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application 60/847,696 which-was filed on Septenber

28, 2006. FIELD OF THE | NVENTI ON [ 0002] The invention

relates generally to the field of geophysical

prospecting, and nore particularly to geophysical data

processing. Specifically, the invention is a nethod
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execution of the sinmulation. BACKGROUND OF THE

I NVENTI ON [ 0003] Geophysical inversion [1,2] attenpts
t.o find a noddTERAFINEG INVERSION Odf DATA FREOM

opti mal |y expl ai ns observed data and satisfies

geol ogi cal arsIMEDPANEQHES CGLOPHY¥SIUAL SOUREESre a

| arge nunber of well known nethods of geophysi cal

i nversion. These well known nethods fall into one of
two categories, iterative inversion and non-iterative

| oet1isi on. Thi§ dpplitAnnelamise tie bbrdithk | NS DT PrabRIonkE application
comonly neant by each of the two categories:

Nof}184 1,646awhich was fidedsoroBeptember@8s2@06.t hat i s

acconpl i shed by assum ng sone sinple background nodel

and updating the noge based 9 Lnput data. This

met hod does not usel ) SHGIHIGIN i nput to

anot her step of inversion. For the case of seismc
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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] attempts to find a model of subsurface
properties that optimally explains observed data and satisfies geological and
geophysical constraints. There are a large number of well known methods of
geophysical inversion. These well known methods fall into one of two categories,
iterative inversion and non-iterative inversion. The following are definitions of what is

commonly meant by each of the two categories:

° 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.



satisfactorily explains the observed data. If the

i nversi on converges, then the final nodel will better
WR2NB4HH3 he observed data and will nore cl oseP§T/US2007/019724

approxi mate the actual subsurbace properties.

Iterative inversion usually produces a nore accurate

nodel than non-iterative inversion, but is nmuch nore

expensive to conmpute. [0004] Two iterative inversion

met hodg conpiifive GVt iheriBRRRYAVING @p&itfoRS limprovement of

function optim zation and series nethods. Cost

functi on opthensubstrifme propedttiee anodedrsach vihatmanmadelais dound that

or maxi m zation of the value, with respect to the

model M of S34Siagiorily gxRiting thesphsevediflatn Histhg ipgasion eonverges,
of the m sfyl, ﬁﬁtﬁﬁt%?ﬂlohgl%gﬂe?@{ Q{p?zgin %d%b%&%g& }igt?ag@(;ﬁll more
[ d To as the objective

(this is also sonetines referre

function), osbsle dppeoximateulthd esbtehdt subsarfadempreegties t Rerative
a conputer using the current geophysical properties _
nodel and tinEesiopsysyally)praduaesng nyore paguateonodsl thanenon-iterative

source signal in di um represent.ed by a given
geophysi cal lnﬁ?rslﬁgﬁ?lfqg%mﬁgp&l 310?6 FHRENE VLR %Wfpd]ﬂe'
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The solution is written in series form, where each term in the series corresponds to
higher orders 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



each nodel in the test population can be considered to

be an iteration, or at a higher |evel each set of
WO3ME0428bns tested can be considered an iter aPfHyS2007/019724
Vel | known gl obal i nversi on neghods include Mnte

Carl o, simulated annealing, genetic and evol ution
algorithnB [ 0006] Local cost function optim zation
involves: 1. selecting a starting nodel, 2. conputing
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iteratibns req U|re I's” typrcalTy -on
hunfditatstely, 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



to thousands. [0008] The conpute cost of al
categﬁries of inversion can be reduced by inverting
- WO 2% conbi nati ons of the sources, rather PEREF2007/019724
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tindostfudren thetndevidead setnces ars sumenddnemdt thecafore Ehe suthmgd data does
al so al |l qws, conbi nati on of cl osel paced sources, .
 tMECORFrARithy Isred geRriet a8 frongY dEoHe skmRS datay Jhis loss of
y i Ql Yol c i s . i >
TR At W Ron SR U RIGREE ) MeREPHRR YR before
asuthmimgd dncpdiag efure edimbinatidh @reservas sigaificadtlyt fibfe information in
Background section briefly reviews various published )
ol8s sy tangpusssopise datie and themipredetter¢nmstipins thegpygrsion. Encoding
engco - en 0 n 2] S ests
QRO SR8k, WRAP Lo VA, MBRSgh Bl BHRYGEIEs o be
f vhel for MUiRéd edimpRRicial Fegidt. EVARHR@RIcOHinpREKEnd3Yean be used
pl aci ng sources everywhere on the boundary of the _
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simultaneous source techniques, both encoded and non-encoded.

{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
summing 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.



is recorded. The Green's function between any two
recorded | ocati ons can then be conputed by
WORYSO428E r el ati ng the traces acquired at the PHE/US2007/019724
recorded | ocations and summ ng_over all the boundary
sources. If the data to be inverted has a | arge nunber
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i nterest (as opposed to having one or the other on the
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[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



[0012] Van Riel [8] suggests inversion by non-encoded

stacking or partial stacking (with respect to
WQ3BU4A2BEcei ver offset) of the input seismc BaU/AS2007/019724

then defining a cost functiongwith respect to this
stacked data which will be optimzed. Thus, this

publ i cati on suggests inproving cost function based
i nver si on usi ng nonencoded si nul taneous sources. As
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proportional to the area of this aperture, Mra's
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qual ity of the inversion was not satisfactory. Since

n g1t er at i in S| ' Y £60 y i :
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and since gnal -to-noise ratio 1 nversion
| sSmdbaieoesly dilnuktihg qiuintqseurees that avd detivatgdr giat theedmiufation) at
t he geophysical, i ndustry. [Q015] Ikelle 1 1] ) )
SYAGYRS tan& Intervled 4 grethodsis 4lsn diseessed far C&?&P‘é}ﬁg ihyese time-shifted

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.



si mul taneously sinmul ati ng point sources that are

activated (in the sinmulation) at varying time
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back into the separate sinulations that woul d have

been obtained fromthe individual point sources. These
decoded data could then be used as part of any
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for subsurface y constant,

for exanple from nodels containing dipping reflectors.
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but. so are (for exanple) p-wave velocity, shear wave

vel ocifay, sebtainalg agrapt 6Opyo pPamsreteacsdedagdtiests af ithe measured
porosity, perneabjlity, and
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nodel for a subsurface region, conprising: (a)
ottcading signatugasoup of two or nore encoded gathers of
t he neasured geophy5|cal data, wherein each gather is :
associ gted w nerali zed source or, usi.n
sour cec%ﬁ ecel \llﬁernn pr 08“‘% {hﬁrs s gqrgu})r §Xeslu mg all data
afedordh & eidh @eh teatcbResposd e@q%dﬁgqie mcélhela(oel Isbrge ﬁmec tprocuy is

encodlng signature selected froma set non-equival en
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 enéoding functions used to encode corresponding gathers of



encodi ng signatures; (b) sunm ng (4) the encoded

aathers in the group by sunm ng all data records in
W %9UBher that correspond to a single recei YEF/UBB|07/019724

source if reciprocity is usedg, and repeating for each
different receiver, resulting in a sinultaneous
encoded gat her; (c) assum ng a physical properties
nodel 5 of the subsurface region, said nodel providing

V. i t . i .
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ugithatagiof operativg assumed physi cal properties nodel that

is nore consistent with the sinmultaneous encoded

gather fromstep (b), said cal cul ation involving one

or mor®) encEBealing; stap t(@h e ulsast oo angre rifgEatipny gising the updated
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encode correspondi ng gat hers of neasured data, wherein

ald raene eaasisient withne somespondidg dimultangous sncorded(gathed of measured
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wiedataad physi cal properties nodel 7 of the subsurface
region that is nore consistent with a correspondi ng

si mul t gneous encoded gat her of asured data, usin o
the sa en@%mqﬂ?jh%g g fiheraipdgied shivica PEQRGFIS FadeT pr-saving it
t ?ﬂ&& [ as were used in formng the
J%SPgipongﬁﬁgﬁéinultaneous encoded gat her of neasured

data; and (f) downl oading the further updated physica
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[0018] It may be desirable in order to maintain _
i 169908 it perdomn ithe sigultapgous eaeaded wautsn simpeatipnstip stapt (b in more

fr{grg}é %L@Q%%BS Ir?gfc%dc?lge', %%BE &S-(ﬁj g?élr ﬁeia%ﬂsfori enacﬁtagﬁ}ltiggal gir(g]up, and
inverted physical properties models from each group are 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-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;



than one group, hi such case, steps (a)-(b) are
eated for each additional group, and inverted
W%H {04281 pr operti es nodel s from each group ar BCT/US2007/019724
accunul ated before perform ngothe nodel update in step
(d). If the encoded gathers are not obtained al ready
encoded fromthe geophysical survey as described
bel ow, then gathers of geophysical data 1 are encoded
by ap in [
of monlqur e e e RS P B sy e ¥Rla recoras
ainodable rgathiet ot lmm!d:s,pondleo prsagdntectivee (Urisonrce Sf geciprocity is used),
conmput er.i mpl ement ed nmet hod for inversion of neasured
wﬂeaforcfasfadltf@r%f@ﬁmeh éesyltigyin astmulganepis anceded gather;
nodel for a subsurface region, conprising: (a)

obt ai nj.ng . d f
e e, SrSBEHR £ brbtt plBE, ERIR ST RE ogion, i
an6deliprbeding values ofian(dast GENpliyRidak pﬂ)péﬂyl € BcionsUhidlghout the
sour ce-receiver reciprocity, with singl e receiver,

EEgomBach gather is encoded vvlth a different
encodi ng si gnat ure sel ect ed from a set non-equi val ent

encodi Si S athers in
t he gr@gp b%l%g i ih ngg)g'l)&fe%g S‘t1 a 68?3 gncoﬁg(g% “ 8?%63P°ndmg to
t that sigQltardRe tcddedag/h@Ibe ni@Sred edatd, OlisiS® Yhé %sslufmed ?hyswal
reciprocity is used), and repeating for each differen

rRropérties modeks uﬂ{hermg the: siuation tses epoedednsudiedsigaatires psing the

ielrreaoe RubiBey Sed RrefodB Mo g liiens witodebEher gf measured
| @28t wRBRIPAKS bl?tﬁje ﬁfrﬁlﬂ’tﬁﬁé&ﬁs aéncb@&??aﬁﬁ? Ehglﬁlewtm a single

the 'subsurface region; (d) simulating a synthetic
ssimulatianeperatiencoded gat her corresponding to the
Si rrultaneous encoded gat her of neasured data, using

the as physi cal properties nodel, wherein the
s. mul d ?ﬁ%élt@sc%&eﬂ G e Msaging Aegseq Of Apistih Between the

%%99 | dA@odddn g&tggln of Urﬁ@?gg#eﬁ 845 Ot ttlgaa mmule\tg% rSérlnﬁltaneous

t

Sl rru}taneous enco her nmeasur ed

aencoddd gathesj nul t aneous encoded gather is simulated in
a single sinulation operation;

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

accumulating costs from step (e);

(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.



(e) conputing a cost function nmeasuring degree of

m sfit between the sinultaneous encoded gat her of
WQaeUB(IHEE1 dat a and the sinul ated sinultaneous BREYFEY7/019724

gather; (f) repeating steps (g@. (b), (d) and (e) for

at | east one nore cycle, accunulating costs fromstep

(e); (g) updating the physical properties nodel by

optim zing the accunul ated costs; (h) iterati ng st eps

( g) at J.eas n ing.th g

yS| cal pr%lper(%tP%sgmgg& H’g?lne %é/ep}ev?sous R é‘ﬂgr Imé)lemented

ameth0e f@SiavErsidn R itdaSdtd pESHSSitAlQRta e dRtermihesd FiBys(ca) properties
wherein a different set non-equival ent encodi ng

smgdel for spbsurfacseegiemomprisisgch iteration, resulting
in a further updat ed physi cal propert| es rmdel and

E)Ir Z)pgr aﬁ%ﬁ%}g ntggff ggog{ﬂt hfe {vilcé'l %{d 21%06'8 n%lﬁ%/(ge]d gathers of the measured
Sgdébﬁﬁ‘i‘caﬂ Q%Ohhbféxrﬁ%@fﬁﬁhe@@Qﬁbﬂiﬁ&ﬁ’wﬁ}hﬁ sir@’ee BérePdlizb& source

a conputer-i n’pl ement ed et hod for inversion of
nausing sougenrsagiveatipmity, with deingtercosva, pidywharahn each gather is

ro i es no for a subsurface r conpri si ng

(i i ﬁg3l gfleb% (FPCHINg v%gr@rurw@%@ﬁcga@dag%ﬁ iopsequivalent
oéncBﬁ'lﬁ degd geophysi cal data, wherein each gather

IS ass Cl ate M th a single generalized source or,
usi ng source-receiver reciprocity, with a single

recei v, asuthmingrtké encededgaihér @ thie praupctnoschrting allalata records
di fferent encodi ng sn(gnat ure selected froma_set
nBrkack gAET Bt Cemeantép aisyieln taceiver (a5)souighmi{ FRYIATA@LY is used),

eﬂlﬁqg;gé%tlggtfge}géégh glgft‘e&égl? ‘i%ﬁ%?P rgs¥11t§1 Wagﬂpﬂ anegl?st éicoded gather;

records corre
receiver (or source if reciprocity is used), and

repeat(chg fasuramgha @hisieil ropereeenseél, off B8 Wubsuithck riegion said
si nul t aneous encoded gather; (c) assum ng a physi cal

prege rHrﬁ)‘éQmﬁD‘fﬁ'&‘esd’ff a Frastsensspistebpiopgity At losatiensrthepaghout the

P ues of at |east one physical property at
%@a‘? gﬁs %1%# ’oughout the

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

wave scattering in said subsurface region,;

(e) beginning with the first # 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);



subsurface region; (d) selecting an iterative series
solution to a scattering equation describing wa

WQ2UB?8hg in said subsurface region; (e) beg?ﬁ"ﬁ’U§§007/019724

wth the first n terns of saipllserles where n > 1,
said first n ternms corresponding to the assuned
physi cal properties nodel of the subsurface region;
(f) conputing the next termin the series, said

cal cul @? I onyddaMpg WeBlo®d HyHddiHY e GBLALRS iS tHEWeHRS @Qé{ﬁated in

source forward (or reversé) simulation operations that
ustep (fhto the sssmeetd piodsl;cal properties nodel and encoded
source sighatures using the sane encodi ng functions

used to _encode correspondi ers of nmeasured data

wher eiﬁ%)an r@H?ﬁ‘F‘SSEﬁPﬁ‘Zﬁ nggré ¥ene ﬁg’teﬁléla ﬁ? at least ohe more
d gt he

e EREeis 8 (EUMILAL L e A0 BB TR e

are conbined in a nanner consistent with the iterative

seri es(ipel eddvatdoading thefutthir;uipdated ptigsi¢ah grapeftiesmstae] biysaving it

adding the next termin the series calculated in step

(P)computer stogageumed nodel ; (h) repeating steps (f) and

(g) for at |east one time to add at | east one nore

to th h hysj .
BUELL >, L1l Gh A LAnLAAET s AT Gh ke mplomentcd
uipethbe doribyéarsionlof picapaed gecq)hvmdﬂldaw toSq¥rmehd 4 plyBical properties
conputer storage. [0021] I n another enbodi nent, the
i Moeal fpromsubsuriace segion.comprigingient ed met hod f or
i nversion of measured geophysical data to determne a

physi c rties nnd I ur.f ace re on

Compr 1 @ ng. Az PR ol el HRLGOR S, £5PhGel, survey he
fﬁ@ghﬂwge@§@y3|cal survey t he subsurface region; (b)
assunm ng an initial physi cal properties nodel and

inverting it by iterative inversion involving

si nul t@heoudsswhingl an iinitiabfphysicaleprogertias rmapdet sandt invgrtmg it by

iterative inversion involving simultaneous simulation of survey data 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
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

(c) 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:



plurality of survey sources (or receivers if

ourgﬁ-receiver reciprocity is used) wherein sgu;%e

“’i28W H#BLs in the sinulation are encoded, rest ?ﬁramgﬂ19n4
a simul ated sinul taneous encoged gather of geophysica

data, the inversion process involving updating the

physi cal properties nodel to reduce msfit between the

si mul at ed si nul taneous encoded gat her and a

C spondi I .

S 0 g g, £y nb AR SR8 e K eiine dua for
titukaiBuseareded godredigivereida; used in the simul ation;

and (c) downl oadi ng the updated physical properties

nodel or saving it to conputer storage. BRI EF

OR824 PTI ONFigr2 THE florasheriabopomestepsTR©ng reathediment of the present
iirﬁ\\geen tvieorrﬁet%ggi fl }ss.n%ti%/ant ages (\:/\€/I; | ] bet tbettgr under st ood ¢
by Ferer ng t'8" tHe %F?%wf’% d&YRPYBYCHE cﬁ’ei @?ﬁaowvgfﬁ{ﬁ’“ cos
tfagctddd; ached drawi ngs in which:[0023] Fig. 1 is a flow
chart showing steps in a nethod for preparing data for

si mul t aneous encoded-source inversion; [0024] Fig. 2

i D035k | ow cligr 8 shoias vsloeity modebrfer enbaxdinpientlepnstiating the
present.invyentiye nmet.had for sinultaneous source

cOMmRation s %Z)ef %”Ylh"%avﬁbgﬁ Wﬁ\fé?gfo&n cost function;

[0025] Fig. 3 is a base velocity nodel for an exanple

d strati [ - j

B et 1 o * [ SEf bRy sk il Yof 2 3PGlflt bonrce dat
teeortls sistul@edin the Examplediim e aseimodeldHftRig.13ecor ds

sinmulated in the Exanple fromthe base nodel of Fig.

3; g0027] Fi.g. .5 .shows a single sinultanequs
el908Hed- soukiBe SghewEra pinglgusimyltanegns eneodedsource ather roduced

S i i A
SR 998 AhEERY 90l o AL R nd BBy AL SHAMRn i
pgrturbati ons of the base nodel in Fig. 3 that is used

in the Exanple to denonstrate conputation of the ful

wave inversion cost )
[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. 5;

[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 description is



function using sinultaneous sources; [0029] Fig. 7

shows the cost function conputed for the present
WO0BM?BA s si nul t aneous source data shown inpgpél_sz@?/mwm
[0030] Fig. 8 shows the cost-f3unction conputed 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, forned
bypesifidPloy a UG EiBodiReHE BE iaabarBOMAL Ysd R Ahe NAVEAtLR, this is
Fig. 4, and [0032] Fig. 10 is a flow chart show ng

biatsndeds tocyssillustrative omiph eod memit to be comstueed se himiting/thatstope of the

et hod. 033] The i nventi ill be_ described in. )
CBMAS; S A sontan s mubndb o e0ueT AR et Edsificatigns and
cBif S priefipy i et g

| St hal 13 bE Holudtd INRNC EloBE oF theiiREiio bOlkfined by the

ugppendedtdiemisnvent i on, this is intended to be
illustrative only, and is not to be construed as
limting the scope of the invention. On the contrar

it is 2%{1_& FD DESCRIFTION O PREFERRED EMBODIMENTS
nodi fi cations and equi val ents that nay be incl uded

iohRin t he . 1 nvent | ef.] . -
HOLBAE " TR AR KSR R IBORE Bphona e
EAGBAEN dENESt VP Bhlert T physicat datal Bvedet dfdimuBaroi® thvdded-source
for reducing the conputational tine needed to
i f@pltionel y i nvert geophysical data by use of
si mul t aneous encoded-source sinulation. [0035]

ysi cal ~Lnver.si;on attenpts to find a nodel. o .
O8N Face erdFHR bR BeRelore B oTPR) St bures ctasic
Qﬁ%ﬁéﬁ@ﬁthﬁﬁ&ﬂﬁﬂaﬁiy%?la@%&%seﬁ@@ tg@éiﬁhgﬂhﬂ dafa. SBieXampiadf&eismic
i's used throughout to illustrate the inventive nethod,
bdata ishesedethhaghenatytobidlustrate the gosotvey mefhod but the method may be

hod of i cal [ i nvol vi ng at | east
S Lt BRIV Sy IR, BB D bR B ot o
| GRSLoRBE cBeREY S 'rgl]_lﬁgledﬁ)tcﬁtiéx{éy Ghd'#Nek chisasfeceiver. The data

accurately perfornme Ing Iterative met
Unfestonnist elogt accurately performed using iterative methods. Unfortunately
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iterative inversion 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



iterative inversion is often prohibitively expensive

conputationally. The majority of conpute tine in
‘Vp@&gﬁF?Wé i nversion is spent conputing forwar §CR§2Y/019724

reverse sinulations of the gepphysical data (here

forward neans forward in tinme and reverse neans

backward in tinme). The high cost of these sinulations

is partly due to the fact that each geophysical source

s p WRileo 3L T ole FOTRLE i ucRERETEH St purposes

c[ds;l 1pf Hiesainadthods lave pillopeent shonal tot probide intrehsed efficiency, but

squrces in the geophysical data (typically on the .

otlwrays @ signifiomnt cCgst1ip, rodured sypliy's uwﬁy an o fmpseiclwer signal-to-

sur.vey).. 1o this invention he source signatures f.Qr

MRS e el VMR o BinlAeh $hiBeC e IRIAiRRR. "The present

SiaVértRn Mitezabds s ifdrsich gualitpabudiieh WS sid¥ans AhdtV@mbitaneous
resulting in a conputational speedup proportional to

t ¢nsodrsrdsairceosimsiation exn denpslyenidgenusiyl used an wohyectip0 881 iterative

SPEIPDlino SGEC8 o0 Ufot HERS R ] l5oh Bbrf b tpfesirable nois

sRyafiag o teabsont fitfuitafENS! Btoloe lS%gl§tE%. of THRT §OW8nsidered

procesSes for inversion of geophysica
[ @eBpact&] 8 lightnofathetooerhomrbeleef thatnineersmwhcegeises input data of the
si.mul t anequs encoded- source techni ques are di scl osed .
flaghui% Pog§Ible edn[ esgenpey the yppdiancaus Hengededssaureg fechnique
P ' ' d_.effd ci t WAYS o
SFSRSIYRARLELF pSEST° SBAIR TS Bl PG snee
f @urseaimliatie (duego ahe 224 Oh@@idgaind Guitii€itioh avigéh Rasthe bfpearance
of sinultaneous sources are enployed. The present

i ofv eandpwizing theydeted and ysesnthis epparenilyafi¢grgdededate ttp oproduce an

by show t hat sinul t ane encoded-,source sj.jul ati on
SRt e 2 Bl B S B TR G Rl s Thd Rt that

| W6ildthaVebédhVdtah&d by ihte%"r@l{ibi@i@elg%‘ipér{%?vesﬁ%&%é 8f M¥erting the data

effect of reducing the undesirabl e noise resulting

f from thheindvedual seuneed. t Eecusoece queitios cinr & essrveyhis scansidered a

c(ﬁgfgi der ed un?ﬁ(pect ed in | igigt of the common bel i ef

t HHEren OPESE o FOTPURASFEY 1NN dat a of the hi ghest

possi bl e quality. In essence, the sinultaneous

epogfed- soufpe dh ' ]

a[gpggr to be sriegér?ihptiB %gﬁﬁe?pggﬂgﬁgg gg&?ﬁdgéa%%@@%%eﬁg{’ gerform

so bighequalityuiteriative ifvédsdort 3 thheby @heodimyg thei duya befdre summation of

summat i on. whi ch, has the ear ance ] ) .
sources the information content ofa 31% data 1s 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 is discussed first.



random zing the data), and uses this apparently

&fﬁ% dq% data to produce an inversion that has Tﬂgz() 19724
w W% hown bel ow, virtually the sane qualng A28
result that woul d have been ofgai ned by the
prohi bitively expensive process of inverting the data
fromthe individual sources. (Each sour ce position in
a survey is considered a different "source" for
PHEAAASEE oS Fiin®YiBh Optihiladdd037] The reason that these
apparently degraded data can be used to performa high
gquality iterative inversion is that by encoding the
di@039]bef or eCeslidwction eptifnization ¢eperfdrmed by oninemizong the value, with

el o sy Trchanchnl M ehmeostip it SR SEdimesrelaed to as an
VoTEivk ym%%?%ﬁcﬁ 3 HORG 5¢ Ridh b'efv%eﬁt th¥ ®bserved (measured)

inversion just as well as conventional sequentia
sgaophysichhtdata &mcmeipnndlhgniammalsmmddgl sirmlatioadof the assumed
t he %lnulatlon sfeps of éhe i nversion, the conpute

tmpadelj & imgle qostimetion § efienesed in geophysigal gversion is:
conventional sequential source inversion. [0038] Two
iterative invernsign pethods comonly enployed in

geophysi c t Ea& 3%r|es

met hods. $(4) pé z ; '8 I[}cl{aﬁ)] ﬁg i'?ggv o both )
of these rret hods. Si rrultaneous encoded- sour ce cost
function optim zation is discussed first.lterative
osbereFunct i on Optimi zation [0039] Cost function

optim zation is performed by m nim zing the val ue,

inct i En "SRy SBhBHRRER (ERaIVEE b sGoafs GEFeotqmuis vsed in

functi onjyhisMéagéNM=S2p measure of msfit between the
observed (neasured) geophy5|cal data and correspondi ng
data cal cul ated by sinulation of the assuned nodel. A
thpIe—c@BMmﬂhﬁUmpéﬂ S often used in geophysi cal
inversion is: S{M wg) - Yobs (g,r,t, vvgg (1) where N

;g nEerNL I%aﬁhglglsnhg)fé of HO\%E §%ﬁ¥{§a§ ltl}@/ WQ)J clo%aegpt»on%qg ?}{eei%dividual

sources),
Ng; = number of gathers,
r = receiver index within gather,
N; = number of receivers in a gather,
t = tirﬁe sample index within a data record,
N, = number of time samples,
Weale = calculated geophysical data from the model M,
Wobs = measured geophysical data, and
Wg = source signature for gather g, i.e. source signal without earth filtering

effects.



M- subsurface nodel, g = gather index (for point
source data this vvoul d correspond to the individual
WQ3IBU4AYBL g = nunber of gathers, r = recei ver PERYEX07/019724
wi t hi n gat her, Nr = nunber oilﬁrecei vers in a gather, t
= time sanple index wwthin a data record, Nt = nunber
of tinme sanples, ycak = cal cul at ed geophysi cal data
fromthe nodel M yobs = measured geophysical data,

04000 = SODKC athb@NAl BhBatioRl 1 dh tipeS of LatHef &hat can be
?gn@? wi t hout %gtart h fi Itlt ering efpgdcr:tagy[%%M] 5é?’he
gankktel innorequatdfonforwersirmbeel mgyprognem. oForgwisnec dataathe gathers
can be Sdl mul at ed .i n, one gun of a forward nodelin

p‘i’%{fﬁ%ﬂﬂ feof sggfrggnsbotd Athoughy theshofs pan bg Tpere ral $hap point
h J t .
SRR G6P1 For bl \OHERS! B8 AHRE InfA REERFIIR Helocation of

i indiidug! point eswroexds Fooplahe wave abiss, ¢f wotldi c/drﬂaspd.nd to different
poi nt sources. For plane wave sources, g would
cmiamewpwnromgmmfdeneeﬁwmpl Hne gm@hq@d @pmgatdatan Wobs, can either be

dlrect raI| rce at a
cAcftsd AL e el e i Hgf adth G s Pl sources.
fmﬂaﬁae@eaw C:sc b ﬁier&hé?‘?fgﬂﬁ cﬁPHsru%ﬁ? be I@g g@ﬁg%g&ﬁﬁy using

data ycal c on the ot hand can usua
di pectdlizedb yourse ﬁglcaog evhen dbivzed n&mlahn:@(ef girfot sedsmiotdam, forward
forward nodeling wg for _seismc data, forward

Haetlinggypisalise mems %1hatqnbﬁ9trepwt\ﬁ%c0aq%¢%lstwqysu Rropagation

Vé(%l?iﬁof lrcr)gfslggl% %@\é&lﬂ?ﬁ&? gﬁé&%n y 0 aeugy Oy?pre]s oo&\/\ng)}'v&ard modeling,

niaekatingfiniteNdifféftnb® nfddeling taé E&ﬁf)@tﬁﬁ&h fiRdeldeddl forNegeneralized
conputation tinme needed for a generalized source is

r LSl 1 rcmghlm equal totthe @@npuatmn tome needsd flercatpaint spurcg. The model
nt so c(g, The npdel deI 815 ? nor.e S
p&fy‘& 3P A o Py SRRt PR e SUPBHTacedrEifg. ¢ Seismic

wave velocity is one such physical property, but so are (for example) p-wave velocity,

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 1 can be simplified to:

s, gw, )" @)

where the sum over receivers and time samples is now implied and,
5(M’g’wg)=Wcalc(Mﬁg’wg)_'//ob:(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



mave velocity is one such physical property, but so

@or exanpl e) p-wave vel ocity, shear wave
‘VvéW§ several anisotropy parameters, atteRGAUSEN7/019724
(q) paraneters, porosity, andiperneability. The node
Mm ght represent a single physical property or it
m ght contain many different paraneters dependi ng upon
the level of sophistication of the inversion.
TRk G@ﬁshﬁfhm? Wﬁﬁr%g@cfr‘l E{ icQﬂn'v@rsﬁH iUt ded gb%tfé?nction must be
discrete cefls, each Cel elng char cterlze y a
mm@wemkmnpﬂlfmmhmsﬂmer [0041] Equation 1 can
be sinplified to: where the sum over receivers and
time sanples is nowinplied and, d (M .g,wWwj)=yca
(WPQ ]\Ng) -y cqr@p%)on(tgye @ycm}sd}rommﬁgﬁ metrﬁmber of gathers

ggﬂéﬁoﬂﬁ s%ul‘{évd% Sﬂli)s nﬁbl?lsttﬂe%a}lmﬁg Lft ' {1}% %e | %vﬁl k1essonathe order of

CTOIDO0 @t 100[000f fof 5' Wbelgrﬁﬁ‘%k@? ﬁe ;Jréseﬁtelhyédti&?ﬁ greatly reduces
consum ng. Furthernore, in a typical inversion project

t the stime seeeflech dor @sophysteabdnyessiputtsd showingathpt di(#f) ecanbe well
nodel s 0042] The computation t f or icis
TS (P H B dpt S1any FEeA<d. ganeralise murces which are

SOk q

R PSS AL B A5 by
tatuar @b theinmiffiber Ofr idYiltankdos BobReNt ANMSRY ideiled %ishdh of the
reduces the tinme needed for geophysical inversion by

sprevading deseniptsf teetechnacakprablem pringiaddressgd fgllows.

conmputing ycaic for many encoded generalized sources

' are fiva an .y. This reduc t he
m% needed eocoéf)ﬁiﬁlﬁﬁ c%qu@?’ égl'feglf‘f’%‘fwgggté‘? f%ﬁSW{nrge
nunber of sinultaneous sources A nore detail ed
version of the precedi ng, descri ptl on of t he technical
pr obl em bei ng adgr The cost )
function in Equati"’bn pl acg V\ntﬁ t he foll ow ng:
Ssim(M =d{Mg,c g wy ) 5) G=X geG where a
sunmati on over receivers and tine sanples is inplied
awhérn aEgmatation oReramckivate Andime aamplies vimpligdadhiarBquasion 2 and:
sub groups of gathers,

N, N;
Z = Z Z defines a sum over gathers by sub groups of gathers,

g=1 G=1 geG

Ssim = cost function for simultaneous source data,

G = the groups of simultaneous generalized sources, and

Ng = the number of groups,

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

signature to encode the gathers, these encoding functions 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



Ssim = cost function for sinultaneous source data, G =

t he oups of sinultaneous generalized sources, and N
WQZ?‘H‘%“%ﬂ%ber of groups, Cg = functions of ti mBCTH§R007/019724
are convolved ((r)) with eachjgather's source

signature to encode the gathers, these encodi ng

functions are chosen to be different, i.e.

non- equi val ent, for each gather index g (e.g

Aipiot gﬁtﬁ&rs ). Ré 'nﬁf%r s@fHafbn,FGRF msmﬁﬁl 5@%&% ff3B dre grouped for
[ 004 The outer summation In quatr on IS over

gsimufisneofis somphtatione o For geme rsahu]zmdn smtitezlsssuch as finite difference
corr spondi ng to the gather (e.g.. point sources

fypd FINPYatiQepE the lnfréelr ﬁaﬁeﬁunmeﬁ%ﬂmr%ﬁﬁ (thg, mnegysum over

S50YPin bRe TG, hF Yo BiHnETe s bBIALEOER o sngie
fédilh!ee Phidsf BE@MRA ITBHEbd ean%ﬁtb& irf 8T grwgwfvc tilfes faster than

nodel for summed sources (the inner sum over G can
bEqyagion ¢k méul the) lirhieng sase, aliogatherofre: coneputed ma.lltaneously (i.e. G
conput at f or al urce.. .Thus, . Equatj,on 5 can
TRl Beisqufées 3 ATt PLAnd ArerRgpiREeSa fESY phe Secdin
Equatron 2. hi the limting case, all gathers are
pomsy ed_Si TS taemSlands at She Gofi WLAENEAA i Blation s is not
sources and GB ;d oane %cm eves a%jf@ct (%:“]r}nglal lonNg is not in
sgrmerhli ps sr{r(&Bl@ﬂ coIhﬁmclsqneﬁ)d up/ermmes iatS(Mhécfmed tin Ehadtion 2. Two
ation 51is in general as suitable a

E
csgg%mf%% g%rqlrarlr%roer cta%nrrs S(M defined in

Equat i on 2. Two requl rements for a hi gh gual ity cost

functl N arfhal a tgtl ﬁugllnﬂb@her{nt Ns t(g(?se to the true
nodel |s cl ose e true subsurface mo el I

has few | ocaibsmfauemeodend they are located far fromthe
true subsurface nmodel. It is easy to see that in the

noi se- free case t he gl obal ‘m ni num of both Sé and

Ssi m(M- wi |1t kasctrw dpeah mmimacgngatheyoaten focgtedetar from the true

subsurface at their value at the gl obal
mnimumis gzﬁg)?‘gljf Expedrerence has shown that the gl obal

m ni mum of
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, S;n(M) satisfies requirement number 1 above. Next it will be shown

how S;i»(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 Sq;,(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



Ss mM(M is also close to the actual subsurface nodel

in the case where the data are noisy. Thus, Ssi n;{Ul\/g
WRIPBIHEL r equi renent nunber 1 above. Next it Phf{US2Q94019724

shown how S In(M can be nmadejgdo satisfy the second

enunerated requi renent. [0046] One cannot in general

devel op a cost function for data inversion that has no

local minima. So it would be unreasonable to expect

[ l.ocal: mini Sialne .

i ek by VBB RRicRIH BhdRy SCRODEE S ag fllgy Finst

t Bauiatids 5% $ectatizedtol the BR-NOri diiBe:St r uct ure not nuch

worse than S(M. According to the present invention,

this can be acconplished by a proper chqgice of

encodi ng signatures 50 en the copt function

uses an L2-Norm Sghbd F% th&hﬁé;g:gg@wlgg i gnatures to (6)

be random phase functi orfs!lggf ves a si nul L aneous source

cost function that has a | ocal mnim structure

imlar to the sequential source cost fu i on.

THR s B R B S TG RS A G PRRRISAIRIE Dot veen

Ssim(M to S(M as follows. First, Equation 5 is

specialized to the L2-Normcase: Ssm(M =f J d{Mg,c

Vg (,6 The squange wdthi,n the sumioyer groups
cgm(é%e)% aﬁﬂé 68 Cf WAA&%&(%gds@yﬂlﬁéwcgj,cgd@m | (D
they hav&'géhstant anplitudgsépectra, the first term

in Equation 7 is sinmply S(M, yielding: Ssm(M =S M +
\d(Mg,cg (r)wg] \d(Mg',cg.(r) g] (8) GI geGg eGg

' By ChodsingdtheBc I v et shdyhdveSdohetalv) amﬁliﬁt_ﬁé' argo'ﬁ(ab/khdo fiks® term in
some cross terns. Note that due to the inplied sum

ovaatipn fds SEphy &d0), yisldiegoss terns \d(M g, cg(r) W)\ \
d(Mg', cw) | arereally cross correlations of the
residual fromygwo different gathers. This cross

ORI R SPIIR TAPOL. &, Spiepsey Qs fhe model B g
o
Equation 8 reveals that Sqm(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,@wy)|
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
cg such that ¢, and ¢ are different realizations of random phase functions. Other
types of encoding signatures may also work. Thus, with this choice of the cg, Ssim(M)

is approximately equal to S(M). Therefore, the local minima structure of Sgn(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



Cg such that cg and cg are different realizations of
random phase functions. O her types of encodi ng
WORYISAMBLs may al so work. Thus, with this choPE®U§p007/019724

the cg, Ssin(M is approximtgjy equal to S(M.
Therefore, the local mnima structure of Ss mM is
approximately equal to S(M. [0048] In practice, the
present invention can be inplenmented according to the

f ¢ ' | 1.an f ' .
bR RAP 4 BBy 08 UGy Hh IR o ocoding
oS @RityS i fiomh tifdeY OF noiRbquilslemencdBg siMatutesi IV ML the traces from
si mul t aneous gat her data hi step 20, the input data 10

athe gedignargithen temporallycgpyolued with likat seleptad engddingosignature. Each
encoded and §urmed ta for [ rru{taneous encodgd : ik
GBATEe (e eSS D s Rl e, Saape, ety Shigosing different
%&H@iﬁgfs@%ﬁé &80 #reah %‘Qﬂll%ﬂ AR 51 Ex@fy R¥e been encoded in
i sperformed by selecting agather fromTthe gather
dlaf thedathers ant sungnehineS(c oThegatsérg aret sutemdd yunhraingedl traces
of non-equi val ent encodj ng signatures 30. Al the
t?oa@égm\dﬂaﬂﬁq e spme esceiyele frope fadhegatheral s o levsigpultaneous
| e .ancod] ' ch h kD
(B4 Rur LB B LM B FP AR B 1S T B of Bimutated

CiQRhm@u efliode® p@fitrs OC Otk Si6h 80, FEepk Y0501 410 BpRéAlll épeated until
each gather. After all gathers have been encoded in
481 gq]?q:r grenpsdarn etep 28rhave besneencodeds OWhain all gathbregroups kave been

BT i PR B aRd o 0o GG Ao RUREERS encoded
enRgedo S L&l BnBE SimIMHnESs cétlihﬁn{Haﬁf%Y?& cabh g&gﬁ gg&p formed

to the output set of sinulate t aneous enc

giat stegr 20. 7HowAnamsyt ggth@P to putcipnsa sifigl6 @raupes taytpateedlolf yudgment. The
repeated until _ all. “gat her i%Dréou s fromstep 20 have )
beBsidgrabigpevolngd Ancinde gualifepf E\edi%fsﬁﬁaw pespeedup in inversion

encod [ I S : ed and the.file containin

B Fite b RRRIRE ook ol o el oM e
Sgroupihg HRddisa BiphQRiaRtyORENRINCiGH. B OmbiaREesIIt MY be preferable
formed in step 20. How many gathers to put in a single
diosum alkthg gathersantomne jsimelg taneeus gather,d en sisele siaglegusup.

i nvol ved include quality of the cost function vs.

S up in g.nversi.on ting. One.can run tests |ike . .
CRAET ' hhREE aPRebeRer SHWERGS e T8l Suber frpyghtained in
t SdeneOérabimenty iof kitSinderttionh 16 Witldr leyhbo@hents) Aed fdPhydichl data are
sonme instances, it may be preferable
acquired from simultaneous encoded sources, eliminating the need for the process in
Fig. 1. It may be noted that acquiring simultaneous 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-



to sumall the gathers into one sinultaneous gather,
i.e., use a single group. [0049] Figure 1 describes
WR3N8HH8L t aneous encoded gat hers are obt ai nedPEHUSHIg019724

enbodi nents of the invention21h other enbodi nents,

t he geophysi cal data are acquired from sinultaneous

encoded sources, elimnating the need for the process

in Fig. 1. It may be noted that acquiring sinultaneous
eqmiRdedhts O Urteesitaltindols lehodel athetO Y20l afd BRI YithYr the data
reduce the cost of acquiring the geophysical data and
afosmed auT@ of Kiguea $ eortdne sisnujtaaéouscennodegdegatleers that elead acgmired in

B R 0 b SR S B8 T 850 modee
U0 SR A e LB S Yo e

Wiised fto form the simulRnedudreatodedt datleks120. En@Rr BI0I 1 cost function for
simul taneously with different encoded sweeps in close

cthisuymuppaseusrengoded gathenés sumpegd.r ¢ dieveosts Tungtion é the L2 norm
O ERo SRHERRE P s b 1 R nd s e
[ BARs, tHeX4ubreofi the @iffdr&ie hféf\%eeﬁnﬁe‘!\"sﬁ’lﬁllﬁﬂédlﬁ e?lEgd%?laga'fher from

the 'present inventive nethod for conputing the dat
i H20earsli the foeatd modetd simlanedusensoded | gathee fom 130. The cost value
encodedsour ce. dgt a. The_ simultaneous encoded gat

h
19npited 19y L40:is dheny agquppdated Hio tha total spskan stap TAY.- $teps 130-150

T T
edyeledie deghatddaintil aflMedi2& bifnultahotk Enoe | gathetsSfroi@ 120€have been

appropriate signatures fromthe set of encoding
shrgeessad@60)110 t hat were used to formthe simultaneous
encoded gat hers 120. In step 140, the cost function

f hi s sijul t aneous .encoded .gat her. i s copput e | f .
stioss 7 Ries BR RS RSt drvscling Farh oMot toemertechniques
%Sﬁrelégmwﬂd{ign NS kbt YuRcSoH™Mnd Ithe OGRE flﬁ{clti?ﬁse ‘E@fné@trea by this
and all tine sanples, the square of the differenc

bevewion progidsi armiuchnmores effictont ektiyat b€ pefformmng 2Bisacuanputation.

the forward_nodel ed sinultaneous encoded gather from ,
1M@ny ipreesc o€ engading RfSede i 70129 1i‘s§gt fpegnsure that Ssim(M) is

ki e e

si mul t aneous encoded gat her from 120, and that cycle
i s repeat edLingdr] randbin, dBisp aad nsddifiéd aliig Beqenepdesendent phase
gat hers from 120 have been

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



processed (160). [0051] There are many techniques for
inverting data. Most of these techniques require
WeaMIPt#8f on of a cost function, and the cost POGRYSIYHE19724

conputed by this invention prpvide a nuch nore

efficient nmethod of performng this conmputation. Many

types of encoding functions cg can be used to ensure

that SSm(M is approximately equal to S(M including

R e R el TSP RInpg 4 1o with cach se

pofeneodingl functi&one rdetemhirel whifH @dnivergeb éastarequency

i ndependent phase encoding as presented in Jing et al.
Sone of these

: Random ti hi f t di ng. ,
[ﬂ?gé%li ng ? e'g %\ﬁggg %w'emth%gﬁg Slbégﬁa@?ow [sRFPdsH1seprge technique can

| nefgxgﬁféﬂg &'ptelg ?5 ?’E}f&él%g%‘g ?%nscﬁpﬁ ﬁrﬁ ggrél%gﬂr E} could be used for

Oélisafmeﬁion.sﬂdaﬁkgi d eteaiems deparrdindussedndone. piiassld also be used on
encodi ng and al so by conbi ning frequency independent
enesdsaplistiratad £psyfunetionsetbanthé one @wem@g/ ig eﬁm\m@n £, including

BB RREERATAR: el St Ry SR ARAL QUGS method could be
Chisefl Wlﬂﬂzinyet%@é’f $165a] @R Modaf cOR tidichieA 1rmér§iémﬂl'eﬂﬂdt1§<§ﬁdmg Monte

i nversions with each set of encoding functions

deardy, niinalandd ehneating,e geresicf @lgorithm, [€0b5Rion| algsdlthni derbdient line
not ed t hat Ehe 1 mul t(? eous enca\?gd source techni que

cHA” c%‘éﬁ??%? &ﬁ@@"b?mle rsion cost function.

In particular it coul d be used for cost functions
bg@,%gvpge,@gsr)ﬁ;,e,glg;,ns than L2 di scussed above. It could

al so be used on nore sophisticated cost functions than

the one presented in Equation 2, including regularized
cl0853) unct i Bersdes Riostafungtiort bﬁimizatild)n aeephysical inversion can also be

GBS PGS U8t SPmaT BT %t " REICEoF doin this s to
'ﬂ&ét@dth qJIﬁmgrﬁiu@{\JllH%ﬁr qEEH ﬁrﬁ » ggl Li Famﬁ@&%hgeﬁ equation

agorlt m  evol ution I ne Sear
cdesgritgs tseatpriag iof Maﬁesathh iNediuairepres@itédbly 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 ©)

1l
|
i

L,G, (10)



Iterative Series Inversion [0053] Besides cost

function optim zation, geophysical inversion can al so
WQ208dt8hent ed using iterative series nethodsPCRUS2007/019724

common nethod for doing this.gs.to iterate the :

Li ppmann- Schwi nger equation [3]. The

Li ppmann- Schwi nger equati on descri bes scattering of

waves in a nediumrepresented by a physical properties

off i ; [ 1

o L4 Bk EPhan a3 RRTo UIRAPR) Sierdlof; EREIGyare the actul

eatidanferace Khedn’s sparsterh respedively ahd Bissthauhie bp&rgtodf Note that G is

waves fromthe nodel of interest, with the advantage

t the tmeagred gojnd sownee ylatae god (Gasis dhe simwated peint soyee data from the

Rt R P s o B9 B iy R8s SRR RS

the determ nation of the nodel of interest, fromthe
nmeasured data and again oui¥q0e_qgiov'@g calculations to (11)
be perfornmed in the sinpler nodel. The Lippmann-

Schwi nger equation is a general formalismthat can be
aphdre 8d=tI0 - alo| frdny peficiothe SRFRBN G Betivedtfths tARndBAIGhEmodels can
i ncludi ng seism c waves. This nmethod begins with the

t foexdigaigdi ons: LG = - | (9) LOG = - ! (10)where L, LO

are the actual and reference differential operators, G

are the .actual and, reference een' s opetr.at or.s .
SR, 2\ o1 b 1 17y sTREe [ R Y o5 ThRCpQRRdiR TR o seres
i | t St
SRR Tor O aPE R ORI G AR Poe
The Li ppmann- Schwi nger equation for scattering theory
is: G= Q0 + AVG G2G, WBgVE M6 Y G VIR, f1-om whi ch (12)
the difference between the true and initial nodels can
be extracted. [0054] Equation 11 is solved iteratively
f Blren\WV fsyexfpanded agdasenel:ng it in a series (assunming G =
& for the first approximation of G and so forth) to

get: G =G0 + QOVA) + QOVEVAQ f - (12) -

A VACUNR V/ (13)

where V% s the portion of V that is n™ order in the residual of the data (here 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,V¥G, +G, V"G, VG, 15)
0=G,VYG, +G, V"G V?G, +G VPG VG, +G V"G, V'G, V"G, (16)

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

first solving Equation 14 for V(¥ by inverting G on both sides of V(¥ to yield:

v =G, (G-G,)G;' 17)



Then V is expanded as a series: V = V(1) + V(2) + V(3)

+ --- é 13) where Vis the portion of V that is
WBRH8O42081t he residual of the data (here the rggp(g]gqu07/019724

of the data is G- 0 neasureghat the surface).

Substituting Equation 13 into Equation 12 and

collecting terns of the sane order yields the

foIIovvi ng set of equations for the first 3 orders: G -

SS&C)G)V( 1) frédh) EQuatloﬁol\'X % {Hen su@\({lt]:al @t\{(ﬁ (@ioh 113) and this
V3C—IO+GOV(I)GOV(2)GO+GOV2 +

@ﬂqqumpdaﬁ&i(\i(fmy(eﬁs) and sinmlarly for hi gher
orders in V. These equations nay be solved iteratively
by first sol ving Equat(zl)on 14 for V b‘éGI verting & on
both sides of V(1) t¥ yiret@s Gv(ViGV &G - @)@ 1 (18)
(17)[0055] V from Equation 17 is then substituted into

Equati on 15 and thls e({%atlon is solved for 2) to
yand| sg-forta for highego (M) @V @G 1 (18) and so forth
for hi gher orders of V. [0056] Equati on 17 invol ves a

S ver d_freque can

o@pgéxpl i Ci cp.g? 182%9\?(1&31%% a gr%{ @ver i%lr@s an%%rfﬂuwcgw ich can be
Wgttéh Satiekplidi@y BBasured data for source s, Go is the

si mul at ed data through the reference rmdel for source

s and Go/ 1 can be interpreted as the downward

extrapol ated source ¥%ea) ) eGI(GM-WYIGE s . Equation (17)
17 when inplenmented in the requency donmai n can be
interpreted as follows: (1) Downward extrapol ate

t‘%eorg %]s is the measured data for source s, Gy; is the simulated data through the

reference model for source s and Gy ' 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 Gy, term), (2) For each
source, downward extrapolate the receivers of the residual data through the reference
model (the Gy (Gs-Gys) 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:

Vo - an‘[ZewGs —Ze""’*“‘”cos}Z(ei¢"‘”’G0s-)" (18)

s'

where a choice has been made to encode by applying the phase function ¢(@) 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



the reference nodel the source signature for each
source (the G/ 1 term, (2) For each source,
‘Vg%gp Hﬁéte the receivers of the residual datB&C ?ﬂ@@@&ﬂwTﬂ
t he reference nodel. (the Go {(13-CGo ) term, (3)
multiply these two fields then sumover all sources
and frequencies. The downward extrapolations in this
reci pe can be carried out using geophysical sinulation
- S@ég VAR, sebOiid R¥AMR! tBe BeddRetsf 1) Sabigidh fies eeaﬁﬁ%r £t9&§7ﬂ'om the
The simul taneous encoded- source’ t echni que can
aepult Eome stefEdud#) Dowhwarnd eXtaipIotmrs thevduta eorapmmb firc etep 83(the first

been nmade o encode by pl the phase function
wenmp @pt@ﬁ ggacgﬁei? aﬁy @A heotimultaneous

t
hikinsarow ol viogt iy
sfields agd sle ovepal feduéetaias. (Nbe tﬁatﬁﬁtthﬁttﬁﬁpé Itl&ﬂsmﬂﬂatlons are all

brackets), (2) Forward sinulating the data that woul d
beerioeried Pely ames fargharentirg ﬁ@&f@@ﬂ@@é@w @sqciesiesgumgrs r#§ opposed to

ncodi n nste
e B0 Ench SR, P eCorEC PR S5 i R reuires
r@a&ﬂresg‘édhrplﬁéﬁﬁelhan(lédua%mwrd extrapol ate the data
conputed in step 3 (the first G 1 termapplied to the

bracketed ternm), (5) Downward extrapol ate the
si0RS8l aneou%epémléiéé smumatemns@veosiant wiinte ponéonsavhere s =5’ and
encoﬁrr as ste , (6) Multiply these two fields
aht® sttt rgﬁ@ g§ gequencies. Note that in this recipe
the sinul ations are aI | performed only once for the

ent ifug _ qus Ci Yl GES) S sed
to rgcem ¢“l 0sgsdvsle A ?Zs% f(or((“aiqu(gt)sr (19
17. Thus? Equatron 18 requi‘res hudh | ess conpute trne
than Equation 17. [0058] Separating the summations
OTley first @AM is Eqidiion 19Gh4y W&c&@ﬁ’ieﬁ as'Equauéh l’ﬂrﬁﬂl tﬁereforé n
Equation 18 gives: V(1) Q0 G b <
) e-*<->(G - IG' (19)
VO =V 4 crossterms (20)

g

[0059] The cross terms in Equation 19 will be small if ¢ # ¢ when s # 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.



The first termin Equation 19 may be recogni zed as
Equation 17 and therefore: V(1) = V(1) +crossterns

W %W’OF%?@%] The cross terns in Equatl on 19 wi PET{Y&§2007/019724
small if f fs when s s \ Thag, as was the case for
cost function optimzation, the sinultaneous
encoded- source net hod speeds up conputation of the
first termof the series and gives a result that is
Sfoub1jar 'O AWRiniaHG AdTRN£eCOMRE Blént SRFNMEDA li@thab RUIIGGs a larger
net hod. The sane Sinmultaneous encoded-source techni que
cambre ofpgathieesitd be rwgipetedmmieltarteensty i Furtheemarey thes efficiency is
such as tghe secqond apd t hj rder terns i n Equations

%a‘%‘iﬁldw Slirsicthne b avalyogt § BifooopbBSFion Ty Eygngon is less
E'téf Gk mgac@sa%aﬁ’ll el glrﬂﬁ?ﬂeb& Q&L}béi @&thhf?ﬂeé’“b%&use the

var OUS types o genera I zed source techni ques,

amverioads teiggieshtivt implide thab thetnofise]artifatts twill be gacuely suppressed as
rat her than encoding different point source gather

sthg global minimymeotitheifest Emctioristapproargdat ur es for
di fferent synthesized plane waves.[0061] A primary

M98 20° orhlf SAEDA ol LYK A L SRRl dlov AR 2

nunber 0
Si rrul taneousl y. Furt hernmore, this effi ciency is gained

W t houd sacThd &,Cdna8dihh urittishd tan 8 caflBed % feaéwmﬁpde&hon of the
The invention i's | ess subject to noisé artifacts than

ot her si nmul ecashBwgors olir at deastsdmé ppstascaseusing diffehant random phase
i nversion's bei.ng j tive inpli t hat .t he naqi

artifacts V\ﬁqcpdlﬁg tﬂ’gﬁ‘f %P%%P%‘gsé%e cpst fungtion g-nger reduces the
m ni num of gf’f&t S§O8E cfdé@?etn'ng’gu Fguaqlgg rroached. [ 0062]

Sone variations on the enbo escri bed above

include: The Cg encoding functions can be changed for
each cenputlat same ehsesh@.g,0ohei Uhetsomme sampiihg lieakhser than the
some instances, usi n(lq di fferent random phase encodi ngs

for each cORPRIYEtSaBWIHL) itHBay: B pdyanirEePrBhta Uie Jeeiprocity to treat

reduces thegef, %t%?lt reQélbfé]E?is <P] E&aﬁ&{aﬁodrgesEgﬁ@éﬂcgge fire receivers

I n sone cases € source sanp

denser thaninstesl sfthesogtessanpl i ng) it may be
advant ageous to use reciprocity to treat

o 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.

. 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.

. Acquisition of simultaneous encoded-source data could result in

significant geophysical data acquisition cost savings.



the actual receivers as conputational sources, and

encode the receivers instead of the sources.
WORWSMH2BA is not linited to single-conponent BST/MSZOO7/019724

receivers. For exanple, the receivers could be
receiver arrays or they could be nulticonponent
receivers. The nethod may be inproved by optim zing
the encoding to yield the highest quality cost

function. Fat Suaple b, enaodlas, gt hous Coibaube acquire

optlmzedto re Fe i

cost functi@itodethsowrer asth rtaorﬁ Lsmmlteﬂﬁﬁugp ?@raﬁﬁg marine vibrators
optim zed either by manual inspection of tests

performed ubhimpetité tantionoustnwbde igmptiewt i ons or usi ng
an aut omat ed opt| m zati on procedure. Acqui SI tion of

si mul taneou ed-source data could r s

si gni {1 cant Bﬁ@%‘?‘%ﬂ og e cost g‘&ﬂ%‘PF g&edslgg]uﬁgg the use
For mari ne Sorml

ef ficient téofeda%lgi}ﬁfep gﬂéﬁégegéé}qgour c(télbggm% q?lgg)rﬁ“%yd of L2 norm),

si mul t aneoualdyaddjtnal temgs toaegularize dndatabilzettheinvepngt.g. terms
continuously while in notion. OQther definitions for

the cost fufat wsnldrwab@ medels thay @rend; swepothher madelsrthat are not
di fferent n e.g. LI norm (absolute value) instead

of L2 norrr) and additional terns to regularize and
stabilize the inversion (e.g. ternms that would

p06ld] ze noWRS tthat iveaion siohaded @fanyodghisodiiatts,ar£ typical
notmﬂoar se). [0063] While the invention includes many

mentaighbinelude ghel follewingi faattesni ght i ncl ude t he
followi ng features: 1. The input gathers are common

poi nt sour t The encodi.n Lures 30

b 116 ar o TRk Sisx e SRl e SRR

encodi ng signatures 30 and 110 are chosen to be random
phase 2 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



signatures from Ronero et. al. [12]. Such a signature

can be nmade sinply by nmaki ng a sequence that consi
WER0S0M8L anpl es whi ch are a uni f or m pseudo- raﬁgyﬁ%82007/019724

sequence. 4. In step 40, the gathers are encoded by
convol ving each trace in the gather with that gather's
encodi ng signature. 5. In step 130, the forward

nodel ing is perforned vvith a finite di fference

8&41&{2%&9&)% idwh eeve°18@i i %r@ﬂ: I?)ase velé{ 1{1&?61 (the model

cost unc I on |

thamwillelse {vefdd for) feniss eﬁaxﬁplée FIfh%Ssﬂﬁide nﬁﬂdﬂd%&hé 0e10c1ty at each
exanpl e of conputing the cost function using the

plapgientThe heckisrousd ofrtbisqoedshris 8 dinea gradienfestarbng ent $hmil's at the
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egraditpnte Th'dﬁéarktrddngniah Uamhtlaﬁgure 3vrepesérit yawrs whmh 100 m/s is
th. The. back this n
ol AnechingB eFbahent DackgePunds aad herallefusfing s bapaaal bands
I Thi.r
Spsongnes i S S4B RRG, o el g Brokgrouna

1BiQaliy & rectdreolar Wnemelya@2@dithhist256 maslk ghd 056! ngvadl zﬁfdlt having a
The darker harizontal bands in Figure 3 represent

| esjeqity neFfarbationof $90smyssis addrado tle harizontali dayerpd anodsht

background, and the alternating | ighter hori zont al

?@g?nﬁt repr eéngen i < echu[\é'hﬁ agmq Soprge dﬁaé§$$%7£§n&1ng to item 10 in

he |inear gradi

rﬁgﬁ@nD)UiVafe annddy fros’ fhe ﬂhtﬁ@él ihSFig@a@ n t2§5|co?fﬁ1§’onz§§mmsource

and having a velocity perturbation of 500 m's is
aghtlesds twere Nemhniedz@m &ig. y4 |ShﬂyW£ﬂ’ g fitighree [(§0B&Se gathers. These

R -
f
B

tbﬁtweeméoutdeessel@at el the delim;;e bgmdea receveyeisat mi XThe sources and
secand trac?hl en sa at 0.8 nsec. The

JEEFIRes cover the entlge surgce o? the mocm) Ian 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



signature (corresponding to ws in Equation 2) is a 20
Hz R cker wavel et. The di stance between sources is 16

Wh248@4208& di st ance between receivers is 4 m ¥PREUS2007/019724

sources and receivers cover t4e_entire surface of the
nodel , and the receivers are stationary. [0066] The
flowoutlined in Fig. 1 is used to generate

si mul t aneous encodedsource data fromthe sequenti al
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V8| ving the traces from each point source gather

a 2048 sanple (1.6384 sec long) uniform
pseudo-random sequence. A different random sequence
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perturbed nodel by subtracting the perturbed data from
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function for the sane nodel

[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.



perturbations shown in Fig. 8 (conputed using the data

in Fig. 4 as the base data and then sinulatin

Wgé&‘lﬁ@ﬁ%qsél source data fromthe perturbed nodgp§611.52007/019724
Figure 8 corresponds to the cxpt function in Equation

2 wth N = 2. The horizontal axis in Figs. 7 and 8 is

the perturbation of the depth of the rectangul ar

anonmaly relative to its depth in the base nodel. Thus,
31[0996]t ur bat v tfor 26 £56° E’%rﬁﬁlﬁ SHAF tinfe l;éaﬁctﬁ?ls&f E}édﬁﬁlultaneous
It is inportant to note that for this exanple the
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256 times faster than the sequential source cost )
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structure, of the_sinultaneoys encoded-spurce cost
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CRmREd’ 8 i@y lspaded fsBiirck Mcth X #oRIdSrebILinSIiLh 1630 8Mdedup. Note that
encoded-source cost function is strongly preferred.

Tthe ginbal muinimynnfed dhessupepshos gathert daga isat zerapertudbation (610), which
uesses that might he used in a real exerci i n order
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Finally, to denonstrate the inportance of  encoding the

gBnbtiors atleé s eths samiengompitatiorl speadspt dsetheosimuftameous @ncoded-

that would . result fromusing Mra's [9] _
source metLod o t’?ns patent, 1t1s o mu%h lower qua{lty] 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.



suggestion of inverting super shot gathers. This cost

function was conputed in a manner simlar to that
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encoded before summ ng. This.sum violates Mra's

suggestion that the sources should be w dely spaced

(these sources are at a 16 m spacing). However, this

is a fair conparison with the simultaneous

eRefslefcagur ce net hod suggested in this patent,
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for inversion of neasured geophysical data to

determ ne a physical properties nodel for a subsurface

regi on, conprising: (a) obtaining a group of two or

nore encoded gat hers of the measured geophysical data,

wherei n each gather is associated with a single

general i zed source or, usi ce-receiver

reciprocity, with a single receiver, and wherein each

gat her i I i ' ) i ' .

o] cctAPRARRIRHIOM L nbbd 26 R SRR oAt YR il data

stogietermires physicalsptoperties tbéel dncosideurgiase hegion,i comiphiing:

group by summ ng all data records in each gather that

correspond to a single receiver (or source if

reci pr@i t yohtaininged) groupnef tvep Onmerg engpdedagathess fof dhe measured
. ’ . . il . t her

BEPUE AUk, ATl USRS BT S BB s

SethEsihg SR cd-RGEIVEE reSiptdtitfDRRh aRIn@W tdidery @ldAPBerih eath gather is
| east one physical property at |ocations throughout _

t ¢nsodesh suithf acdifferapt smcoding ssgriapure sgelestgdafrompdased rop-equivalent
t he suned physi cal properties nodel that is nore
c%ﬁ@&égéﬁPa ®h the sinultaneous encoded gather from

step (b), said calculation involving one or nore

encodeg)si ”&Hrﬂrﬁﬁ?%’@ erROUES Baths WA ok Qlp BN BIS R allldata records

simul ati on operafions that "use the assungd physica

pmogach tgathsr thatl ebrrespdne he e degles caceiver &irgoatcarn £ seciypocity is used),
t he sane encodi ng. functions used ta encode

A1 TERGERY o a@%@ﬁé@t seetrendenvlingdaesimypfaneeysengpded gather;
entire sinmultaneous encoded gather is sinulated in a

si ngl e$i mu ' i1 O3, i ) :
east She morani PRAIAK Yopcles RATN 8 FbAREICrpbn, said
pmoge rproedingoddlies fof aml daseonsr plwistab prdpertptat ttatidnsstheyughout the
(d) as the assuned nodel to produce a further updated
pﬁh\%‘i‘r I$H¥berti es nodel of the subsurface region

that is

(d) calculating an update 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
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 a 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



nmore consistent with a correspondi ng simultaneous
encoded gat her of neasured data, using the sane

VRt #Y! si gnat ures for source signatures in PREUS2007/019724

simulation as were used in fo34ung the correspondi ng
si mul t aneous encoded gat her of neasured data; and(f)
downl oadi ng the further updated physical properties
nodel or saving it to conputer storage. 2. The method

of cl aifm 1, dovrb&iing ﬁle%ﬁﬁerfdﬁﬂ%ﬂ ORydidal 9Fgﬁeﬂ]e§%’o(fepor saving it

update the nodel in step (d), said tost function
neasmputey stheageee of m sfit between the sinultaneous
encoded gat her and a sinulated sinultaneous encoded

th thod of claim]l, rt.her co n
Fror Topets o ﬂalﬁbflowélegeeréa o8 uneﬁ%g% FgRE 10 pdate the

t a
PGBl B S O0f: S8 AT wReaShih %rgﬁg&ke%g bithen the

gsinitaneohis emcdded gz:ihefaha a sihelatedsimgtdnbais ennodmlrgaﬂrdm' ng
step (e). 4. The met hod of claim11, further conprisi ng
obt ai ni hg at afgst one additional ,group of two or

e%codeﬁhegaeﬂ)@ Saitnb fyphen cosprisiig i istep (dy and baldrg piep (c):
Sélﬁﬂg&lg)tlﬁ eégﬁgccl:@g m%ﬂ trﬁ}égqls%:i i Clé:ﬁreg §@r gqgébaﬁgg Etteégtﬁ% obtain a

t diferphy Sinuidtanue pREJded gaﬂh@ld@ﬂ médsQreddaep tHed JusinghiRdt @h Berforming
t he e5)dat ed physical properties nodel to be used in

sttemn( is based on the accunul ated updates. 5. The
met hod of claim 11, wherein sai d encoded gat hers of

|
FacesTs SRURIBCARRED Rl ehEPBRRE sl S8R ihlabh hedaitional
V\ﬁgﬁp‘ beevd & mbheendaddiesatheds ofthe rrféﬁhﬂ@dj g&dphgiicdl rEi'at]a as in step (a),

rein the two or nore encoded gathers of neas
dentda rerfermimgaistepd (by fobt edchi addiganilerggoup, thena aéaumulamg the

%Eeég(?s"ltdgf‘aﬁlﬁlg r%(ue i n LCQ %@é?@?{ :Ieﬂf e ﬁ':oaﬁ gtp§ r(8) wherein the
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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.



seism c survey. 8. The nethod of claim7, wherein the

eneral i zed seismc sources are either all point
Wg@@ﬂs@ééﬂsbr al | pl ane-wave sources.9. The met hBETES2007/019724

claimb5, wherein the neasuredygeophysical data include

nmeasured or estimted signatures of each source

activation and the encoded source sighatures used in

the sinulation operations are signatures nade by

tgnpor V] h ti 0 e

o anat e BE U, ] SRR e Rk kG 6 Gnctuce

emendedt freestiffateds sigiutureg ofRacil safcd aéthation Anéd tiePedddted source

10. The nmethod of claim5, wherein the encoding

f ugratyren dised én ghe simplation egpsrations fare rhignagpresymade by temporally

OBk, S EPEET, BUFES gy 48 i
PhiasfoR IS codelthe ofespBAdIAE nféfas&&ii'gamlé'in ‘é‘@ﬁ "(8' n the

encodi ng functions are of one type fof sone sources
and of another type for other sources. 12. The method
of0.c| al'm methal of slaimt S evhercin theepcbding tfimations axe of a type selected

P e ST B e TR, rancom

f giftend fRGuERYShRBemdembhiist eRcRfy ati ons in step (d)
are performed™with a finite difference, finite elenment

or finite volume sinmulation code. 14. The net hod of
cllai m The miethodi of diien phybereal ther apeding denctintielage af ene type for

nodel s of sej &m c. . wave vel ogi ty, seismc elastic
pioMesopEes and, o another fme dof othenSOpesnet ers or sei shic

anel asticiry paranmeters. 15. The method of claim 2,

Wer el Thé nighiRREbf ER%h 3, URALEAN HPLIBHA! ARBiSR! imi
such as Monte Carlo, sil’nuﬁéﬂfgldﬂ{aén%%cgpﬁ%gfugg%%t?gdo&tlmlzed to
evigirond qrality gfahé sddentedscasstictien. updat e t he nodel . 16.

The nethod of claim2, wherein a |ocal cost function

optim zation t hod such as gradient |ine search,. )
obh j ugBheemsﬂiagi%é aimok, vhsfiip Ahes fopwadoRr rekers @gulasion operations

in step (d) are performed 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.



update the nodel. 17. The nmethod of claim2, wherein
the cost function is the LI -normcost function or the

WO 2008048t ost function and the cost function nBR§T/US2007/019724
contain regularization terms.4g- The nmethod of claim
1, wherein step (d) is perforned by: (i) selecting an
iterative series solution to a scattering equation
descri bing wave scattering in said subsurface region;
(18.) DPed MBhBE oftlhfin § PWhérkinSkep(d) RIgBfoRthedBy:d Seri es,
where n > 1, said first n ternms corresponding to the
assuned physical properties nodel of the subsurface
regi on() (i iselectingputteragve beriasesplutivatomispattenng egnatem, describing
said cal cul ation invol ving. one or nore encoded
sY A ﬁcﬁtﬁ%n%‘aﬂ'}@w F ™ or reverse) sinulation
operations that use the assuned physical properties
nodel @nd qﬁ%99§§ I ' r ' :
encodigg function%aﬁgé%§?§kggco éﬁgggﬁfgg%hﬂﬁﬁzﬁgphSaulﬁmtn
glatrhe corredpondiag uoethe dassamedvphysical propeties meodel of the subsurface
si nul taneous encoded gather is sinmulated in a single
si®@Pat i on operation and the sinul ated encoded gat her
and nmeasur ed encoded gat her are conbined in a manner

Cerant wi . : . . . .
(0 B Wil A6 R BPScrfS. B GEL ik T B one o
t o1 éndodddesimalareduceiuetd fahwestdi(or 2V epe)(sihilatib®opéistions that use
assuned nodel. 19. The nethod of claim 18, further
cihaapsusied phyeigd nrppeytien mpdel anf jencegded spurgy sgptuegs usgdhe same
; [ ies. 20. ..A .

B ealTRE o uid @erkElc 831589145 &b, of gpeamud gy wherein
ORPBHS IsiRbitAlede dikoded BAtHEMR sAmBlAMAI inad siRpRR®MhIaB8n operation
nodel for a subsurface region, conprising: (a)

odndathai syulatedr engpdesk gather and messuresherwddetl gathtrears winbined in a
the nmeasured geophysical data, wherein each gather is
BT o SN e SRieardPrsel Sanibandr usi ng
source-receiver reciprocity, wth a single receiver

and wheyei NyRaGhg 8R! M8lel by RAFRIRE nbk R if 'ﬂfefs%ﬁ@{‘Ealculated in
encodi ng signature selectéd froma set non-equival ent
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;



encodi ng si gnatures; (b) summing the encoded gathers in

t he %rou by summ ng all data records in each gat her
WORBUEYBE espond to a single receiver (or sourBeTiUp2007/019724

reciprocity is used), and repppating for each different

receiver, resulting in a sinmultaneous encoded gat her;

(c) assum ng a physical properties nodel of the

subsurface region, said nodel providing values of at

| east e p t t

the su Zur f%}:‘l’éﬂhﬁl gtPég%r%%?éé gatﬂérs 19?1% &g)sbsy; ﬂ{nﬁ‘l‘f?@%ﬂ data records

sinnaalch gathet! thae Bovespond & h%ingt@ fdceﬁ'Bﬂ(Uil s00rceaf kdegprocity is used),

si mul t aneous encoded gat her of neasured data, usin

t andl rapeating dorsaghs fiderens resgivier, iressiltingdala simpléanepys fm@ged gather;

S|nulat|on uses encoded source signatures using the

sane odi unct i R0s sed to encqde

simult Eeougsgg%{ﬂcgdeg ‘faﬁeﬁm% %gxgggl %{g‘ﬁtsélbsmféfﬁon said
afo@éltro e gl ded T $ea‘§ﬂ§ﬂ’éjﬁ1§iysgial BRIpetts af ldwﬂléﬂse(ﬂrdu@hout the
a S|I%Ie si mul ation operation;” (e) conputing a cost

f subsuriase re@earsur i ng degree of misfit between the

si mul t aneous encoded gat her of neasured data and the

si mul at ed S|nu aneous .encoded, gat her; (f peat i n

Steps (Al , “TBpIaAR SREE g EpIY Eachied satiRE BireBonding to
Cpe! ﬁmuﬁ&%ﬁy lAbbRA §RRES of rf@éﬂsx?rteﬁ pda(tz?) usifd )thﬁ RE&QIeA9 physical
t he physical propertres nodel by optimzing t

apropertiesa edek; ogtesgin (thg simedatadn ngps sanepded( saa)1rc(eg$1gmtures using the

| east on re tinme ing the updated hysi
@gg gons vsthie RRCoe s tme@%@rrceﬁedagathwf measured

c r ( [
f”?“* e e Bl Ok e TBRGed JnBleP s S IENE L sinel
hﬁmm&ﬁdnbpaa&agh i teration, resultlng |n a further

updat ed physical properties nodel; and (i) downl oadi ng

the further updated phyS| cal propertl es nodel or
savi ng(e t  t PRRIABEL & COEt Bnglden measyxing degree of misfit between the

Cﬁ%ﬁ&r?é'oué rg?ll S{E%”%Stﬂeﬁ%‘f q%gastlped dm{egnsd S %lmlﬂg Az U ﬁultaneous

geophysi cal
encoded gather;

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

accumulating costs from step (e);

(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.



to determ ne a physical properties nodel for a

subsurface region, conprising: (a) obtaining a %rou(f)
WER0B428! nore encoded gathers of the measur e§CT/US2007/019724

geophysi cal data, wherein eacdg 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

di ' . : - i, val .
o8 AL i T A b

| 10 defeemeQlishyRi¢alsptoperiies mbdel dart AsubSEPic@ Fedibn, @Bflprising:

gat her that correspond to a single receiver (or source

if reciprocity is used), and repeating for each

di ffer@ht reainingra grawpuet twiy or mere singededagashars of the measured

cRABAR bt rERRD e BB i BRI g souree
Ve, Uﬁﬁ% Sburéd-reciver rebipfocityywitk alsinleRediler, Ad WRGahi A8 gather is
t hroughout the subsurfacé region; (d) selecting an

i enspded waths er differant | ancoding tsigratige atetestadn fromo aaget aron-equivalent
descr.i bi ng wave scattering in said subsurface region;
(%¥”$@§ﬁﬁ%@ﬁ&”ﬁﬂth the first n terms of said series,
where n > 1, said first n ternms corresponding to the

assuneg) p hysﬂnﬁﬁin&ﬁﬁ@%oﬁé@ atHOE th@fgr&ﬂ)te?fé‘ﬁ%ﬁﬁflhggﬁ%ata records

region; (f) conputing the Rext termin e ser
siai ghch gathet dtat corréspond W agimPhereeiven (@ semwede ekciprocity is used),
si mul t aneoys sourqé forward (or _reverse) simnulation

o TaRGaURS Taneach didterent secaver ieyltpigyiBacHnuINGpes qicaded gather;
nodel and encoded source signatures using the sane

encodi @9 f uﬁgﬁﬂlﬂg‘:‘% lﬁggsq%z{l %\Xﬁxg%fg?sﬁm%ﬂélr SRR AG face region, said

gat hers” of nmeasure t an entire
sibidltprodding wilesdddt daksherie plysialplopeed at ocatiGisniitaghout the
sinmul ati on operation and the sinmnmul ated encoded gat her

SyEAgs Gedenencoded gat her are conbined in a nanner
consistent wwth the iterative series selected in step

(d); ( ? u p&?&fc’gﬁg g.{l [i;tgra?iﬁg %Lrie%ysoﬁlqgin S atsge?tterxll%)éteqltla loh ciers]cﬁbing

the serres ca
wave scattering in said subsurface region;

(e) beginning with the first n terms of said series, where n > 1, said first n
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);

(€9) updating the model by adding the next term in the series calculated in

step () to the assumed model,



step (f) to the assunmed nodel ; (h) repeating steps (f)
andqé bfor at least one tinme to add at | east one nore
woap Og 81he series to further update the physPERUS2007/019724
properties nodel; and (i) dowsg oading the further
updat ed physical properties nodel or saving it to
conputer storage. 22. A conputer-inplenented nethod
for inversion of neasured geophysical data to
det er ni,ne [ [ I I
regt on comePy A oftey £ BR8] BF el ont Aneo TR Nend Effe more
dtetra td therserdesgo dinithyes upddte gherphgyicilipgopaticsunddet candegi on;
(b) assuming an initial physical properties nodel and
inverting it by iterative inversion involvin

si mul t@heoudoveilpading thsfuBherdipdated phxsies! pecmeégeé qdehopsaving it
p{ Ucroﬂlgiu{e\{ Sg{_%%yr vey sources (or receivers if

0 . . . .
source-recel ver reciprocity is used) wherein source
signatures in the sinulation are encoded, resulting in

Q%1 MuAaothutdritapleattatsdsmene@ dadingersion of Meag@ed p¥spiisical data
data, the inversion process involving updating the

pieydstesmine s plyysical prepertiersnode) foretisubsuriace fregiom sOMPESINEhe
si mul at ed si mul t aneous encoded gat her and a

i ng. st d her f d.b
ot nBF 00t Ay Bl AR e RFRET ooiE AR ' SRR G gurvey the

t didsier@ee réiémdi ng functions used in the sinulation;

and (c) downl oadi ng the updated physical properties

nodel or saving it to conputer storage. 23. A nmethod
for pr®duci #sumipgr ae dpisiehPhysiesh propebics rieded andginygrting it by

c tising:.(a tf or.m a seism c survey of. the .

BRI gsiebg R e madies Ry el 8k el Feppesenting o

t flarafidPstubASRo0RES U réRIREIIIREE cBYeRivEE 3 RR0city is used) wherein

conpri'sing: assumng an initial velocity nodel "and

i souegetsigngtures inythé siemdationeare anvedsd,aesultinginve sipulated simultaneous
[ i mul at | f th i smc rvey data

Sc':nrcr:glléda ggtggrs oiS Iggyph%tsilcglndz%a, theein%grlsfon pro%gssvinzolvglg updating the
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.
23. A method for producing hydrocarbons from a subsurface region, comprising:
(a) performing a seismic survey of the subsurface region;

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

method comprising:

assuming an initial velocity model and inverting it by iterative
inversion involving simultaneous simulation of the seismic survey data

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



representing a plurality of survey sources (or
recei vers if sourcereceiver reciprocity is u

WORREB&H 3 our ce signatures in the sinulation an%/U52007/019724

encoded, resulting in a simd4ged sinultaneous encoded
gat her of geophysi cal data, the inversion process

i nvol ving updating the velocity nodel to reduce msfit
bet ween the sinul ated sinultaneous encoded gat her and

a corr espongicélders irBipLoRiie O1S REHOARALEEAT B&lrcOf s%natures in thé
nmeasured survey data encoded wi th the sane encodi n

functi ons usedlation aeersoded, aesulting ifc) smutaeadmmultmg:ous encoded

structure in thefsubs rface reghon using the velocjty
model ; (d) #Atharq n%eoa S IVEIFN pIiQC@SﬁeanOlvmg updating

subsur f ace ﬂhsg'v%citge%ddei eg) Afedl GRS Ini " tb'eggvrefehoqgé NSimulated

interpreted structu e) produci ng hydrocar
from t he wedimultaneous encoded gather and a corresponding 51multaneous

encoded gather of measured survey data encoded with the same

encoding functions used in the simulation,;
(c) interpreting structure in the subsurface region using the velocity model,

(d) drilling a well into a layer in the subsurface region identified at least

partly from the interpreted structure; and

(e) producing hydrocarbons from the well.



