies

geol ogi cal anSIMEDPANEQUS GEORHYSICAE SOVRCESare a

| ar ge number of well known nethods of geophysi cal

i nversi on. These well known nethods fall into one of

two categories, iterative inversion and non-iterative

| nyewd]on. ThRisf gpliomiondclame thefbenbfi 6Ny .©f Prhrasional application
commonly nmeant by each of the two categories:

No r60{84;696 iwhichi wasdiled emSeptenthes 28,2086 hat i s

acconpl i shed by assum ng sone sinple background nodel

and updating the nod C.Im'%t data. This

nmet hod does not use e i nput to

anot her step of inversion. For the case of seismc data

t hgago2ret hodThe dMvRnGEH FMdsgeh@hBY fortlle FiBldaST gdeb@Ai0al prospecting,
mgration, diffraction tonmography or Born inversion.
WO a2d 0810 patigalary 1 gopbyrivad det7 processing) t3peeifically, the invention is a

| PVREROE Bor invERERH 3t 0htd Rkt Moot SRTDIE ' g2bi5hys TR LSS Shch as

seismic sources, involving geophysical simulation that computes the data from many

simultaneously-active geophysical sources in one execution of the simulation.

BACKGROUND OF THE INVENTION

[0003] Geophysical inversion [1,2] attemnpts 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:

. 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 Bomn inversion.



the subsurface properties nodel such that a nodel is
found that satisfactorily explains the observed data
If the inversion converges, then the final nodel

e 2880429 ai n the observed data and will nDrECT’@ISa]QB%?"M

approxi mate the actual subsurface properties. lterative
i nversion usually produces a nore accurate nodel than
non-iterative inversion, but is nuch nore expensive to
conmpute. [0004] Two iterative inversion nethods
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knomﬁhgl R of scattering. Iterations in this case correspond to adding a higher order

term in the series to the solution.

[0005] Cost function optimization methods are either local or global [4].
Global methods simply involve computing the cost function S{M) for a population of
models {M), M; M;...} and selecting a set of one or more models from that
population that approximately minimize S(M). If further improvement is desired this
new selected set of models can then be used as a 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
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i ncl ude Monte Carl o, sinulated annealing, genetic and

evol ution algorithms. [0006] Local cost function
WO2P08092081 on i nvol ves: 1. selecting a startinglHERIEY19724
2. conmputing the gradi ent of .tshe cost function S(M

Wth respect to the paraneters that describe the

nodel , 3. searching for an updated nodel that is a
perturbation of the starting nodel in the gradi ent

di heekioAndthds iRGhdEMARtPCRIdSithgte@ AAfiaNRE siakae andEVotution
procedure 1s iterated by using the new updated nodel as

t halgsdithrsi ng nodel for another gradi ent search. The
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gradi ent search, conjugate gradients and Newton's
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yi el ds nore accurate subsurface paraneter nodels.
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conput ational expense is the result of the fact that
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t o invessionumitbodsoncludegradientsearch, conmgate gradrentsend Nemdort’ hmethod.
nunber of iterations required is typically on the order

o W05, Akt DT3RS, AP o PRGBS e
inversion, because it yields more accurate subsurface parameter models.
Unfortunately, iterative inversion is so computationally expensive that it is impractical
to apply it to many problems of interest. This high computational expense is the result
of the fact that all inversion techniques require many compute intensive forward
and/or reverse simulations. Forward simulation means computation of the data
forward in time, and reverse simulation means computation of the data backward in
time. The compute time of any individual simulation is proportional to the number of
sources to be inverted, and typically there are large numbers of sources in geophysical
data. The problem is exacerbated for iterative inversion, because the number of
simulations that must be computed is proportional to the number of iterations in the
inversion, and the number of iterations required is typically on the order of hundreds

to thousands.

[0008] The compute cost of all categories of inversion can be reduced by

inverting data from combinations of the sources, rather than inverting the sources



inverting data from conbi nati ons of the sources, rather
than inverting the sources WO 2008/ 042081

PCT/ US2007/ 019724 -4 individually. This may be called
SVORN0BA48YuSs source inversion. Several types SCT/USHG/RET
conbi nati on are known including; coherently sum closely
spaced sources to produce an effective source that
produces a wavefront of sonme desired shape (e.g. a

pl ane wave), sum w dely spaces sources, or fully or
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non-encoded. 10010] Van Manen [5] suggests u3|ng t he
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| ar ge numnber
{0010] Van Manen [5] suggests using the seismic interferometry method to

speedup 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 acquired at the two recorded locations and
surnming over all the boundary sources. If the data to be inverted has 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 rare that both

the source and receiver for the data to be inverted are within the region of interest.



of sources and receivers that are within the regi on of
interest (as opposed to having one or the other on the
boundary) then this is a very efficient nethod for

VOB Bl t he desired Green's functions. HowBGEUS2007E#19724
the seismc data case it is raye that both the source
and receiver for the data to be inverted are within the
region of interest. WD 2008/ 042081 PCT/ US2007/ 019724
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sum of point sources that produces a wave front of some desired shape.

[0012] Van Riel [8] suggests inversion by non-encoded stacking or partial
stacking (with respect to source-receiver offset) of the input seismic data, then
defining a cost function with respect to this stacked data which will be optimized.
Thus, this publication suggests improving cost function based inversion using non-
encoded simultaneous sources. As was true of the Berkhout’s [6] simultaneous source
inversion method, the stacking suggested by this method reduces the amount of
information in the data to be inverted and therefore the inversion is less well

constrained than it would have been with the original data.

[0013] Mora [9] proposes inverting data that is the sum of widely spaced

sources. Thus, this publication suggests improving the efficiency of inversion using



Thus, this publication suggests inproving cost function
based i nversion using non- encoded sinultaneous

sources. As was true of the Berkhout's [6] sinultaneous
SWORWEN4MBer si on net hod, the stacking suggestF&d/U5gt07/013724
this nmethod reduces the amountgof information in the

data to be inverted and therefore the inversion is |less
well constrained than it would have been with the

original data. [0013] Mora [9] proposes inverting data

t hafonléhebdtl siilit@eold alcé shRAGRSH. SEMAHRS widbhHSpacdd bchrces has
publication suggests I nproving the efficiency of

i nvthe advantags iofi gred@vin@ MBich 4268 InfPildtidSAB4i7the tekzent suf proposed

BB ol RomiR o SAACoh oV g o
o O BN S BB e

S OU#ceEamiod itk iaHghé Widelyt dpacedsdnices. eSin¢ertidadompai titie is proportional
inverted) that nust be used in the inversion nust be ,
i nctoethe arga ob thigapesres Yore's method risesinet prgdusp ag mych efficiency gain

souf.ces [ t ut ' [ ti.;onal to the
are cofl]dthgiagﬁlg‘éee&r}? Hlfegf"gﬁwgﬁg&g%e‘{%%ﬁ&gg%@ Oquge' produce

as nmuch efficiency gain as could be achieved if the

su ourc 1 e . (g r

SRR OLr Ok AR AR sk RO A kBl cae of
of néiPiterhiiv@r it dryibn, LWMRInGi sitfiultaf¥ous enOgied istirtdsa efed Sesting various

encoded sources. After testing various coding nethods
Oberoding, methodat Obercfonnd that  the) Tesuljing: migratedh dmages Awd significantly

Dt | ' TeRGa _
Fackob oA G888 b3 Rl b A8 Bl Bl ook Rlllos e
Nec ggeahtilyYonBNpprexanatel oMhbgdndl. OTﬁdQPGHéiﬁiunuﬂihﬁ gmoré!\ﬂhﬁﬁ‘ 16 shots,
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simultaneous-source simulated data back into the separate simulations that would
have been obtained from the individual point sources. These decoded data could then
be used as part of any conventional inversion procedure. A problem with Ikelle's
method is that the proposed decoding method will produce separated data having
noise levels proportional to the difference between data from adjacent sources. This
noise will become significant for subsurface models that are not laterally constant, for
example from models containing dipping reflectors. Furthermore, this noise will
grow in proportion to the number of simultaneous sources. Due to these difficulties
Ikelle’s simultaneous source approach may result in unacceptable levels of noise if

used in inverting a subsurface that is not laterally constant.



have been obtained fromthe individual point sources.
These decoded data could then be used as part of any
conventional inversion procedure. A problemwth
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wi || produce separated data hdvi ng noise |levels
proportional to the difference between data from

adj acent sources. This noise will becone significant

for subsurface nodels that are not laterally constant,
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geophysical data to determne a physical properties

nodel féa) a sbtsking aEoupeoi by ormope endodgd gathgrs of the measured

obt ai ni ng ,a, gro of t r nore encode at hers of.. t he
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encHEPRRR YPYEYires; (b) summing (4) the encoded
gathers in the group by suntming all data records in

each ga r : ingle.r, [
ol ce it@er etg{ﬁg@ggﬂ@e@g%ﬁ&dw gaih3ts"g! Be GRGp M Surkiing all data
records in each 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;

(c)  assuming a physical properties model 5 of the subsurface region, said
model providing values of at least one physical property at locations throughout the

subsurface region,;

(d) calculating an update 6 to the assumed physical properties model that is
more consistent with the simultaneous encoded gather from step (b), said calculation
involving one or more encoded simultaneous source forward (or reverse) simulation
operations that use the assumed physical properties model and encoded source

signatures using the same encoding functions used to encode corresponding gathers of



used), and repeating for each different receiver,
resulting in a sinultaneous encoded gather; (c)

assum ng a physical properties nodel 5 of the
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| east one physical property at gl ocations throughout the
subsurface region; (d) calculating an update 6 to the
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consi stent with the sinultaneous encoded gather from
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(d) invefted hshySibalogRspettiat bl fRom Adack birdi &le accumulated before
performing the model update in step (d). If the encoded gathers are not obtained
already encoded from the geophysical survey as described below, then gathers of
geophysical data 1 are encoded by applying encoding signatures 3 selected from a set

of non-equivalent encoding signatures 2.

[0019] In another embodiment, the present invention is a computer-
implemented method for inversion of measured geophysical data to determine a

physical properties model for a subsurface region, comprising:

(a)  obtaining a group of two or more encoded gathers of the measured
geophysical data, wherein each gather is associated with a single generalized source
or, using source-rccciver reciprocity, with a single receiver, and wherein each gather is
encoded with a different encoding signature selected from a set non-equivalent

encoding signatures;



al ready encoded fromthe geophysical survey as

descri bed bel ow, then gathers of geophysical data 1

are encoded by applying encodi ng signatures 3 sel ected
woensH48t  of non-equi val ent encodi ng si gnat REEYS20071019724
[0019] In another enbodi ment, g he present invention is

a conputer- inplenmented nethod for inversion of

nmeasur ed geophysical data to determne a physica
properties nodel for a subsurface region, conprising:

(a) obtainin 4 . e : r
oDt by e B s R A e oo
| SiSeRhigatiRfl thit thrr@psid'@l £5iHE ERIVe? Gst BHE GLrecrocity is used),
using source-receiver reciprocity, with a single

r eond sepeating fier eaptedifferentrgctiveyanehting in a simultaneousincoded gather;
different encoding signature selected froma set

non- equj yal ent _encodj n i gnat.ures:;, WO. 2008/ 042081 . .
P Usobi ) ol S ghyiiba” pERRE, el O B RS TRR drsion, seid
| N nfodel 1%1'60i¥dﬁlgb‘)ﬁh§éd B2 badt! dne QY slcd] §eAS at Idtafdishthroughout the
gather that correspond to a single receiver (or source

i f subspifaoeaegioy, i s used), and repeating for each
different receiver, resulting in a sinmultaneous encoded

gat her; ,{c) assuming a physical properti del of th
subsurf §€e r @g!ugeﬁng %a?yaﬁleﬁf) a’é’l“ﬂﬁs?ﬂﬁg cﬁ"ﬁ(ﬂﬁé £gﬂ§5 cgr[resg?nd?ng to
| eaRd siBtaREBNS| GROIR SIS ¥f ﬂieaéu?aﬁuh@p%sih? R CIQied! Pfysical
subsurface region; (d) sinmulating a synthetic

si pudpeetivs onedet nwloaieid tha simelatioaruses paooded gotree sighatures using the
Si rrultaneaus encoded gat her .of npasured data, ,us|ng.the

as SHREENGIALg; fragtiony pssp & enoade e gimultanprus epgpded, gather of measured
Si nfaaty, eiHSE‘rf eﬁ@&?ﬁ%lﬁ&é&&?%ﬁb&ﬁagz&tﬁés i $iolldatbd'Sn a single
sane é&ncodi ng functions used to encode fhe S'mil taneous
enginidatigedpesitionf neasured data, wherein an entire

si mul t aneous encoded gather is simulated in a single

simul ati on operation; (e) _conputing a cost function

measuri §8) deGPBBUER #icasti fnglian easuring degrem At mifdih bstween the
B A8 EhooRly AR Py R0RA A0 'AE b WhEHRA simuttancous

si mul' taneous " enco
encoded gather;

® repeating steps (a), (b), (d) and (e) for at least one more cycle,

accurmulating costs from step (e);

{g)  updating the physical properties model by optimizing the accumulated

costs;

(k)  iterating steps {a)~(g) at least one more time using the updated physical
properties model from the previous iteration as the assumed physical properties model
in step (c), wherein a different set non-equivalent encoding signatures may be used for

each iteration, resulting in a further updated physical properties model; and

(i) downloading the further updated physical properties model or saving it

to computer storage.



(f) repeating steps (a), (b), (d) and (e) for at |east

one nore cycle, accunulating costs fromstep (e); (9)
updating the physical properties nodel by optimn zi n(();

tWE 28080081 at ed costs; (h) iterating steps (FCHEGROG019724
| east one nmore time using the jpdated physical

properties nodel fromthe previous iteration as the
assumed physical properties nodel in step (c), wherein

a different set non-equival ent encodi ng signatures nay

be for achaiiteratio resul ti [ I k

updta@z physihgaq‘n%g‘r%per Ofi'élgenﬁoggll;n{%[{gn%n(g) Qa%%ﬁ‘lﬁ%ggflﬁlamemed
t hembtbd RRfinwRdat 66meRVfed GRbphYSIOR Matal t6 AetdRAIRE aPhysical ipftgperties
it to conputer storage. 2008/ 042081
PCThio$sl §az sobairfage regivd, a@@GRBig n anot her enbodi nent,

the invention is a conputer-inplenented nethod for

v o f utab Rl ol s L S, Y
physi cal\3ro | On:
CONMP&dnR{ial d4td) wRQER! ALK gatBerds g&ﬁéciﬁfedﬁ#ﬁ QEilnﬂlgra aeralized source

enc dgd gat hers of the neasure geophysi ca

wh e pg using sauincegrat diear reciprasityo with nethgle reteiver sind herein each gather is
general.i zed sour.ce or, ysing source:-recgejver )

rec P%Oéedz tgth 4y differsnt eacpdine, Sewate rselested pmr &Rt agpavivalent

gat Q&fodf E ilgﬁﬂﬁl%g'ed wth a different encodi ng signature
sel 8CLedErEOm & set non- equi val ent  encodi ng

signatures; (b) summ ng the encoded gathers in the

group by(by unmsungniap theckmtadet @athedsn thergrapdy syainfiag all dath records
correspond to a single receiver (or source if L.

r ecilppashigathes that,cerggspondyiop single agcelvgr (a5 sowrse if Rreiprasityag used),

. - Lt ) ol _ -
o5 Sk B B A BB LIRS SRR AR s
subsurface region, said nodel providing values of at

| east ong)physkmaningd pRBidel pRperties aiodeinsf thersabgirfavé rdghe, said
subsurface region; (d) selecting an iterative series
sol madelprovdingsiatites of iah lpast g phivical pEapeTty iah lpcatigag dhroughout the

scatsﬁb%mfgc%rleglnorﬁal d subsurface region;

(d)  selecting an iterative series solution to a scattering equation describing

wave scattening in said subsurface region;

(e) beginning with the first n terms of said series, where n > 1, said first »
terms corresponding to the assumed physical properties model of the subsurface

region;

® computing the next term in the series, said calculation involving one or
more encoded simultaneous source forward (or reverse) simulation operations that use
the assumed physical properties model and encoded source signatures using the same
encoding functions used to encode corresponding gathers of measured data, wherein
an entire simultaneous encoded gather is simulated in a single simulation operation
and the simulated encoded gather and measured encoded gather are combined in a

manner consistent with the iterative series selected in step (d);



(e) beginning with the first n terns of said series,
where n > 1, said first n terns corresponding to the
assumed physical properties nodel of the subsurface
region; (O conmputing the next termin the seriés, said
cal cul ation involving one or ngre encoded sinmultaneous
source forward (or reverse) sinulation operations that
use the assuned physical properties nodel and encoded
source signatures using the sane encoding functions

used t o (gncodpdatiy s posddl by addinpeticsnat wBAkUiRGeelad ealculated in
wherein an entire sinultaneous encoded gather is

si mtArdfde theassumedhglodelsi mul ati on operation and the
si mul at ed encoded gat her and neasured encoded gat her

are conbiped j [ 1.1 h. i.teratiyve
series nge?ectljggﬁaﬁﬁg g% @ga? 8%} C?f@f&t %g§asﬁ%ry;ttu§1%§otaﬂ§ aﬁ%asélone tore
by tagltd e bbigesne fiirtiied i dtotHeBy Siesli pespeetidsahbadieghd n
step (f) to the assunmed nodel; (h) repeating steps (f)
and (g) for at least one tinme to add at | east one nore o
termto @he sérwndeadieg therfumlesr updeted shysis! prapsiriées model or saving it
pr otpecrti e%rn#%daele; and (i) downl oadi ng the further
updgtggmﬁ y§ CH "properties nodel or saving it to
conmput er storage. [0021] In another enbodi nent, the
i NV@ORIPN IS B aAcREt efrbodideaieiNeethvemm @ d @bmputer-implemented
i nversion of neasured geophysical data to determ ne a
physiethatl {pr ippensioned mepsered gephysicslidstaiiof detesming a physical properties
conpri,sing: (.a bt ai ni ng neasur ed geophysi cal data
fro Ogagfgg?:)ﬁ%?"gg?e r§§’|9€}eamfmbsmgsubsurf ace region; (b)
niti~l physical properties nodel and inverting it-the
nmeasur ed¢fjat aoBiiride htlabited igB¥SHySicNdAtAMRINY | dlGeophysical survey the
si mul taneous sinulation of survey data representing a
pl usaisitigceakgwor vey sources (or receivers if
source-receiver reciprocity is used) wherein source
signaturﬁﬁ in the.sinulation are encoded, re Iti_ [
a simlat’ed SrFtaneous en T gatther-of )
dat %eam@% HAVA B SHeP iR AE28 8 iﬂvB}@ﬁ%’éiHﬁltﬂx%ﬁé sﬂﬂ?lﬁﬂ?@ﬁ Hburvey data
ass ysitcal properties nodel To reduce msfit

representing a plurality of survey sources (or receivers if source-receiver reciprocity is

used) wherein source signatures in the simulation are encoded, resulting in a
simulated simultaneous encoded gather of geophysical data, the inversion process
involving updating the—an assumed physical properties model to reduce misfit
between the simulated simultaneous encoded gather and a corresponding
simultaneous encoded gather formed by summing gathers of measured survey data

encoded with the same encoding functions used in the simulation; and

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

computer storage.

BRIEF DESCRIPTION OF THE DRAWINGS

(0022} The present invention and its advantages will be better understood by

referring to the following detailed description and the attached drawings in which:



bet ween the sinul ated sinultaneous encoded gather and a
correspondi ng sinultaneous encoded gat her forned by

sumi n at hers of neasured survey data encod it
tWQZQ‘gﬁ’éz%éhcodi ng functions used in the sinul 5?,&6.%"20021%0724
(c) downl oading the updated physical properties nodel

or saving it to conputer storage. BRI EF DESCRI PTI ON OF
THE DRAW NGS [ 0022] The present invention and its
advantages will be better understood by referring to

t he | owi ng:: datail Ch-h DI t .

ar OB 1 O B 58 Bl R e e bR e e for
[ 00@RHultirieBus ehobdedasoffcomvesint showi ng steps in a met hod
for preparing data for sinultaneous encoded-source

i nversion; [0024]. Fiﬁ;. 2 is a flow chart show ng stg&;

i n W94knbodifierk isgr flaw ehast showing stensve ARs GBbodimertPlithg present

si myl 0 C tat ] . da i.n (2.

cos IVERECHRAGE 40 BRERTRALE SR BimpIRH P ule Vol Hiton cost
f or imetigxanpl e denonstrating the conputation of the

full wavefield cost function; [0026] Fig. 4 is a data

di spl ay showi ng the first 3 of 256 sequential source

dat H]Mgbcor dsFigi ik s basei velacity modehiercan example cdempgatrating the
nodel of Fig..3;. 0027 i 5 shows a single
sinﬁ@PQﬁ@&ﬂgfgﬁéB@Sﬁyﬁ%ﬁfggtB%?H&r produced fromthe

256 sequential source data recqords of which the first

thr 50281 € Shopig. 4 13 afdath display shOW#Blthdfirdt 3 6f 296! sUichBdlSBurce data
one of the perturbations og'the ase nodel in Fig. 3

t hatecowds sismyatechintthe:Efample fremithe basermodelrodFig. onput at i on

of the full wave inversion cost function using

T undtN°orpliBen s eritral seufansond dmiRptoqucs Bathe produced
1 Mok PRe S st slabeisRustal bf Fhith o fikCBARard{twm'in Fig,

shows the cost function conputed for the sequentia
soudge data

[0028] Fig. 6 illustrates one of the perturbations of the base model in Fig. 3
that is used in the Example to demonstrate computation of the full wave inversion cost

function using simultaneous sources;

[0029] Fig. 7 shows the cost function computed for the present invention’s

simultaneous source data shown in Fig. §;

[0030] Fig. 8 shows the cost function computed for the sequential source data

shown in Fig, 4, i.e., by traditional inversion;

[0031) Fig. 9 shows the cost function for a prior-art *“super-shot” gather,

formed by simply summing the sequential source data shown in Fig. 4; and

[0032) Fig. 10 is a flow chart showing basic steps in one embodiment of the
present inventive method.
[0033] The invention will be described in connection with its preferred

embodiments. However, to the extent that the following detailed descriptioni is



shown in Fig. 4, i.e., by traditional inversion; [0031]
Fig. 9 shows the cost function for a prior-art
er-shot” gather, formed by sinply summing the
Wéhﬁ #2981 source data shown in Fig. 4; and [8@)@@?”&7’@?72“
10 is a flow chart show ng baggc steps in one
enbodi nent of the present inventive nethod. [0033] The
invention will be described in connection with its
preferred enbodi nents. However, to the extent that the
?Sﬁﬂ idupf Qﬁiﬁl‘hh&ﬁ'cﬁna ﬁ%@%@“%@%venﬂon this is
/USZOO? 19724 - specific to a particular
e rrhruehdeé It b@rlluatrqlanetomlyu bt ismeetodfe donstnied \ae hitviitimg thee Iscape of the
IS ntended to be |Ilustrat| e on disn
coh%‘repwa B the GANFTARYy it Htedeh 0 ?ﬁve{ ﬂégprrﬁWﬁf,.rarrf f?%atrons and
o Ak aisk e TnciIg, bt ORI fouEidHy BERIHER by e
W tabpdmdamamope of the invention, as defr ned by the
appended cl ai ns. DETAI LED DESCRI PTI ON OF PREFERRED
EMBCDI MENTS 0034 The resent |nvent| on |s a_net hod
for redd¥hd E1OR Lk RREAN]
iteratively |nvert geophysr cal data by use of

Si g&#@neous'rﬁ@ 1%‘3&9 1 1§nels a%{ﬁf&ffl' %&u"%ggﬁﬁ éon}putatlonal time

i cal |nv rsron a Naa
su brébtreﬂ a6 Gtepdtiaslyiifverp E@@Wsﬁdae dath g tuse R sitltayecl Rh@das source
observed geophysi cal data. The exanple of seismic data
i s simatiathr oughout to illustrate the inventive method,
but the method may be advantageously applled to any

ondOB5 ¢ SRHDRE, SRR REPE At f pigerds yBRRhce casic

I e 35rbpepitd the? %ﬁtu’ﬁﬁlly explndGHserved PACphPdiQNdats. TREbxample of seismic
accuratel y perforned using iterative nethods.

Unfdata israsee ithroughoat & illustrate ks Sivemtivesmethodrbut the method may be
L S 4 A e o
ge'g’ﬂﬁt éo‘ilﬂ:ef QEtY%'EéE!I 1d ‘Fdéﬁf G, afid Y18t %ﬂé rQJenJePe The data

pnysi cal data er e orvvar means forwar

andnversien Sie muﬂamuiaaatj(\m'fdnmad using )iterakive ine[l)bds: oslﬂnfoftmatcly

t hese sinul at,i ons és partly due to, the fact
iterative mversion is often prohibitively expensive computationally. The majority of

compute time in iterative inversion is spent computing forward and/or reverse
simulations of the geophysical data (here forward means forward in time and reverse
means backward in time), The high cost of these simulations is partly due to the fact
that each geophysical source in the input data must be computed in a separate
computer run of the simulation software. Thus, the cost of simulation is proportional
to the number of sources in the geophysical data (typically on the order of 1,000 to
10,000 sources for a geophysical survey). In this invention, the source signatures for a
group of sources are encoded and these encoded sources are simulated in a single run
of the software, resulting in a computational speedup proportional to the number of

sources computed simultaneously.

[0036] As discussed above in the Background section, simultaneous source
methods have been proposed in several publications for reducing the cost of various

processes for inversion of geophysical data [3,6,7,8,9]. In a more limited number of



t hat each geophysical source in the input data nust be
conputed in a separate conputer run of the sinulation
software. Thus, the cost of sinulation is proportional
t\WOPBOMIber of sources in the geophysical d&(d/US2007/019724
(typically on the order of 1,000 to 10,000 sources for

a geophysical survey). In this invention, the source
signatures for a group of sources are encoded and

t hese encoded sources are sinulated in a single run of
the.s ft S lhsedlP .

o o538 sBfng S Hicbcite 3pARTRKL Bhd BRBlosP B Utain purposes

Tb}laneﬂéiey;neﬂl@&?ﬁ&veaﬂ] deacspsacogiiovide iincrédded efficiency, but
ackground section, sinultaneous source nethods have

beeﬂWpywmmﬁqant gasy i eedugsdisiualite peabY o therfor of rh@vqrwglal-to-
cost _.of rocesses for inversion of S

Gt BoiearefS g dpre® PRESR BF s ip UG SRR P GRPRRF ~The prosent
200%%%98&1@% LtﬁZQQVérQén%%ﬁnty r@&ucﬁ@ﬁ%% shovitk AN S@tHtaneous
encoded-sour ce techniques are disclosed for certain

pur pesdal-sduic®, sirhlatidih e&ebmmtagedualwslsad lin beraectsdnowith tlerative
proyi de. |ncEeased ef fjcienc

Dl GIvFictinG 1EGRE iHes (b soigg e, O JEHTE teupdpgirable noise

f or F@sﬁﬁfn% OGh fhe OBl of %unﬁlfﬂné&:sr @ﬁdo@ed"‘&@ﬁ}césar Ofhif Ugb&hSidered
si mul Taneous sources are enployed. The present

| nv emdxpentedrint lighttafsthe eommonielief that mmds:ohweqmrbs dhpu atayof the

show ng that_ sinu|taneous encoded-source Si &}JI ation

canhigBesh ppasible Juielist y I segnen tho simtianeays nepdedrsghige jtohnique
i nv t S

AR R A A Sl e BB S snle
of séumtd dianRA6S (due e thedatinteding an'ﬂlmmmoﬁ vhsdhotee @d: appearance
unexFected in light of the conmon belief that inversion

r eqaf raslomiging theadata)yfand ruses thig tapparerslys degsaded dpsa ite produce an

I n essenc neous, enco ource t hni

or ot BLRanaaeE o ik BRERL G AR, B atE, i B fiFppte
degiddRIhal€ bédnl obeaiAdd 1 thEpRhibRATCpersite ﬂbée@@oi(lﬂv@uﬁgnthe data
the data encodi ng and sunmati on whi ch has

app &ama theeindpiduabsdeniszi (Each hspuckat positioanio mssus/eyhs sonsidered a
apparently de [ ded data to uce an inversion that
has%fgﬁ% fopr "‘% L RYTResEsAt Wep\‘ﬂ‘& ual ly the sanme quality

as the result that would have been obtained by the

Prolgdari i vel YTRXRERR tha (s aFSiRerly defded ddicdn e
fromthre i ndi vi dual sources. El§a%ac ?Arce posi th?%one(:iﬁj%erfom
sur adygh quatiy #emtve ihvarsion is that by encoding the data before summation of

sources the information content of the data is only slightly degraded. Since there is
only insignificant information loss, these visually degraded data constrain an iterative
inversion just as well as conventional sequential source data. Since simultaneous
sources are used in the simulation steps of the inversion, the compute time is

significantly reduced, relative to conventional sequential source inversion.

[0038] Two iterative inversion methods commonly employed in geophysics
are cost function optimization and series methods. The present invention can be
applied to both of these methods. Simultaneous encoded-source cost function

optimization 18 discussed first,



di fferent "source" for purposes of inversion.) [0037]
The reason that these apparently degraded data can be
used to perform a high quality iterative inversion is

t ncodi ng the data before summati on of
%"R@"P'ﬁ%gﬁﬁati on content of the data is only sT‘Fﬁﬂﬁ"@%”“
degraded. Since there is onkysinsignificant
information | oss, these visually degraded data
constrain an iterative inversion just as well as
conventional sequential source data. Since sinmultaneous
S OWefdftive ToSt MinRYoh OptiRdzasivAiU| ation steps of the

i nversion, the conpute tine is significantly reduced,

relati ve to conventional sequential source inversion. ]
[ 06¥B?] Two | Eestduncpen optimyzatiamis perferoned byaninumizipg the value, with

ange D ot SERIREIRbET 1 BF € bR Machi L S0 o b e Ried B as en
apRbjeivet Sndil, Whick e 8 SnddBirD O nisfill BBAVERANEE Wbserved (measured)

encoded- source cost function optimzation is discussed
f i izeophySAG 24308 A0d! 208dspPEiing JE28 CAlcOlagd by simudationi efeth€ossumed

Functjon Qotim zation [0039 st fuyncti.an optim zation
o el ch SEPID YR el eacpR SRR Fecr o
a subsurface nodel M of a cost function S(M
(sonetinmes refersed,t@ as an objective function),

which is a e 0 Stilst i (s aek ween—uhe(gobser Jed ]
(measur ed) S@%EC? %ﬁ'f(a kayr“:d’ ccf?rgsgp(ggdi nd\]data M

cal cul ated by sinulation of the assuned nodel. A
sinmple cost function S often used in geophysi cal
in€88 on is: N yN S(M- E 2 Iwarr(M g, r, t, wy\ |-
V,abs(g, r, t, wg Al (I') g=1 r=I r=1 where N = norm

f tf t teyplecald v i 1
e Pl B A SRRt

nmodel , g —whizhkase Nadgx (for point source data this
woul d correspond to the individual sources),

M = subsurface model,

g = gather index (for point source data this would correspond to the individual
sources),

N; = number of gathers,

r = receiver index within gather,

N; = number of receivers in a gather,

t = tirr'1e sample index within a data record,

N = number of time samples,

Weale = calculated geophysical data from the model M,
Weps = measured geophysical data, and

Wwg = source signature for gather g, i.e. source signal without earth filtering

effects.



Ng = nunber of gathers, r = receiver index within

gather, N, = nunber of receivers in a gather, t = tine
sanple index within a data record, N, = nunber of tine
sWOABO288ham = cal cul at ed geophysical data frion/P§07/019724
nodel M Wb, = nmeasured geophysical data, and wg =
source signature for gather g, i.e. source signal

wi thout earth filtering effects. WO 2008/ 042081

PCT/ US2007/ 019724 -16 [0040) The gathers in Equation 1
can{fuigopny tyne gith@alihcEquaticd 1Ca Be anpitypel 6f @athemntianean be
run of a forward nodeling program For seismc data,

t he sigaddted in ongoun of gdonvard modskingsprogranh ofor sgismho defh, the@athers
shots can be nore general,.t han poi,nt sources [6]. r .
o1 FRSBNL B8 SPRENG honltiona, i S PR b fee ghérah Hen poin
ocati P , _
soupose (8, Fof ot Shied bR inf0g, PREsgShalR W Beation of
pr o fraitnad poiht sewrtésonBor plitieswapensurdes, Zedosldworesphatiao different
yio s, can either be acquired in the field or can be .
synHag iwaze propagatign direetionti Thiy agaeralizeg Gpwrce daldr Yass. can cither be

po. aone dhbE PUBioR B suffie' A Bl B PO RHC R sources
f unatk RcwIRRR dhRn)ar sh e eflet Rghd(@n ﬂsuall? be $6in t ; gﬁa&@,by using

forward nodeling typically nmeans solution o

ani acgenerplized spurce fumictien wbemforwandrropdeljng (o forspismuic datapforward
Some_appr oxi ion thereof).. For .many, types. of. forward .
TodSITRENE SPIAI BHS FRSHOTE DT FuFURpis ViSenifiig, VYR @ropagation
co @E&gﬁ, ; en :
roug @ﬁg%ai to the cgtrlr{)rﬁpl aet?elogh tF Pﬁéﬂaﬁgg)épgg%@?%ﬁ modeling,
poi mitcleding fisite differenos alodelivg] theacompaiation ftinzneeeded fopracgeneralized

physi cal properties of the subsurface region. Seismc
wav 8owee sapughly equalte the eamnpkafon dime nopdaddpr 4/ poipt jourss. Fhe model

(1 0y S5 R IRE PP B BGLEN ororBERor Y GAGHRE hion. Scismic

several ani sotropy para enuat1 on

par aave @Eldcity 8 0he Sidch)physicul ﬁwpmmt $d dry (forl Beamipdelg)-whde velocity,
m ght represent a single physical property or
shear wave velocity, several anisotropy parameters, attenuation (q) parameters,

porosity, and permeability. The model M might represent a single physical property or
it might contain many different parameters depending upon the level of sophistication
of the inversion. Typically, a subsurface region is subdivided into discrete cells, each

cell being characterized by a single value of each parameter.

[0041) Equation | can be simplified to:

S(M)= i]a(M, gw, )] @)

g=l

where the sum over receivers and time samples is now implied and,
5(M:gswg)=Wca!c(M’g’wg)_Wob.r(g’wg) (3)

One major problem with iterative inversion is that computing ... takes a large

amount of computer time, and therefore computation of the cost function, S, is very



it mght contain many different paranmeters dependi ng
upon the | evel of sophistication of the inversion.

[ a subsurface region is subdivided ]
%8&8244%9%&@ |'s, each cell being characteri zei, ys2307m19724
singl e value of each paranetei7-[0041] Equation 1 can
be sinplified to: S(M= 1s(Mg,wel" (2) g-I where the
sum over receivers and tinme sanples is now inplied and,
6(Mg, wg)=yV.|~(Mg,wg)-v,,6 (g,wg) (3) One mgjor
pr afle @ohsindilg. | Futtheirhote, ih AV@Hicd @ivelsfontpiiect SiRBOS: filldtion must be
yicolc takes a | arge anmount of conputer tinme, and
t hegrepwedfos orapy differemhmoflels W6 cost function, S, is very
WD 2008/ 042081 PCT1US200 7/019 7 24 -17 time

'CO 1ng. Furthermore, in typi.cal inversion proje
PRAELCD ¢ (RS FERPURIOR i B o BAPTEPIA i P LR G gpthers
no : di':?& tabd ' ON. WAadFis!

prg%%) ctnlls{{osna td%l b e%ﬁgﬁb% 0 bgg? ég@eé)(yﬁ’r poiI ﬁt&l the order of
sou6,060 catGD,806i for e eypidab setidmeic sunviye r Thaf present ineajtion dgeatly reduces
which is on the order, of . 10,000 to 100,00Q for.a

t y phec Simes Beedid fog gegripysicath awswgglefay $avine: b M agapybe well
re : [ ded f, ' [ ' .
o agie o P A e (8 RE BRI Benek AR SRk Uhich are
CORBtkakdd%kiMERarfeohisdy. TR YedRiREPME inttantedad toZRfhpiRUYGE By a factor
whi ch are activated simultaneously. This reduces the

ti regualetodthd nuwnben fusimultinecad sourgesa fAaotope detagedhiivetsion of the
t he nupber, of. si aneous.sources. A nore ai | ed
vorEeEng pestriatonahe e bl heing i dh B ca
probl em bei ng addressed foll ows. [0043] The cost

fu j3pn i n- ' = : | Wolak
nTRECET () TS Rl B EERGERR idche Wih OloOHS
sunmati on over receivers and tinme sanples is inplied as
in Equation 2 and: 2 = fines a Tﬁm over gathers

v Y, d
by sub groups of g‘g;(bly})siTZéGJ,g,cg®wg

G= |geG

)

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

N, N;
2 =Y . defines a sum over gathers by sub groups of gathers,

g=l  G=1 g<G

Ssim = cost function for simultaneous source data,

G = the groups of simultaneous generalized sources, and

No = the number of groups,

Cg = functions of time that are convolved (®) with each gather’s source

signature to encode the gathers, these encoding functions are chosen to be
different, i.e. non-equivalent, for each gather index g (e.g. different

realizations of random phase functions).

[0044] The outer summation in Equation 5 is over groups of simultaneous

generalized sources corresponding to the gather type (e.g. point sources for common



g=1 G=1 geG S;,a = cost function for sinultaneous
source data, G = the groups of sinultaneous general i zed

sources, and NG = the nunber of groups, cg = funct

oWQ 1A MAt are convolved (0) with each gat he?CE’USZOO""Olg”“
source signature to encode theggathers, these encoding
functions are chosen to be different, i.e.

non- equi val ent, for each gather index g (e.g. different
real i zati ons of random phase functions). [0044] The

OUt RRotSHIRRS.! Me iheFSUihhitin, BvdrS, & ¥er MeOgherOthat are gﬁ%uped for

si mul taneoug gener al |zedt soburcés corresponding to

gat simultayenms (comgutatian. nFors some simulavion aoetinals, $4%€h as finite difference
2008/ 042081 PCTI US2007/ 019724 -18 shot, gat hers) ., The

i nnarodelingrdhe spmpyatian of thedmesed fog ﬂsmg%ﬁ PRFGest (Hhg ingprosum over

g_r g}%p%ﬂi%%%ﬁgzﬁfg%ketdaiguc ?an?eog'ﬁdiﬁn?tof §H1ref e?%engo%ﬁtatlon for a single

nvd%bare& Thig FqR4tTuat PédnBe @mpub ifRdehe fHaf isSMPNE ¥imes faster than
sources (the inner sumover ge@ can be perforned in

t he Es;antmnaamdntth@ﬂlmmmm cas, alhgathmc &ompmted smaltapeoglye(ie. G
sour ce. Equat i an. be c time,that

o B Riia® ot e s Neiw ) A0 e SR e ol pFI FHFRAMA g
case, all gathers are conputed sinultaneously (i.e. G

cont 0045? al | Pﬂﬁlsng)HEdil BcoRfad alNthe=coki t}ﬁf‘@,,,,ﬂﬂﬁ 1&@1111%“&? 561s not in

factor Ng spe [ 0045] This speedup cones at
C ostgenctrattas@,ut&mm casn ﬁﬁqlmmt fooimversion am istS(Mp defirexd an Enumm 2. Two

suitable a ¢ st f of inversion as is S(M
def iTFRMArCMENESF, '%W&ﬁ é“F‘ i¥enents for a high

qual ity cost functlon are: 1. It has a gl obal m ni mum

when the jmodel; M4 g g%tﬁ?%lhﬂmhﬂewﬁehuﬁxe RoRSE YT 8Cose to the true
nmodel , 2. It has few local mnina and they are | ocated

far fromthe suhserfaceudysdel,f ace nodel. It is easy to see
that in the noise-free case the global mni rrum of bot h

S(M and . S,; il cur .when Mis equa
true subgurfaﬂéml%gﬂ%‘? 18??3 mpima and; they, At ocg{ed fir fom the true

subsurface model.

It is easy to see that in the noise-free case the global minimum of both S(M) and
Ssim(M) will occur when M is equal to the true subsurface model and that their value at
the global minimum is zero. Experience has shown that the global minimum of
Ssim(M) 1s also close to the actual subsurface model in the case where the data are
noisy. Thus, Sin(M) satisfies requirement number 1 above. Next it will be shown

how S;;»(M) can be made to satisfy the second enumerated requirement.

[0046] One cannot in general develop a cost function for data inversion that
has no local minima. So it would be unreasonable to expect S;;,(M) to have no local
minima as desired by requirement 2 above. However, it is at least desirable that
Ssim(M) has a local minima structure not much worse than S(M). According to the

present invention, this can be accomplished by a proper choice of encoding signatures.

[0047] When the cost function uses an L2-Norm, choosing the encoding
signatures to be random phase functions gives a simultaneous source cost function

that has a local minima structure similar to the sequential source cost function. This



the global mninumis zero. Experience has shown that

the global mninmumof S ;mM is also close to the
actual subsurface nodel in the case where the_data ar

W& 008104308ks, 53 ,, (M satisfies requirenent nggygpzogwowm
above. Next it wll be shown_jbow S,;, (M can be nade

to satisfy the second enuner at ed requi renent. [0046]

One cannot in general develop a cost function for data
inversion that has no local mnima. So it woul d be
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I e&hatﬂms’ii is spdctalibébio thehf-Morhassea | ocal m ni na
structure not nmuch worse than S(M. According to the
present invention, this can be acconplished by a proper

choi ce of encodlng S|g [0047] en the cost
function uses an [Qm Smtﬁk Iyﬁ@%t@lyggcom ng (6}
signatures to be random [FHase functionslgives a

si mul t aneous source cost function that has a |ocal

m ma stru simlar tot sour ce cost
e ik st oy gmmsBaenoe pROSBHH BUSYS”°. 10

can be seen by devel oping a relationship between Si, (*

,to S(M as/follows. First, Equation5is specialize

233 t,Sf T @gjﬁ,&cg'\' 2 gﬁlgt @r%bﬁ‘f@ugs Lk O

expanded &% f‘él lows: g S, r =t Io(M g, cg(r)wgl2+
Zlo(M g, cg(rjwg) I V(M g", Cg, (r)Wg* (7) G=I 9G g, g'EG
g*g By choosing the cg so that they have constant

arrrBy tluﬂemg nRele; 8o thhiahéy hale donstanti anplitadeaspeoa, thé Sirst term in
yi el di ng; S Im(M=S(M +

) S irely SNBSIGRE () g ()

S (M) = S(M)+ f“ >[5, g.c, @w, oM, 5" c, ©w, ) ®)

G=1 geecé_

g'#g
Equation 8 reveals that Ssin(M) is equal S(M) plus some cross terms. Note that due to
the implied sum over time samples, the cross terms |§M.g,c,®w,)||qM g’ c,@wg )]
are really cross correlations of the residual from two different gathers. This cross
correlation noise can be spread out over the model by choosing the encoding functions
¢z such that ¢, and c,- are different realizations of random phase functions. Other
types of encoding signatures may also work. Thus, with this choice of the cg, Ssm(M)
is approximately equal to S(M). Therefore, the local minima structure of Sy,(M) is
approximately equal to S(M).

[0048] In practice, the present invention can be implemented according to the
flow charts shown in Figs. 1 and 2. The flow chart in Fig. 1 may be followed to
encode and sum the geophysical survey data to be inverted to form simultaneous
gather data. In step 20, the input data 10 are separated into groups of gathers that will
be encoded and summed to form simultaneous encoded gathers. In step 40, each

gather in one of the gather groups from step 20 are encoded. This encoding is
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[0049] Figure 1 describes how simultaneous encoded gathers are obtained in
some embodiments of the invention. In other embodiments, the geophysical data are
acquired from simultaneous encoded sources, eliminating the need for the process in
Fig. 1. It may be noted that acquiring simultaneoué encoded-source data in the field
could significantly reduce the cost of acquiring the geophysical data and also could
increase the signal-to-noise ratio relative to ambient noise. Thus the present invention
may be advantageously applied to (using a seismic vibrator survey as the example) a
single vibrator truck moved sequentially to multiple locations, or to a survey in which
two or more vibrator trucks are operating simultaneously with different encoded
sweeps in close enough proximity that the survey receivers record combined responses

of all vibrators. In the latter case only, the data could be encoded in the field.

[0050] Figure 2 is a flowchart showing basic steps in the present inventive

method for computing the data inversion cost function for the simultaneous encoded-



all gather groups fromstep 20 have been encoded. Wen

al | gather groups have been encoded, this process is
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acqul regypsénn&lt ﬁ&gt égﬁ& ﬁé S'ng;ﬁhu%g%ethat Ssim(M) s
e”%ﬁﬁﬂlrﬂﬂélbequm@mmzﬂcwaang But4Rt Bmitadiek ed  using the

appropriate signatures fromthe set of encoding
signatures 110 that were wused to formthe sinultaneous
encoded *gat hdiireat,xandony chirp and 4aodifiesechipsirequeneyt dependent phase

encoding as presented in Romero et al. [12];

. The frequency independent phase encoding as presented in Jing et al.
[13};
. Random time shift encoding,

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
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cost function is the 12 norm cost function, then step
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noted that the sinmultaneous enco t echni que
can describes scattering of waves in a medium represented by a physical properties model

of interest as a perturbation of a simpler model. The equation is the basis for a series
expansion that is used to determine scattering of waves from the model of interest,
with the advantage that the series only requires calculations to be performed in the
simpler model. This series can also be inverted to form an iterative series that allows
the determination of the model of interest, from the measured data and again only
requiring calculations to be performed in the simpler model. The Lippmann-
Schwinger equation is a general formalism that can be applied to all types of
geophysical data and models, including seismic waves. This method begins with the

two equations:
LG=-1 9)

L,G, =-1I (10)



be used for many types of inversion cost function. In
particular it could be used for cost functions based

on other norms than L2 di scussed above. It could al so

WO 200844208k nore sophisticated cost functi onsPEHERPHYI24
one presented in Equation 2, .pfcluding regularized

cost functions. Finally, the sinultaneous

encoded- source nmethod could be wused with any type of

gl obal or |ocal cost function inversion met hod
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Li pprmann- Schw nger equatl on [3]. The Lippnann-Schw nger
equation describes scatteging qfgwayes in a medium (1)
represented by a physical prop%rtles nodel of interest

as a perturbation of a sinpler nodel. The equation is

t NyHRASV S= [, QL Aréift Wiich the dirRedérice Befwah tHeStrtéS&M ihiial models can
determi ne scattering of waves fromthe nodel of

i nbeertacted. wi t h t he advantage that the series only
requires cal cul ations to be perforrred in the sinpler

"Odilsn o o S\i@%ﬁﬂiﬂs selvEDiscrivel B VoY, R ERRRUBR it fen series
o luflpg P55 e B QT RS2 U1 Gnd 3 Rrd g 1

only ulring ca cu ons to be per t he

si mpl er nodel . The Li ppmann- Schwi nger equation is a
general formalismtiaEGanGR¥GpEE¥E, VG al-l- types of  (12)
geophysi cal data and nodel s, including seismc waves.

This method begins with the two equations: LG = -1 (9)
LOJhenV is ediind el 20@8£9042081 PCT/ US2007/ 019724 - 23

where L, Lo are the actual and reference differenti al
operators G and Go are the? l{gl @)nd reference -
Green's operators respeM¥el y Yand Y%t he unit (13)
operator. Note that Gis the neasured point source

08 o er R0 it okl 5 VU KPR in W0 PP P L BUR (e the
residual of the data is G - Gy measured at the surface). Substituting Equation 13 into

Equation 12 and collecting terms of the same order yields the following set of

equations for the first 3 orders:
G-G,=G, V"G, (14)
0=G, VPG, +G, V"G, VYG, (15)
0=G,V¥G, +G VG, VPG, +G VG VG, + G, VPG, VG, VG, (16)

and similarly for higher orders in V. These equations may be solved iteratively by

first solving Equation 14 for V¢! by inverting Gy on both sides of V{” to vield:

V¥ = GG -GGy )



initial nodel. The Li ppmann- Schwi nger equation for
scattering theory is: G= G +GO/G (11) where V =L -

Lo from which the difference between the true _and
iWP29081042881del s can be extracted. [0054) EquatiCaffSiop7iL724
solved iteratively for V by fixst expanding it in a
series (assumng G = Go for the first approximation of

G and so forth) to get: G=Go+GOVGEO+GOVGEOVGO+ (12)

Then V is expanded as a series: V=V(I)+V(2)+VMt (13)

whegogsa) 1S AR mph tHoaRidal 1Vid thh shiSstifuéd 26l Squtibnt ML and this
residual of the data (here the residual of the data is
G -eq@atiorsaselvetifoaV? toeriddr f ace) . Substituting Equation

13 into Equation 12 and collecting terns of the sane

order yields the followng set ofm eqyatigns for the

first 3 orders: G & :‘%ﬁf@)FbX) G¥'=G6ehvi a0 +cov "covo (18)
G0 (15) 0=C0V(3)CGo +GOV(')(@B0Ovc2' Go +GOva' GOvVn)

+C0V' GOVe' GOVt ' ) &0 (16) _and simlarly for higher

or dandssoiferth/for hiighewordersaf Vons may be sol ved iteratively

by first solving Equation 14 for VWDby inverting Go on

200RPBH2001  Fabhieb bt v S5t et F redeby Shich can be

Equatitieflouk éxplicitly@n substituted into Equation 15 and
this equation is solved for V2) to yield: V(2) =

-Go' GoV) oV )GoGo' (18) and so forth for higher orders

of V. [00561 Equation ¥% DDl G5<Ga -GyIGjler sources an
and frequency which can bes witten out explicitly as:

V&g -~~Q@ (G -@0,)Co; (17)

where G; is the measured data for source s, Gy is the simulated data through the
reference model for source s and Gg' can be interpreted as the downward
extrapolated source signature from source s. Equation 17 when implemented in the
frequency domain can be interpreted as follows: (1) Downward extrapolate through
the reference model the source signature for each source (the Gq,' term), (2) For each
source, downward extrapolate the receivers of the residual data through the reference
model (the Go(G-Gq;) term), (3) multiply these two fields then sum over all sources
and frequencies. The downward extrapolations in this recipe can be carried out using

geophysical simulation software, for example using finite differences.

[0057} The simultaneous encoded-source technique can be applied to Equation

17 as follows:

i}(” = Z Gal [Z e'* (w)G, - Z ei¢,(W)G Os :lz (e%‘(w)G 0s' )_l (18)

5

where a choice has been made to encode by applying the phase function ¢{w) which
depends on the source and may depend on the frequency @w. As was the case for
Equation 17, Equation 18 can be implemented by: (1) Encoding and summing the
measured data (the first summation in brackets), (2) Forward simulating the data that

would be acquired from simultaneous encoded sources using the same encoding as in
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depend on the frequency W was the case for
Equnﬂahdessl:ﬁ’mpﬁqmteltbmlEcﬁxatlaml'be i mpl emented by: (1)
Encodi ng and sunm ng the neasured data (the first

su jon in_brackets), (2). Forward sijulatin dat a,
h%%ul d §@%@H\En*ﬁ%ﬂ“‘§m N8 0YF1St38f & otpdo B?Wg%se‘ghef“ s’ and
SO RETE encodi ng as in WO 2008/ 042081
pc%{g%ga%%&%g? -25 step 1 (the second termin the
brackets, (3) Subtract the result for step 2 fromthe
resulv(nfr_ 1,_@4 £l rapeked gt h

conput ed GS (tﬁ ?‘l \rl\g;/@ zg%erm app ’edet"ic} the . (19)
br acket ed terrr) (5) Downward extrapol ate the

si mul taneous encoded sources encoded with the sane

encBui firgt tern inEquation 19 mapbe adgnizst ps Equationland thersifats:
and sum over all frequencies. Note that in this recipe

the sinulations are all gar ([)msd only once for the
entire set of sinultaneo nEodestossiétmtes, as opposed (20)
to

[0059] The cross terms in Equation 19 will be small if ¢ = @ whens # s’

Thus, as was the case for cost function optimization, the simultaneous encoded-source
method speeds up computation of the first term of the series and gives a result that is
similar to the much more expensive sequential source method. The same
simultaneous encoded-source technique can be applied to higher order terms in the

series such as the second and third-order terms in Equations 15 and 16.
Further considerations

[0060) The present inventive method can also be used in conjunction with
various types of generalized source techniques, such as those suggested by Berkhout
[6]. In this case, rather than encoding different point source gather signatures, one

would encode the signatures for different synthesized plane waves.



once for each source as was the case for Equation 17.

Thus, Equation 18 requires nmnuch |less conpute tine than

E [ 7. [0058] Separating the sunmmti ons

a\ﬂﬁ%@ﬂ&%ﬁq%lo portions where s =s' and s * s’ Pi?:nﬁfszt?oviow‘m
Equation 18 gives: rr VOA=~~GH-G - Q0, ) Gos+l
&OllLemtale-'0'"1 (G-CGo,)CGo,lI (19) The first termin
Equation 19 may be recogni zed as Equation 17 and

therefore: V) = V(') +crossterns (20) [0059] The cross

t erj§@6ijn EquaA pfimadOadwhrthgelsf therplekent invéntiordiswhatrit sllows a larger
s'. Thus, as was the case for cost function . , ,
opt numbes tof gathersne bei eamputadevimyltencewdie d Fughermere, this redficiency is

speeds, Jup..£0 on.of t i hst .t t ser | .
BB AT AR b0 BB B 85 o i v
exPQibfdcl € SR eiHifadls tha! biRr FRhtleReouEh&us@Rchniques because the
si nul t aneous encoded-source techni que can be applied to

hi ghersion$deingdterative implies that ghei noiseatifhcta will he greattpsnppressed as
and,third-order terns in Eguations 15 and 16. Further

c onthe &laPal RIgHBUR g6 Bt cos fenclpR SLApPrarF iRt  ve et hod can

al so be used in conjunction with various types of

gengjogd] Z2ed SEUMCFaria oh WEEmbiitAthtddestiRaabsrdaaEiSd

by Berkhout [6]. In this case, rather than encodi ng

di fferent point source gather signatures, one would
encode t#e siTrat enaslifgfunctions earcbe claygidfos eabdopipanton of the
waves. WO 2008/ 042081 PCTI US2007/ 019724 - 26 _%0611] A
primary advarfesg@neion: i ableest spme IstAReRS; g differeat rapdom phase
allows a |ar %%é%?éacﬂfcoﬂﬁtﬁtgﬁ&?oft e 5t RAERH ffther reduges the
si mul t aneousl y. thernore, "this efficiency 1s gaine

Wi t hout sacr i dffect 6f3hé dressqerdsiih Eqodtiont8e cost functi on.

The invention is less subject to noise artifacts than

ot her simultaneous source techni ques because the
i nversi oh' s bai se casende-ge Whepl the souregtsampling ds lenser than the

artifacts will be qgreat.ly .suppressed . as the aglobal .

i mm of "t HECRET A Y DE 0T Bt Oy B Brogipo et
variations onthkReuaTeifPRldmMPaREbna) SeuraddOMR] did6dd8e receivers
The cg encodi ng functions can be changed for each

conput at i on oinsteadeof the sources.

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

component receivers.

. The method may be improved by optimizing the encoding to yield the
highest quality cost function. 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.

J Acquisition of simultaneous encoded-source data could result in

significant geophysical data acquisition cost savings.



cost function. In at |east sone instances, using

di fferent random phase encodings for each conputation

® Joboasst function further reduces the effﬁéim%)ohﬁ@nn;
cross terns in Equation 8. In some cases (e.gQ., en

the source sanpling is denser2fhan the receiver

sanpling) it nmay be advantageous to use reciprocity to
treat the actual receivers as conputational sources,

and encode the receivers instead of the sources. This

i nventi@n i sFdtQharirendeisfific data Surveyse it005G0 be Nverypedficient to acquire
recei vers. For _exanple, the receivers could be
recei ver ar renFedes squmesydate dtom pisuitaneopsly opefsbing marne vibrators

recei vers. he nethod . .may be J.nproved by optim zi ng
t he encodi ng{[‘Ftooli?faé? e ECYUSB? %L&E}P ”&@8?1 ty cost
function. For exanple the encoding functions could be

optim zgd t ookRFHERNitHS faF Eﬂ%eaospﬁnét%%am%iagéirmlddh@ the use

cost function. The encodi ng functions cou
opti m zed ei ohedifferentmomedfe.g. Lihapme (abeslutefvatue} instead of L2 norm),

erfornmed usin ifferent encodi ng functjons or usin
g_n aut onat edarzslgqq%m%ktﬁw '8 et and sigkil B mvswwaf(e-g- terms
si nul t aneousyan &ﬁﬂﬁd%e%ﬁl% CRofRS fhal Fdhf sh&stH!dr hdliels that are not
eophysitca q gs.

significant g ata acqui sition cost savin
WO 2008/ 04208gardey T/-11S2007/ 019724 -27 For narine
seism c data surveys, it would be very efficient to
acgui re encoded source data from sinultaneously

op

P31 ng naMiHle \ther amvspton  shudeyemany ehedinGaliss 3 typical
operae e 1 het f :
f hiselobhefbldR indd W AR S | 00 1 0P 2% (1 erent

norm(e.g. LI norm (absolute value) instead of L2

norm, 1and JHeidpubgahert &eBmi@n oMY bdlrteZg@itlRng
stabilize the inversion (e.g. terns that would
penal i ze nodels that aren't snmooth or nodels that are

not spa se) The encoding signatures 30 and 110 are changed between iterations.
3. The encoding signatures 30 and 110 are chosen to be random phase
signatures from Romero et. al. [12]. Such a signature can be made simply by making
a sequence that consists of time samples which are a uniform pseudo-random

sequence.

4, In step 40, the gathers are encoded by convolving each trace in the
gather with that gather’s encoding signature.

5. In step 130, the forward modeling is performed with a finite difference

modeling code in the space-time domain.
6. In step 140, the cost function is computed using an L2 norm.
Examples

[0064] Figures 3-8 represent a synthetic example of computing the cost
function using the present invention and comparison with the conventional sequential

source method. The geophysical properties model in this simple example is just a



[0063] Wile the invention includes many enbodi nents, a
typi cal enbodi nent m ght include the foll ow ng

3’?}?@?32042021 The input gathers are common poi 85%’1?@&5&?019724

The encodi ng signatures 30 and 11
changed between iterations. 3.28he encodi ng signatures
30 and 110 are chosen to be random phase signatures
fromRomero et. al. [ 12]. Such a signhature can be made
sinmply by making a sequence that consists of tine

sangioael M@&oﬁﬁtﬁ: Wave Vel it PERARID s RO SR8 velRity SidR] (tHe model
In step 40, the gathers are encoded by convol ving each

t r athet will bé mvenal foer forthihexample. jhtershadisg aduates mlge veloc1ty at each
signature In ste 130, the forward nodeling i

per a?%ahwiewgraomﬁ his griodelds @rfingar gradient; SFPgﬂ%&telﬁOH m/s at the

th 40,
{ undietSfe biofidl OB g a Sradlele 5§ G oD THELRE! m thick horizontal
Fi gldyess @1 haviiiges phis o miyiig DEY ings eeledityl are Qﬂdﬁbtwmblhﬁd(ground

the cost function using the present |nvent|on and
comgEdieabnTh dar mr@@mlebﬁnﬂ%naﬁggrecﬁﬁ@ntemt l2yggs iy ere 100 m/s is

2‘;’22%%3 1835 P QL0 bR b R0 Holls? 53T bancs
nodeépreknt Aera Giteed 100 VY & Hdbragbd Yromth@Uias gialichh Background.
base velocity nodel (the nodel that will be Inverted

for )anatliy atredtangulan aporealy TR)) shedds 236 inrtdll end @586 mhwide and having a

'S lorihesion b ehfotles i aigd B S boraply 1 oted

of the nodel and having a gradient of 0.5 sec”

Thi nhoesy Wo  64cBhddntichal BRfubAiNbaint sduféSfat (6&4&?0:@@ ¥9tefn 10 in

plus or mnus 100 ms velocity are added to
bac Kaguwei i) werg sidiudated, fidmethe anml ith igureo it 56 bxanuigori point source

Figure 3 represent .|l a e S.1S ded to
thg EAREaY ﬁr“é’mp@fﬁl B%fﬁ%@gr %ﬁ'ﬁ?wsa Eiflg? t%fa'g‘ﬁ%el gpéhers These
I 0 | r 0
n; 9 hafiershigivk 2081k %ec}; Hae &ﬁe‘lEﬁcﬂﬁl GRé e éag%ge%ctﬁatbag #sek00The source

S 1S subtracte ear gradi ckground.

Fi nalignytuge (cew¢spogihgto varin Eﬁhanoﬁzi (¥)a 20z RickePwévelatt Thé distance
and 256 m w de and havj ng
between sources is 16 m and the dlsta.nce between receivers 1S 4 m. The sources and

receivers cover the entire surface of the model, and the receivers are stationary.

[0066] The flow outlined in Fig. 1 is used to generate simultaneous encoded-
source data from the sequential source data shown in Fig. 4. In step 20 of Fig. 1, all.
256 simulated sequential gathers were formed into one group. These gathers were
- then encoded by convolving the traces from each point source gather with a 2048
sample (1.6384 sec long) uniform pseudo-random sequence. A different random
sequence was used for each point source gather. These gathers were then summed to
produce the single simultaneous encoded-source gather shown in Fig. 5. It should be

noted that this process has converted 256 sequential source gathers to a single

simultaneous encoded-source gather.

[0067] To compute a cost function, the base model is perturbed and seismic
data are simulated from this perturbed model. For this example the model was

perturbed by changing the depth of the rectangular anomaly. The depth of the



vel ocity perturbation of 500 nmls is added to the
hori zontally layered nodel. [0065] Conventi onal

Wl? %Eqn(tb'lﬁal poi nt source data (corresponding t?ﬁjf;ﬁggﬂﬂ‘hg””“

$%8 1) were sinulated. fromthe nodel
3. 256 common poi nt source gdPhers were conputed, and
Fig. 4 shows the first three of these gathers. These
gat hers have a six second trace |length and are sanpl ed
at 0.8 nsec. The source signature (corresponding to

W, andmalFae perbuibad) oviesa fangl of HORt e k400 masletivi to iffldepth in the base
di stance between sources is 16 mand the di stance

bemmodel Qnecpertyehaton ef thatmodeh is shown seEigafavith theanomaly indicated
COVE#\PI he entire surface of the nodel, and the _

red érs are stationary. [0066] The flow outlined in

Fig. 1 is used to generate sinultaneous encoded- source

datjgogs] om t hposden s&wrsﬂnoﬁwﬂ feDast¥hadel Rawgle ghtifek Bf sithultaneous
In step 20 of Fig. 1, . 256 sinul ated sequenti al

gatehended weuree data wasl smmﬂajednwdd @lgameir hEgaey ammlar so thebese data

e SR e A LB B s
U”'Je‘?é '&é?:‘ﬁ Ltﬁé’ s&g@g(gm@ é‘ﬂ“&zeendé\dg'tﬂé 64dsE Hara rﬁh”ﬁ'i%ms The cost

sequence S use eac poil nt source gat

gatfinestidn e Etpiation Suwasesbnipatedfoneich ettinded imogkleby subtractmg the
si mul t anequs encoded- source gat her shown in Fi

. 50 It
shagrteroped datg Stosyithe fpase dats andyrompating ﬂ'&sll%ﬂﬂfme@ﬁtg%if%% Figure 7

o e PSR AEIE St A A R0 Rmction my
f unetdosiipareli e thasdvemidnhl Jegudh@ial soiRR oA n&RINSal the ddmleanodel

are sinmulated fromthis perturbed nodel. For this

maﬂmﬁ showe|in figs 8 (mnumddesmgcﬁ}ae dntarinyFigy 4ta8 gheckase Hata and

200870 FEBHT OO U798 158 iR o Paiocels.  Figure 8

Deréo%ﬁi‘éﬂd@iéﬁﬂle%ha{'&ﬁéhdﬁfln E&Qtﬁrpz AR v r2eI Thd H&lztoﬁtal axis in
its depth in the base nodel. One perturbation of that

nmodrgs. |7sand Basvthei pcrtErbgtlorﬁpf the tibpth étherecaigylar avomay edative to its

at 31 0068] For e erturbatiqn of the base del
a Sleath B thebase magel. ﬁmﬁif lon 98 2eja€AUTERIREIOdhs fase model.

Wa sy ?é gﬂgﬁfg&ﬁg td R%tlé'tﬁétdfo?,t_}ﬂg'_éiﬂfﬁplgfmé En ¥ eh@deh-Source cost

t he he encodi ng si gnhatures
us Gﬁin(ttfbnsva’m:bﬂlbﬁteﬂ k66 émpefaster thed tigatq@ntal source cost function.

[0069] Two things are immediately noticeable upon inspection of Figs. 7 and
8. One is that both of these cost functions have their global minimum (410 for the
simultaneous source data and 510 for the sequential source data) at zero perturbation
as should be the case for an accurate inversion. The second thing to note is that both
cost functions have the same number of local minima (420 for the simultaneous
source data and 520 for the sequential source data), and that these local minima are
located at about the same perturbation values. While local minima are not desirable in
a cost function, the local minima structure of the simultaneous encoded-source cost
function is similar to the sequential source cost function. Thus, the simultaneous
encoded-source cost function (Fig. 7) is just as good as the sequential source cost

function (Fig. 8) for seismic inversion.



were exactly the sane as those used to encode the base
data in Fig. 5. The cost function from Equation 6 was
comput ed for each perturbed nodel by subtracti h

pRP 2B at a from the base data and conputi ﬁ&qﬂﬁé‘ﬁ’ﬁ’ﬂwm
normof the result. Figure 7 -30s a graph of this

si mul t aneous encoded-source cost function. This cost
function may be conpared to the conventional

sequenti al source cost function for the same nodel

per fpgrdat i onghe eMBr bN258 SomPuthtiREP NG Fedifetify of e Siafuftaneous
in Fig. 4 as the base data and then sinulating

s egerendddstousse wost dumtdion, fongwith simpler qualibeof the ted sdst functions for

2 ViR ieion R b8 ORISR thal o g Srample i simancous
th = [ {
ancrRPo a0 ShtiGs Sl Blefinif, "R AU imodgl repesen

a pthetvaribatmedel gleszsarthatanightisped i 4 feal berdissim orddad determine
It is inportant to note that for this exanPIe t he
si niyhich B8 the &lased 8625 meamaed-hythe cqst Rinetion, tahe measuserd date.

256 times faster than the sequential source cost

f b ' ipedi atel vi- noki
TR, | R, e S RS RS st
t hes@nming] Figu@cdhoasshdavse fiukugion thydt obauld nesolt ftom @4ihg NMoma’s [9)

the sinultaneous source data and 510 for the .
seqéigestion of Joyesting) sungy shat gahes. pEhis woafupetipn was sorapited in a

o Mt SRan B oBRiRGE ARy ML o ShE%s i ARl ot betor
nunbighimile, | P lsudl AblaRs Mara'sf QEpdshieh tHattet RRERY Should be widely
source data and 520 for the sequential source data),

andspaaed (thdse seurtas@se atrai ifi mspaoing). Howevezcthistis afaincompagison with
sa perturbation val.ues. Wiile, |local nini are t

des eagmuliangous egtdedryice | efhoq 5uEsesied) iy pgtent because the
SUT WehpitRidbl dpB&up! (BR4hE 30§ Tt tiBR 6P ?soéﬁﬁlﬁleto‘iﬁ’ai:for Fig. 7, while

F'% 9
function Is simlar to the sequential” source cos
f unMarg’s .widdly spaced sowrcamithad eauil result tdmdels less speedups t Note that

Souftecohgh MU B B ShOGATRG LS B2 70 PEBRATA10), which
\(;\? %@%Oﬁpﬁé dettet/ H%QQJ oGOt Bfreflon 20A8] o E&m In@fe local

brrputatlona tinme reductron of the®sinultareous

enc atgichay620)tRarc eitler tHeruokt fafctionk dnBigW bhFipl 81 IThis, while this cost
qual ity of the two cost functions for seism.c
i nv dnstign achigvegsthe samg ecommiatignsl owpeedvat ast e gimnkianeous encoded-

ex a@BlrEe ltﬂlé]ﬁlo& i)m&stp%&%g Yis of much lower quality for inversion.

[0072] The foregoing application is directed to particular embodiments of the
present invention for the purpose of illustrating it. It will be apparent, however, to one
skilled in the art, that many modifications and variations to the embodiments
described herein are possible. All such modifications and variations are intended to
be within the scope of the present invention, as defined in the appended claims.
Persons skilled in the art will readily recognize that in preferred embodiments of the
invention, at least some of the steps in the present inventive method are performed on
a computer, i.e. the invention is computer implemented. In such cases, the resulting
updated physical properties model may either be downloaded or saved to computer

storage.



encoded-source cost function is strongly preferred. The
perturbed nodels represent the various nodel guesses

' be used in a real exercise in orde
%@%@?d@dg@a whi ch gives the closest fit, as negg%@%ﬁ%{ggm
the cost function, to the neadlred data. [0071]
Finally, to denonstrate the inportance of encoding the
gat hers before sunmng, Fig. 9 shows the cost function
that would result fromusing Mira's [9] suggestion of
i NReféremgesuper shot gathers. This cost function was
conputed in a manner simlar to that Figure 7 except

that the source gathers were not encoded before )
sumi ngTarpatola, s dvn Vilyeriass ofb seismgics gefipstion ofate i the eacoustic
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m i mu or .th upger. .shot.,gat hey data, i t,zgr

pept ur gé’??%‘ﬂ“’( ‘glg)’ ,AI&}HPt‘_E‘ Vi ab"&k}&’.’ PRt ﬁtSEDBhgr%ﬂ%ﬁ‘H‘: K.H,
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9" QUP Y ' all data records in each gather that
corresp& to a’single receiver (or source if
reciprocity is used), and repeating for each different
recei vetb) r esurhiningthe encaded gatthersinaieigroem by siamimipgtali elata records
(c). assum ng a physical properties nodel of the., . .
suliB Ga¢hagather dhatsierrespond to gsmele tsp@vaT dphepures if gecimppeityyis used),

sl AR LR PR el el e RAE L PR A’ B

assumed physical properties nodel that is nore

consi st it Wiassantig aphysital gepeties ancdelled tgmsibenrfice aegion, said
step (b), said calculation involving one or nore

endBersh PEviding ¥alueaf aldeast ane piwaalProRATY, af\Jesatiays throughout the

S| %B&H’aggregion;

(d) calculating an update to the assumed physical properties model that 1s
more consistent with the simultaneous encoded gather from step (b), said calculation
involving one or more encoded simultaneous source forward {or reverse) simulation
operations that use the assumed physical properties model and encoded source
signatures using the same encoding functions used to encode corresponding gathers of
measured data, wherein an entire simultaneous encoded gather is simulated in a single

simulation operation;

{e)  repeating step {d) at least one more iteration, using the updated
physical properties model from the previous iteration of step (d) as the assumed model
to produce & further updated physical properties model of the subsurface region that is
more consistent with a corresponding simultaneous encoded gather of measured data,
using the same encoding signatures for source signatures in the simulation as were

used in forming the corresponding simultaneous encoded gather of measured data; and
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operations that use the assunmed physical properties
nodel and encoded source signatures using the sane
encodi ng functions used to encode correspondi ng gat hers
W 2008ax8r ed data, wherein an entire sinultane@uBs2007/019724
encoded gather is sinulated4in a single sinulation
operation; (e) repeating step (d) at |east one nore
iteration, using the updated physical properties node
fromthe previous iteration of step (d) as the assuned
model w Pr @iiGacing e Elteher um?édqﬁlyﬁw ProRticd MARIRT & BPing it
nodel of "t he subsurface region that nor e consi st ent
wi tivcampuberswesagendi ng si mul t aneous encoded gat her of
measured data, using the same encoding signatures for

e |nula use

t 0 |
£ o g e B Sl A Y BEFTAA £O8 QURIo i SRR th Jpdate the

206@%4%2‘?%@7 u@o%ﬁ%q’lﬁ%( Gee o ol %agt Yfween the

f ursireltanequd @heded Bythérand apinnyisted siamltanmedes ercodabyithreg. | t
to conputer storage. 2. The nethod of claim1l, wherein

a cost function is qptimzed to uypdate the del. |n
step (d)The ggthpdRfslaim hurthes cRBREHAE HCREH ) e befoss step (o)

O AP AR BT Wit o e

b

si M
cl alifferént strniltaheduseaolet ghther dffmcakured éqa,(thon wsivg thetfin performing
step (e changi ng the encodi ng signhatures assigned in
steﬁtﬁp( and repeating step (b) to obtain a different

si mul t aneous encoded gat her of measured data, then

oS, "8 e oF 1S B o 0o i
addgrblPdtaivo o@hﬁ#@e:%déd/@m shene g@&h@r datDis ihRRp (),

nmeasur ed geophysical data as in step (a),
perdndr performing: pst¢m) (b oforeaa,qh ad@momaénatougr dqun aqqu;nulatmg the

OB s SR PR o e SR
PhySIeRl pRISAE pldued ﬁ1e§THﬁ’ﬁlel D gtlﬁed"ﬁlesqeﬂ ®) fstlﬁﬁec( &1 teSaccurnulated
base e a at ed

on't ates
updates.

5. The method of claim 1, wherein said encoded gathers of measured data are
encoded by temporally convolving all traces from the gather with the encoding
signature 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.

8. The method of claim 7, wherein the generalized seismic sources are either all

point sources or all plane-wave sources.
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5. The nmethod of claim1l, wherein said encoded gathers
of measured data are encoded by tenporally convol vi ng

s fromthe gather with the encodi ng
@#ﬂg%@@gﬁfor the gather. 6.35The nethod of cl gF%mgﬂ)%Mﬁﬁ4
wherein the two or nore encoded gathers of neasured
data are obtai ned by obtaining gathers of data froma
geophysi cal survey in which data are acquired froma
plurality of sinmultaneously operating, uniquely encoded
sor ce Thtemethed. of7¢claiihn e, ehengiu the rasagumed 1geophysicel dateriaclude

5. giute o SR b i agoleR v BiBRCR S HpeSaka soure
Seélgﬁﬂt&ess QEAC B 1 SinfildtidR" o dfélrdtlonpch'.ré"ts er%?&r V\D?ltlimporally

pl ane-wave sources. AVMENDED SHEET ( ARTI CLE 1
20&8W01¢ﬁ(g8ﬂ1e REFAsWISA 0N 7¢stif@fzd4souBs dgnalives withhthe safme encoding

erein the neasur eophysi cal . dat a | ncl ude
ofiians v o Spad s FOERgIARR BEADT ST L)
actlvatl on and the encoded source signatures used in
theg si "'T!{xe%hlﬂﬂd epaaﬁﬁ 5%@ er8in Ghe i@k FaR tioRCEe BY a type selected
t enpor a convol ving the neasured Or estinmated source
Si f;nmtanreBp worisisting ef Heeae, remdood pirege, dhirpembdified ubiey ramdom time
enoet corresp rreasu d gather in step (a).
ghg H‘B’&y&ﬁd “g f1 the encoding
functl ons are of a type seI ected froma group
conpi St fdnhol ot thim 3, AT MP&R0diBRIfiioAD e dfEfhe type for
chirp, randomtine shi'ft, and frequency independent
phmmsﬂm@ofammeﬂ'ﬂypefmbﬁmdsoufceml aim5, wherein the
encoding functions are of one type for sone sources
e for, other source met hod.,

(Ii%l ai ézjt"p tépﬁla'l“h@ Svhesdn ABF FRAS atnsolﬁg it are optlmlzed to
op%épogﬁ&agg,of%ge%t&ﬁ%gﬁg?wﬁﬁgf the sel ected cost

func aim1, wherein.the
forward or reverse sinulation operations in step (d)
ar @3 per The methodiof lolaim fl, whereindthe fermaricer, rebérsd dimubtieneperations

or . finite volu
in step ( S) are pel;[Fonned with a finite difference, finite element or finite volume

simulation 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 2, wherein a global cost function optimization method
such as Monte Carlo, simulated annealing, genetic or evolution algorithm is used to

update the model.

16.  The method of claim 2, wherein a local cost function optimization method
such as gradient line search, conjugate gradients or Newton's method is used to

update the model.

17.  The method of claim 2, wherein the cost function is the L1-norm cost function

or the L2-norm cost function and the cost function may contain regularization terms.
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simul ation code. 14. The nethod of claim7, wherein the
physi cal properties nodels are nodels of seismc wave
velocity, seismc elastic paraneters, seismc

w0 B@aey paranmeters or seism c anel asti ci tBCT/S2007/019724
paranmeters. 15. The nmethod & claim 2, wherein a gl obal
cost function optim zation nmethod such as Monte Carl o,

si mul ated anneal i ng, genetic or evolution algorithmis
used to update the nodel. 16. The nethod of claim 2,
wheggei n thod such
g i R s e

Newt on's nethod is used to wupdate the nodel. 17 The

nmet hod @ cl sdlepting anfterativsériee selaion tounsehiteringiequdtion describing
LI - nor m cost functl on or the L2-normcost function and
t havaye seattetinginisaid spbspcidesvesion; r equl ari zati on terms.
AVENDED SHEET (ARTI CLE 19) WD 2008/ 042081

PCT/ US20Q07/ 019724 36 frk S

wher ei n%g)t %? m%wbtg]lﬁ rr%e’dtcg%g Idfgaigéeéfés a\,}rheﬁeéhg_nl said first n
| t Qérddsl MRreSRINdRE fOthet As0iiméd pRysi@Rptdpeititd R6HeRtof ARe subsurface
describing wave scattering in said subsurface region;

(i itggib®gi nning with the first n terns of said series,
where n ? 1, said first n terns corresponding to the

assuned ysi cal ertl Q uhsur f.ace. .
egi on: (0 poRBMEETe bo REmBIE searsy b Rty figving one o
Sl rore ah b biRiahedeg Edﬁr&ﬁfoﬁf@d fr re\‘EPJe?mﬁﬁfdﬁ@ﬁ@ erations that use
si mul t aneous source forward (or reverse) sinulation

opehandsomed physicaliprepertibemadel and engotlgds saniade signapeestusing the same
nmodel qz%nd encoded urce S|%F§tures

encBinHEE FORGoTSaHED i B0rods COTRBRIMEHANER G BEHG dife Merein
of e 911 fedus \éﬁ&'ﬂﬁdg tgé}nis Siul14ted 'T'd %ﬁlﬁﬁﬂl‘dﬁlhem operation
gat ate

encode IS SInmu In a Sing e si I at

opedndtthe llmlﬂxtekl eheded puthat ad weasord dang@deﬁqatl&n dre combined in a
measur ed encoded, gather are combined in a_ manner

co @Nﬁ%?ﬂm\ﬁ}ephw’cth thejitegatiye peyiss seloctedsinstepdiad in step
(i); and

(iv)  updating the model by adding the next term in the series calculated in

step (iii) to the assumed model.

19.  The method of claim 18, further comprising repeating steps (iii) and (iv) for at

least one more term in the series.

20 A computer;implemented method for inversion of measured geophysical data

to determine a physical properties model for a subsurface region, comprising;

(a)  obtaining a group of two or more encoded gathers of the measured
geophysical data, wherein each gather is associated with a single generalized source
or, using source-receiver reciprocity, with a single receiver, and wherein each gather is
encoded with a different encoding signature selected from a set non-equivalent

encoding signatures;
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(iv) updating the nodel by adding the next termin the
series calculated in step (iii) to the assuned nodel.

vé'(?znoa;{ﬂﬁnﬂm hod of claim 18, further conprisi PET/US2007/019724
repeating steps (iii) and @yv) for at [|east one nore

termin the series. 20. A conputer-inplenented nethod
for inversion of neasured geophysical data to

deternm ne a physical properties nodel for a subsurface
region, conprising: (a) obtaining a group of two or

mor e erfbbdedugming:the eafoded gathsra i the aroup By prmpsiingall daia rgeords

wher ein C at her | ssQchat ith a si | e o .
gemeat eS8 o Tengirond 6 FARRF LEvel oy sflaft, BeSorocity is used)
r eﬁidl%ﬁé&tiﬁg’ for \é&c‘hhiiﬂer&ﬁtfiéﬂeﬁzef, P€sR1tH8n a ﬁﬁﬁlt}ﬂﬂﬁh@ eftodalr %ather;
gather is " encoded with a different encoding signature

sel ected froma set non-equival ent encoding

si gnat uicks; aAVIENIED [SeiEical groperticSLEoded of e sUB8rfact2@gion, said
PCTI US2007/.019724 7 «(b) summ ng, t he encqded. gat,her

NS T8 BP0y At Eaeh e B pReros ISpUgg frotghout the
gatliRhirficBgiger respond to a single receiver (or source

if reciprocity is used), and repeating for each

different receiver, resulting in a sinmultaneous encoded
gat her ; (djc) simslatighg synthéticssimaltanepuspencodess gatinet edormesponding to
sulsur.face region,, sai del provjding. val.ues of at. .

| o, Sipphlianenys encided ather (&) measiisd el 1Singn 15, exsemed phygica
U . e . el : e )

Si E‘?Pt%alggg}?gagﬁgﬁgg%aﬁgirdh%}l%segonﬁi ﬁgﬁ?g%‘%"ﬁ%”es using the
si samh¢ areding fimntodaded)@tcenesdedhe simakaneeut aladded gathenof héasured
assumed physical  properties nod wherein_ the

I ) .
si Pat“ihsﬁﬂmgesﬂémé&eal%%céﬂ@ﬁ%a%@@ﬂegs (FiPRigtedpim a single

sage, ﬁ)gq)' ﬁ&pncti ons used to encode the sinultaneous
encod‘lzdé ga?%gr of neasured data, wherein an entire

si mul t aneous encoded gather is simulated in a single

si mul at (eh)n ogenpating ra; cdse fuotiop uheamging degsde bfindsfitoetween the
nmeasuri ng degree of msfit between the sinultaneous

ensRigneps facodsd gatbaruplomeanired dua adethsi mimulated) simultaneous
ST HlJaB AN

(f)  repeating steps (a), (b), (d) and (¢) for at least one more cycle,

accumulating costs from step (¢);

(g)  updating the physical properties model by optimizing the accumulated

Costs;

(h) iterating steps (a)-(g) at least one more time using the updated physical
properties model from the previous iteration as the assumed physical properties model
in step (c), wherein a different set non-equivalent encoding signatures may be used for

each iteration, resulting in a further updated physical properties model; and

(1) downloading the further updated physical properties model or saving it

to computer storage.
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encoded gather; (f) repeating steps (a), (b), (d) and
(e) for at |least one nore cycle, accunulating costs
fromstep (e); (g) updating the physical properties
woaeds/sppt i i zi ng the accunul ated costs; (HOT/US2007/019724
iterating steps (a)-(g) at Pfeast one nore tinme using

t he updat ed physical properties nodel fromthe

previous iteration as the assumed physical properties
rmdel in step (c), vvherein a different set

SRR T ——
pr Q@&étémﬁﬁe apiR]cal G&nﬁés)md&l’\/[ﬂr 9@@8sﬁﬂ'add}§glfml rcbﬂff)hsmg

updat ed physi cal propertles nodel or saving it

conput er storage. AMENDED SHEET ( ARTICLE 19) WO

2008/ 042481 mmm‘gza)@mum@m orzgoiencpded gathers of the measured
ut.er. nt e for i nv n of .measur,

o GBS PiE g P eret 4T BB PSSO e el EFerGed source

MOQR | usfr@ sofrcs e MES é&?r{fcﬁﬂ' With a § %’9 bdegivEd and Rherein each gather is

obtaini g a group of two or nore encoded gat hers of

meaacoded witle ap Hifferentl endading signetuss selemah figat laeset i mon-equivalent

associated with a single generalized source or, using

soFRERAINEUBNARESS;  oc| procity, with a single receiver,

and wherei n each gat her is encoded with a di fferent

encodi n i gn

encodi ng"); gn‘gr ur %‘E‘é&h&p Jtﬁérggg?t g@‘gggggeg a;é‘g%ﬁc,&{alrﬁmrds

t hein gachgathar thatrmm@oad to datrgle ecaveator scmrmcflnecgprbhqr is used),

that correspond to.a single recejver (aor source if

r ecind repepting fog eagl different a¢taiver grsulting én ¢ Ymulisrasuyenopdeds gether;

receiver, resulting in a sinultaneous encoded gat her;

(c) ass gg)'e L ? ggslugﬂé{gs h }%gs@a{ng)ggée}ﬁ ; ov&%‘ij o thd Jﬂ%ﬁrfa reFion, said

subsur f I NQg va ues o

| eafidded peovidding valaks ¢Ff @ Nedst yneaphz,lsmlapmm@ dthoadghothirougheut the
subsurface region; (d) selecting an iterative series

sol sybsusface wewnscat t er i ng equation descri bi ng

(d)  selecting an iterative series solution to a scattering equation describing

wave scattering in said subsurface region;

(¢)  beginning with the first » terms of said series, where n > 1, said first n
terms corresponding to the assumed physical properties model of the subsurface

Tegion;

() computing the next term in the series, said calculation involving one or
more encoded simultaneous source forward (or reverse) simulation operations that use
the assumed physical properties model and encoded source signatures using the same
encoding functions used to encode corresponding gathers of measured data, wherein
an entire simultaneous encoded gather is simulated in a single simulation operation
and the simulated encoded gather and measured encoded gather are combined in a

manner consistent with the iterative series selected in step (d);

(g)  updating the model by adding the next term in the series calculated in
step (f) to the assumed model;
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wave scattering in said subsurface region; (e)
beginning wth the first nterns of said series, where
1, said first n terns corresponding to t he

"é@%@ﬁ’@@“ﬁhy& cal properties nodel of the sub®GFU§A7/019724
region; (f) conmputing the Mt termin the series, said
cal cul ation involving one or nore encoded sinultaneous
source forward (or reverse) sinulation operations that
use the assuned physi cal operties nodel and encoded
sour ce(®i gnzepesting steps 9 anﬁ&) @zrraélea@medmgofadn 8t leesh gne more
u S d dat a,
§&§1et?)gh a%gégﬁ’tl reérsfi i g&% : gém%ﬁ hé{de
sinulated in a single S|nulat|on operatlon and the
S| rrul al(iéd ed@@bﬁgﬁ%éﬁﬁmmmwﬂmm@é myedichersaving it

g? manner consistent with the iterative
serles sele d |n step (d); (g) updating the nodel by
adding the next termin the series calculated in step

(22 t 0 A bronpuserimplenmasiad methdRDENSIEET theRmedigopinyicalgata

(f?gé‘%é&ggg“’ﬁ Jaﬁ-’ﬁ%&l eaé{)ﬂloneﬁfra ab{u% d‘%ﬁf‘a’éE ‘ﬂ%’ﬁ“ b

nore termto the series to further date the ph S|cal

pr oper t(a)es oblailing measut¢d) gmhrﬂiq;hdatngtg he geaphytial survey the
?gﬁ,lnCal properties nodel or saving it to

corrpu er storage. 22. A conputer-inplenented nethod for

i nversi on of neasured geophy5| cal data to determne a

phySI C&b) pr ‘_.J\.unnu-.-- Siis 'i. Tios '="":"— I SgsrT-gny : mcmg ﬁ—m_

F Ry B oy e ca%?ﬁ%@‘%‘ﬁmﬂéﬁﬁ‘sur R0 ShffichB fgyoy cae

! mwmenm ﬁpturzd:ty nEmgvaysdundes (ar tegeiivere ifssoinee-reacirer Biciprocity is

e e I el i 1

reprgsenf' survey sources
r esirenlwed sinbltasousc encodat igath@r crfeg:iophyso:iat ylatas theuiweksion process

\é\ﬁg‘z ‘ggs S‘?;ééﬁﬁ ih% WL 8 es t?al Sﬂrgyerﬁés a2 %o reduce misfit

between the simulated simultaneous encoded gather and a comresponding

simultancous encoded gather formed by summing gathers of measured survey data
encoded with the same encoding finctions used in the simulation; and

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

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

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

nd-inverting it+-measured suyvey
data by Iterative inversion involving simultaneous simulation of the

seismiic survey data representing a plurality of survey sources (or

receivers if source-receiver reciprocity is used) whereln source

AMENDED SHEET (ARTICLE 19)



alamma—

si mul at ed si nmul t aneous encoded gat her of geophysica

data, the inversion process involving updating the--an
assumed physical properties nodel to reduce msfit

hel wesazdshe si mul ated sinmul taneous encoded gapdEis@i19724
correspondi ng sinmul taneousygncoded gat her forned by
sunm ng gat hers of neasured survey data encoded wth

t he sane encodi ng functions used in the sinmulation; and
(c) downl oadi ng the updated physi cal properties node

or saving itg o .
produci ng hy F&car ons r&c@nﬁ‘g&ggﬁgur ?%ce regp%% 1:0h simulated
conpri si ng: S@M@ﬁf@@wﬂedg@e@é‘ geonhysisalrdaty thefinvérsion process

(he”Subsur 4220 hiegied g ShERK) ARV ol i

corrprl sing: Hetweent ithy istmwiated usigwmltguaoyey encoded- Igather and 2

; vel eeky madg)! v, _ :
&1 mul ¢ amcous oot SiiBhis Gold abler Be oiblinkd Bhvey can
r epr esent i ngenaodsidiwiti the yanof ensodingfincgenseesd mahn simulation;
receivers if source receiver reciprocity i s used)

o g R o A BN e vty

si moHelt i on are encoded, resulting in a sinulated
si mul t aneous encoded gat her of geophysical data, the

inversi g Progessa welVigloVi f.t%% Exoﬂ%&&fﬁﬁ?ggtlcast

vel ocity npdel to reduce m et ween t € sinmu
si pitly fiveche inderprstrddtryetteesndand a  corr espondi ng
si mul t aneous encoded gat her of neasured survey data
encoded W t e} he sradRisabch8ohsfnsh tRAgettised in the
simulation; (c) interpreting structure in the
subsurface region using the velocity nodel; (d)
drilling a well into a layer in the subsurface region
identified at least partly fromthe interpreted
structure; and

AMENDED SHEET (ARTICLE 19)



(e) produci ng hydrocarbons fromthe well. AVMENDED
SHEET ( ARTI CLE 19) WD 20081042081 PCT/ US20071019724 41
, Statenent under Article 19(1) Geophysical i '

W Y8/02881geophysi cal survey data and a nodel F%fﬁ]?ﬂﬁ@ﬁmwn
subsurface. See the applicdtion, for exanple the first
sentence of paragraph 3 or the first sentence of

par agraph 35. More specifically, it is the data that

are inverted (to infer the del) . Se or exanple the
first sentence of p ugae = ent ence of

paragraph 13; the third sentence of paragraph 35; the
first sé&eophysicaloiversiomduvabiys Feophpsical spracy idptehangen medele of the

of ragraph 53. In clapns 22 .and .2 his relationsh
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i ndustrial applicablility in the Chapter 11 Prelimnary
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CONCLUSION

Given the foregoing information, the applicant respectfully requests that the
examiner find all claims to have induvstrial applicability in the Chapter Il Preliminary
Examination Report. ‘

Respectfully submitted,

Date: _28 April 2008 \ M j%«w

J. Paul Plummer, Reg. No. 40,775
Attorney for applicant




