METHOD FOR DEGHOSTING MARINE SEISMIC STREAMER DATA
WITH IRREGULAR RECEIVER POSITIONS BACKGROUND OF THE
INVENTION 1. Field of the Invention [0001]This invention relates generally
to the field of geophysical prospecting. More particularly, the invention
relates METRO®RHOR dXpGHSISTINGNNICRIBIESEISVHANSTREMMER DATA
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geophysical prospecting is commonly used to aid in the search for and
evaluation of subterranean formations. Geophysical prospecting
pleshigee et Kiewieegenefihg subsurface structure of the earth, which
Is useful for finding and extracting valuable mineral resources, particularly
hydrocarbon deposits such as oil and natural gas. A well-known technique
1. ofge e RS e sH@sPecting is a seismic survey. In a land-based seismic
survey, a seismic signal is generated on or near the earth's surface and
then travels downward into the subsurface of the earth. In a marine
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sources are used to generate the seismic Signal Which, atter propagating
into the earth, is at least partially reflected by subsurface seismic
2 reflegtapsion BEheRismicrgfiectors typically are interfaces between
subterranean formations having different elastic properties, specifically
sound wave velocity and rock density, which lead to differences in ;
[co0R]sticlimpedanad ghdhrdmeyfareshidierefiegiad seisrienenailgyisd to aid in the
detF:c(gard bﬁ]sel m;hc sensor tgalso cal%gd seismic recel ers‘.:)afat or near
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the geologic structure and properties of the Subterranean formations in the
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of interest from the recorded seismic data provides an image of the earth

SR Or HAGEY [BRATTh & TRTHYe O the St RHHECETRFRS Eapfipistic impedance at the
irseifstedacEhis pflzduick skisntitd eet@ e adde: and g rpgetric toessdect doatkieg seismic
with the greatest probability of havi etroleum ac ulations, To veri

e BN O B, A os R TOH B A it £ b dets
irdb@eahni.neamhmﬁgbtrole‘um deposits are present or not, is an extremely
[@Wﬂns!vﬁhﬁqgsgmﬁg%ﬁﬁﬂﬁ]@ﬂa%ﬁ@(m%eﬁgm '@?ﬁ%ictlg&r\%ﬂsigprocessed to

continuing need to Improve the processing and display of the seismic
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arine seismic surveys typically employ a submerged seismic source
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wavefield. The seismic source generating the wavefield may be of several
types, including a small explosive charge, an electric spark or arc, a
marine vibrator, and, typically, a gun. The seismic source gun may be a
water gun, a vapor gun, and, most typically, an air gun. Typically, a marine
seismic source consists not of a single source element, but of a
spatially-distributed array of source elements. This arrangement is

particularly true for air guns, currently the most common form of marine
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surface, typically at about 5 knots, and contains seismic acquisition
equipment, such as navigation control, seismic source control, seismic
sensor control, and recording equipment. The seismic source control
equipment causes a seismic source towed in the body of water by 2 the
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the velocity divided by the frequency, and the velocity of an acoustic wave
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For example, for a seismic, streamer at a depth of 7 meters, and waves, .
SRR STt AR o AR SRS G OGRS B 1 SIS ey ity sensors
adowh k0 Pridwandamaxsmrmramptifigatanwiiliocbenata fregheney afd hydrophones,
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downgoing wavefield signals will be recorded 180 degrees out of
I9RQLE. vARGUY RGBS A SRV ShofoSEaRtT BHiVRY FisSphiayels on the water
giffargnompicligducethe speata| notChesnnaisedd dyidhagusiaen reflastient, such as
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so that the respective wavefields recorded by the hydrophone and
geophone can be interpolated or extrapolated to produce the two
wavefields at the same location. [0011]Currently in the art of geophysical
marine seismic prospecting, a vessel tows very long streamers which
have many seismic receivers, typically hydrophones, attached. These
receivers register a portion of a scattered acoustic wavefield originated

from the sounding of a seismic source. The acoustic wavefield generated
hy the caiecmie eniirce ic eceattearead hy refleactione and refractinne in the



on a horizontal level parallel to the sea surface. In practice, it is difficult to

keep a long streamer with receivers on a constant vertical depth level.

Further, an example of a purposefully non-horizontal streamer is the

so-called slant streamer. However, when the receivers are irregularly
thpasitanedebelhtinatheatwosizanak difeetionSivhie sticahditc alinedhel seismic cables,

standard processing fails or at best giv n roximate solution.
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seismic data. BRIEF DESCRIPTION OF THE DRAWINGS [0017]The
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0018]FIG. 1 is aflowchart illustrating a first embodiment of the.invention o
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streamer data recorded at arbitrary receiver positions; [0020]FIG. 3 is a
dNBRRISTY | RIS IFRNP pRISIFOIRY S orraceYRBoliTIRESRgeferred to as the

sinfeeatiefctaiod eghestingssariignsrimeisiteaney dataceerarsiedmtithe water surface
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sgrﬁedi?&ﬂé%%gMnC@x@ '?Sccék‘agd"ﬂgﬁé‘isa@%%ﬁ%%d and some frequencies are attenuated.
[0009] Maximum attenﬁation will occur at frequencies for which the propagation distance
between the detecting hydrophone and the water surface is equal to one-half wavelength.
Maximum amplification will occur at frequencies for which the propagation distance between
the detecting hydrophone and the water surface is one-quarter wavelength. The wavelength of
the acoustic wave is equal to the velocity divided by the frequency, and the velocity of an
acoustic wave in water is about 1500 meters/second. Accordingly, the location in the
frequency spectrum of the resulting spectral notch is readily determinable. For example, for a
seismic streamer at a depth of 7 meters, and waves with vertical incidence, maximum
attenuation will occur at a frequency of about 107 Hz and maximum amplification will occur at
a frequency of about 54 Hz.

[0010] A particle motion sensor, such as'a geophone, has directional sensitivity, whereas a
pressure sensor, such as a hydrophone, does not. Accordingly, the upgoing wavefield signals
detected by a geophone and hydrophone located close together will be in phase, while the
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embodiments, it will be understood that the invention is not limited to

these. On the contrary, the invention is intended to cover all alternatives,
modifications, and equivalents that may be included within the scope of

the invention, as defined by the appended claims. DETAILED
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vs%sﬁemeof eguations is obtained using a preconditioned conjugate gradient
iterative method. The preconditioner is based on the physics of the
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Jin Bl 11, seismic data are optained for each seismic source ,
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I8 pRysigally-hased Qé%?xﬂ@dci&@ﬁﬁ'fidx%?ﬂg'ggsm% %ﬁﬂgf%ggﬁrg@%@r%%orded. For

data, to provide a least squares solution to a normal set of equations for a
r%@%%tfﬁfs?ﬁ%ﬁ?bﬁé{ﬁ%ﬁ{idﬂst.hﬁ)@’fé‘]fnsﬁl'&%lé?%h@%é%ﬁﬁ% Qatsagied out by a
r&hmﬂe-m&qﬁémﬂggﬁ@ahaﬁbeﬁ&@ﬁ?ﬁﬁﬁ?&im@hd@mi@ﬁ&ﬁﬁ@‘d@ﬁia‘ﬁ@@é}f?g&%ﬂaﬁon of the
seismi ta. FIG. 2 is a flowchart illustrating an initial portjon of a .
r%‘é"éé?ndg“gar%bo ?Fﬁe%‘lteog?ﬁe iHSéIh S TOrHe GhiStPg SR SE Y8R fidhe only physical
ismémemd@ta recorde_d at arbitrary receiver positions. The final portion will
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lock 21, seismic data recorded with a marine streamer are obtained.

Feel\Eizani tord fFrliRbiqsbr Tt Suiitee ablivaBdivepdsischifand for kkp a long

steeaidedviimestiveriaken ashRuheeismiadatg T hevepatial,pgsition afdligple of a
receivers in a artesiartcoordinat,e frame is given b%/ XR =n the invention,

PRI oPYs ?ﬁl%&_%@f‘ﬁgﬁ’é 1s the so-called slant streamer. However, when the

receivers are irregularly positioned both in the horizontal direction and vertical direction, the
standard processing fails or at best gives an approximate solution.
[0015]  Thus, a need exists for a method for deghosting marine seismic data recorded at
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single-valued function of the horizontal coordinates x13 and x. Thus, the
streamers are not vertical, but not necessarily horizontal. Further, in the
invention, the horizontal coordinates xr and x4 can be
irregularly-positioned. Thus, the horizontal positions of the receivers in the
streamers are not necessarily in a regular grid pattern. [0031]In block 22,

rebBraed Satisplc st RsizaeRbirsrel vt AR S m thisisémiic datanethod should
obtaaed ithdloek 2prife032Nvidlgcki2Bs tubsedacded seismic data for a
shot from block 22 are temporally transformed from the space-time

d [ h 0, ' th
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invention, the scatte it" at the receiver locations is
transformed from the space-time (xf.x2R , x3R,t) domain to the
{paiBlireqliemby catox it 8)eRshesinosdeghostogspsaipdatalieeided em marine
jﬁ@egni%rzr\i/ia}mdrpé"giﬂetheeseatéergskaﬁgms_tismgfiell@tdnaﬂaeobtained_ for a seismic
$BRRR-HEALEBA A AP R R (IR ARP AR IR FERRNRIMEYORHRAEE 1§ AR formed to

in-line rei:edver num%r, 41, ﬁs a cross-line receiver c%ordinate., risa
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a SPECir
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scattaresyvave felepasbibeaseceigniaeaiionsisanedlations. The solution is

inverse-transformed back to a space-time domain to provide deghosted seismic data.
BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The invention and its advantages may be more easily understood by
reference to the following detailed description and the attached drawings, in which:
[0018] FIG. 1 is a flowchart illustrating a first embodiment of the invention for
deghosting marine seismic streamer data recorded at arbitrary receiver positions;

[0019] FIG. 2 is a flowchart illustrating an initial portion of a second embodiment
of the invention for deghosting marine seismic streamer data recorded at arbitrary
receiver positions;

[0020] FIG. 3 is a flowchart illustrating a final portion of a second embodiment of
the invention for deghosting marine seismic streamer data recorded at arbitrary receiver
positions, begun in FIG. 2; and

[0021] FIG. 4 is a flowchart illustrating an embodiment of the invention for an
iterative preconditioned conjugate gradient scheme.

[0022] While the invention will be described in connection with its preferred
embodiments, it will be understood that the invention is not limited to these. On the
contrary, the invention is intended to cover all alternatives, modifications, and
equivalents that may be included within the scope of the invention, as defined by the
appended claims.

DETAILED DESCRIPTION OF THE INVENTION

[0023] The invention is a method for deghosting marine seismic streamer data
recorded at



each shot position and can be accomplished by applying well-known

transforms, such as standard Fourier transforms. [0034]In block 24,

transformed seismic data from block 23 are obtained for a frequency f.

[0035]In block 25, the transformed seismic data for a frequency from block
arBérare téafiséor;ﬁneiddmmﬁhetha@wvfmquéacmd @k&)ﬁhcmt&eaﬁnaeteahniqueiy related

d&mﬁln In n embpdi LI?{ithe invention, }h&scat ered wave flel

O RS SRS gaspsac reduency d han RR, XOR X3 R) 0 lt% T moden

nmepiectikidsitiain systeuhetigs satervapsaliofirmiomitienol (Bcaritd2, Konsidering the
dggzgrstﬁgsﬁz’cééw SVMESBRton of a Fourier-type system of equations shows that the
solution derives from an inversion of a system of equations with a well-defined Fourier kernel.
Indeed for the case of the horizontal cable the system of equations reduces to the simple case of
an algebraic operator. On the other hand, for the case of a streamer with varying depth levels
(single valued at each horizontal position), deghosting can be achieved with a robust least-
squares solution of the system of equations, where now all the receiver depths serve as physical
input parameters to build the kernel of the system.

[0024] The invention operates without any a priori knowledge of the subsurface. The
deghosting operation is performed on the recorded data for every shot separately. For every
frequency it comprises of a method for solving a system of equations. Solution of the system
of equations is obtained using a preconditioned conjugate gradient iterative method. The
preconditioner is based on the physics of the problem at hand, rather than the mathematics, as
conventional. As an efficient preconditioner, the inverse of the horizontal streamer is
employed, since an irregular non-horizontal streamer can be treated as a perturbation of the
regular horizontal streamer. A feature of an irregular streamer is lower insensitivity of the
deghosting procedure to fundamental zero information at the notches in the frequency domain.
[0025] FIG. 1 is a flowchart illustrating a first embodiment of the invention for deghosting
marine seismic streamer data recorded at arbitrary receiver positions.

[0026] In block 11, seismic data are obtained for each seismic source activation and for
each frequency after being transformed to a spectral domain.

[0027] In block 12, an iterative conjugate gradient scheme, using a physically-based
preconditioner, is applied to the transformed seismic data, to provide a least squares solution to
a normal set of equations for a deghosting system of equations.

[0028] In block 13, the seismic data are inverse-transformed back to a space-time domain
to provide deghosted seismic data.

[0028] FIG. 2 is a flowchart illustrating an initial portion of a second embodiment of the
invention for deghosting marine seismic streamer data recorded at arbitrary receiver positions.
The final portion will be discussed below with reference to the flowchart in FIG. 3.

[0030] In block 21, seismic data recorded with a marine streamer are obtained. The
receiver data for each shot (seismic source activation) position, and for all recorded times ¢, is
taken as input seismic data. The spatial position of the receivers in a Cartesian coordinate
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2 Here, P:"; is the scattered acoustic wavefield in the spectral domain, n is
an in-line spectral number, m is a cross-line spectral number, dxf is in-line
receiver sampling distance. At; is cross-line receiver sampling distance,
pan is an in-line spectral Fourier parameter, a(sa) is in-line spectral
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18crogsine spectral sampling distance, N is total number of in-fine
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Obgéﬁll% 'qH phthe forizontal receiver coordinates. Specifically, the receiver
th Is written as 48"= x(4, xi"). In modern marine acquisition systems

C | |
{Oﬁﬁglrecéﬁlé*%gs?t?’@ﬁhﬁﬁ?ﬁﬂéﬁ%ﬁ?&*’i‘é‘&o%@dfﬁﬁe%@g BRLRY Ypérafith temporally

&AL RersareRpst Miiemam taiso bpkon ol uaystasmaiequalicsisbodiment of
which the systmatrix Kis given by exp (-jscenx!,!g-js,6,,xf,)2 sinh)(

hich tt )
they ipeenieny MenSRTFRICIST R i the dRGHESREG ST E%ﬁeﬁéﬁ%@%‘?oﬁom the
depth and is given in the spectral al : gh P e= 5.A0
AL S SanaRIn Co Funen
space-frequency domain, given as:
p:cr =pSCI (x{fq?x:ir’xf;s) (1)
where

s=jo=j2zf,

and p™ is the scattered acoustic wavefield in the space-frequency domain, x{fq is an in-line
receiver coordinate, ¢ is an in-line receiver number, xﬁ . 1sa cross-ﬁne receiver coordinate, r is
a cross-line receiver number, xf is receiver depth as a function of x andx;,, s is the
complex Laplace transform parameter, j is the imaginary unit J-1, o is circular frequency,
and fis frequency.

[0033]  This transform of the scattered wave field p* at the receiver locations is done for

each shot position and can be accomplished by applying well-known transforms, such as
standard Fourier transforms.

[0034]  Inblock 24, transformed seismic data from block 23 are obtained for a frequency /.
[0035] In block 25, the transformed seismic data for a frequency from block 24 aré

transformed from the space-frequency domain to the spectral domain. In an embodiment of the

invention, the scattered wave field p* is transformed from the space-frequency domain

7



10".,= P Sc! ( RR and the vertical propagation coefficient sI-n," is: (\20
Iksan) C where c is acoustic wave speed in water. [0037]In block 27, the
process continues on to block 31 of FIG. 3 to solve the system of
equations determined in block 26. [0038]FIG. 3 is a flowchart illustrating a
finakpaortiqn o‘%a second.embodiment of the nyention for deghosting
(’thﬁn@sé(}s% ess[?g%{@ecrlod%%g’ @6?5@%’5% asrﬁélary receiver positions. The
final portion continues the initial process discussed above with reference
to the flowchart in FIG. 2. [0039)In block 31, a normal set of equations is
determined from the set of de Hostin equavgi(.)ns in block 26.0f FIG, 2.
Since the known‘vectérp’¥," X defided ¥R &58pace- Hetuedly domain 0y
and the unknown vector Pi' i§défid&a' i the spectral domain, a least-
sqgn2res solution in the space-frequency domain is employed in the
W%ggp:odiment of the invention. Both sides of Equation (5) are multiplied by
the complex conjugate of the system matrixand the results are summed
over all values of the in-line and cross-line receiver numbers q and r,
respectively. After interc ' latter summati er g and r and the
summation over n and ir}l‘?&n—g%yﬁéf normgﬂq%%r%s obtained, as ®)
follows:

and:

2m
NAY'

27

A(sa) = =MAxf .

A(sp)

)

Here, F,7 is the scattered acoustic wavefield in the spectral domain, # is an in-line spectral

number, m is a cross-line spectral number, Ax is in-line receiver sampling distance. Ax is
cross-line receiver sampling distance, jsa, is an in-line spectral Fourier parameter, A(sx) is
in-line spectral sampling distance. jsf, is a cross-line spectral Fourier parameter, A(sf) is

cross-line spectral sampling distance, N is total number of in-line receivers, and M is total
number of cross-line receivers.

[0036] In block 26, a system of equations is determined for deghosting the transformed
seismic data for a frequency from block 25. Since the receiver locations are located arbitrarily,
the wavefield in the spectral domain cannot be determined explicitly. Therefore, the

deghosting procedure of the invention comprises solving a system of equations. For the
arbitrary receiver positions x® =(qu,x§,,x£q,,) in the spectral domain, the depths of the
receivers on a non-horizontal streamer are given by a single-valued function of the horizontal

receiver coordinates. Specifically, the receiver depth is written as x; , =x3R<x1Rq,xf,). In

modern marine acquisition systems, this receiver position information is recorded. The

deghosting operation can then be compactly written as the solution of a system of equations:



Pdgb = ne;ntrn am Here, the matrix A™,;",", is given by An',m’;n,m =q,r;
n',In" K g,r;n,m Q=.4Ar and the known vector B", is given by = 1Eq,r;n,m
P gal,r +I where n and if are in-line spectral numbers. in and m' are
cross-line spectral numbers, and the overline above the system matrix
Kayx,", designates, complex conjugation. [0040]The main processing in
the inventiof comg;jasq@ the w}uu?pagf thig linegt,setf normay,equagions (5)
in Equation{10),-THe:sdllition’is of & general nature for existing streamer
configurations, but can accommodate new streamer configurations, such
as slant streamers. [0041]Note that a conventional marine streamer, a
inSHEtly houzantahstreamper configuration, is just a special case of the
general case handled bythé invention. In this conventional (horizontal)
case, the receiver depth position L.?' is constant and the inversion of the
system of equations reduces to the, standard deghosting procedure. The
system pf qu_aﬁb?%)é&(ﬁ%%)e Q%ve y ngiEy @gzdl:}gpset:@ ﬂ%r( e xa). 6)
transforni”"Equations+{5) and€6) hétame the systém of'eguiations: A"
(54640) 2,"N 42 144 E exp(-j$ x -js)2 sinh (sF", xi" )Pt"™

Here, the unknown vector ﬂ‘fi” is the deghosted acoustic wavefield at zero depth and is given

in the spectral domain as:
dgh dgh .
P = 02 (52,,58,,055), (7
the known vector p, is the recorded seismic data in the space-frequency domain, given as:

sct

- 4 R R R
Pg =P (xl,q’xlr’xlq.r’s)’ @)

and the vertical propagation coefficient sT", ,, is:

e =5 (L) oy (o8, g

where ¢ is acoustic wave speed in water.

[0037] In block 27, the process continues on to block 31 of FIG. 3 to solve the system of
equations determined in block 26.

[0038] FIG. 3 is a flowchart illustrating a final portion of a second embodiment of the
invention for deghosting marine seismic streamer data recorded at arbitrary receiver positions.
The final portion continues the initial process discussed above with reference to the flowchart
in FIG. 2. C

- [0039] In block 31, a normal set of equations is determined from the set of deghosting

equations in block 26 of FIG. 2. Since the known vector p; is defined in the space-
9



2 (13) =(x1Rqr =-141+1,. The deghosting for constant x3R can be
carried out explicitly in the spectral domain. The deghosted field in the
spectral domain at zero depth level, padg as defined in Equation (7), can
be obtained directly as: righ-1717; 2 sinh) (14) [0042]For the solution of
i genaraLaeLol neAeaualions i Baualion il MARY eHGENSANEIS: least

re available, such a ct solvers antl'iterative solvers. A very efficient

ngg@tgggﬁgﬁthi% pEgERREHIRBRE COMuUgRTE gradientdtarmtive eagibdichent of the
. based on the minimization of the discrepancjies hetween.the measure
iAo HEUEN ST FRLEB S SIS Bl e o TR Ry, syt
migHation (Sis eensidtrestandransobrioniio/the spettedhedaghostetss-line receiver

wavefield Pmd.f"h is developed employing a conjugate gradient iterative
nusabRsFre a5t BHIFRECEE oM ER RIETRAT B EI R HETIPARPR1%FT fpand » and the
sumiibzes10043]RelurRiRe tor hifanad diubleak SpthRanrnalRguations

from block 31 are preconditioned with a physically-based preconditioner.

A preconditioner is often used in conjugate gradient iterative methods to

make the eguatiohs well-conditioned. Standard preconditioners, such as

multi-level IDI: typ2s, fer. gxamiifle=die, usuallyDased-bn the matHemsfical (10)

structure of-the system matrix. Unfortunately, for the present problem, :

these mathematics-based preconditioners are inefficient. In an

embodiment of the invention, a preconditioner is used which is based on
Hitre, pieysissofithe, pristdérendsing solved, a non-

N M
Ay mipm = Ko rmm Kgrinm an
q=-%N+l Pt M 41
and the known vector B,.,. is given by
’ N M
st
Bn‘,m' = Z Z grnm Pars (12)

q.».--;-NH r=~§M+1

where n and »n' are in-line spectral numbers. m and m' are cross-line spectral numbers, and the

overline above the system matrix K designates complex conjugation.

g, m'
[0040] The main processing in the invention comprises the solution of this linear set of
normal equations in Equation (10). The solution is of a general nature for existing streamer
configurations, but can accommodate new streamer configurations, such as slant streamers.

[0041] Note that a conventional marine streamer, a strictly horizontal streamer
configuration, is just a special case of the general case handled by the invention. In this

conventional (horizontal) case, the receiver depth position x is constant and the inversion of
the system of equations reduces to the standard deghosting procedure. The system of equations

can be solved by an inverse discrete Fourier transform. Equations (5) and (6) become the

system of equations:

10



horizontal streamer. [0044]Since an irregular non-horizontal streamer can
be considered as a perturbation of a regular horizontal streamer, the
inverse of the system matrix of an irregular streamer is approximated by
the inverse of the system matrix of a horizontal streamer. Hence, the
inverse of the system matrix of an equivalent horizontal streamer is taken
as preconditioner. Note that if the streamer is horizontal, then the

conjugate (yaWE P egdtive stheme terminates within a sipgle iterati

with this pr%d’cgiz ||pon \ Forﬁh(ﬁ’f?&ﬁié?@fre"a[ﬁgﬁﬂ:}e%ﬁfﬁgﬁﬁnaf@) 'rfgllal

equations of Equatio"ﬁ'(f[ﬁ)’"i’s*ﬁfégonal and the solution is directly obtained

as: = [An inB"(16) [0045]In an embodiment of the invention, the (13)

preconditioner P emplgy«e@xfs; xF Eof.eanvenience, Eayation {ahicambe

written in the compact form:'T(gX pndgh =,(18) where n stands for (n.m)

and g stands for (g, r) now. [0046]In bock 33, a preconditioned conjugate

radient iterative scheme js applied to sglve the system of.equations.in. ...

G (a1 o Ret i S0t SR e ot ggein. The
adEh6ach Harmion. designatsalith numlhesd & erproximalEnvaltiesahihen (7), can

spectral deghosted wavefield tg" is obtained with a residual error rg(k) .
beldsinad thedhdteration, the efr residual error is given by: 99,n n K

Pdgn(k)(19) !l

Pdgh = Rff;: ) (14)
"™ 2sinh(sT,,*} )

[0042]  For the solution of the general set of linear equations in Equation (10), many
efficient solvers are available, such as direct solvers and iterative solvers. A very efficient
iterative solver is a precondiﬁoned conjugate gradient iterative method based on the
minimization of the discrepancies between the measured data and the modelled response. Ina

further embodiment of the invention, Equation (5) is considered and a solution to the spectral
deghosted wavefield P,ffn" is developed employing a conjugate gradient iterative scheme, such

that the error ERR given by:

2

ERR—% ZN - ¢ 5 K, Bl (15)
. pq,r Z Z g.riamsnm

| ' Vel el
q=-7N+1 r=-7N+1 ] n=~~§N+x m= 2M+% |

is minimized.

[0043] Returning to FIG. 3, in block 32, the normal equations from block 31 are
preconditioned with a physically-based preconditioner. A preconditioner is often used in
conjugate gradient iterative methods to make the equations well-conditioned. —Standard
preconditioners, such as multi-level ILU types, for example, are usually based on the
mathematical structure of the system matrix. Unfortunately, for the present problem, these
mathematics-based preconditioners are inefficient. In an embodiment of the invention, a

preconditioner is used which is based on the physics of the problem being solved, a non-
11



A particular embodiment of the invention for a preconditioned conjugate

gradient iterative scheme is described below with reference to the

discussion of the flowchart ih FIG. 4. [0047]In block 34, it is determined if

any frequencies selected in block 24 of FIG. 2 remain. If frequencies
hdERRn. dhs REpcess returns to block 24 of FIG, 1 If no frequencies remain,

then the process continues on to step 35. Hence, the solution by
[006Ajugafinsratiicreddpamon psirapahtrsice seh Preersifeypdoosaperturbation of a

reRlRgK RRidbisdatermifeddt apyeshoty saleciadin kiagk22rofFiGedular streamer is
remain, If shots remain&?'l% process returns to block 22 of FIG. 2, If no
0

SRR, BRHE SI008 SELTRIMBEE Oh 1 LHEP™E. SURRTRE: tiince, the inverse
ofShhkuitionebymearijughte eradidattiterbtions! isrepeateddaneagiicbatitioner. Note that
f[ggélé%]én block .36, th hosted solutions from block.33 are transformed ...
et e TR A SIS MRRP SRS IR witin o
sifigde déxjRderedithatiisiergchndieospre ctfiirdo merigotid doagtostethivavefimiepf normal
eREEbns POBEERAD) AlEsigvaliming SRARSs HMedaspainds abtained

as: (sa)(s fi) exp (:-/sa"44-jspx2R 47,72 7 [00501FIG. 4 is a flowchart

illustrating an embodiment of the invention for an iterative preconditioned

conjugate gradient scheme. Thigai;s m[eA§g_heIﬂq;nreferred to in block 33 of (16)

FIG. 3, above. [0051]In block 41, a zero Initial estimate for iteration

counter k = 0 is selected. In one embodiment, this estimate is: = 0,7,(70)
[a‘tﬁéi In pihgr. @c?cﬁ%'@F&Fﬁie‘%‘rﬁ%‘?@n‘f%?éc‘%écfo%% s ital estimate pfthe

conjugate gradient scheme may be used. For examplile, {He difterent

choices can include, but are not limited to, the solution obtained for a

previous frequency or the solution for a different shot position.

1

. -% N TM N
Pn'm = [An,m;n,m} = Z }Kq,r:n,m (17)
ge=gN+l re-th+]
For convenience, Equation (5) can be written in the compact form:
dgh _. . sc
> K, B® =p, (18)

where n stands for (n,m) and ¢ stands for (g,7) now.
[0046]  In bock 33, a preconditioned conjugate gradient iterative scheme is applied to solve
the system of equations in Equation (18), the preconditioned normal set of equations from

block 32. In each iteration, designated with number k, an approximate value of the spectral
deghosted wavefield P is obtained with a residual error r¥’. Thus, at the k" iteration, the

K* residual error is given by:

PRES ARSI A L (19)
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[0052]In block 42, an estimate for iteration counter k = 1 is calculated. In
one embodiment, these estimates are: [0053]In block 43, the iteration

counter k is increased by I. Thus, k =k |, yielding k 2, 3, ..., sequentially.
[0054]In block 44, an estimate for iteration counter k is calculated using

A %ﬁHﬁ@ﬁPﬁseﬁ%%ﬁgﬁ”&?QHQ%&hdﬁ‘ ‘E’&E g?&%@%% sy a#?alﬁeﬂ{ iterative
g n(k)Elcgm rq(k vn( g,,(k)+ Z-nil= (k) L gn 4701
schr@;eEsa e‘i‘f’iﬁ eﬁ,wm eixpf tg(‘g)q_ 1§F(tp<5)?(1%0(f §ﬂowchart m FIG 4.

[0047] In block 34, it is determined if any frequencies selected in block 24 of FIG. 2
remain, If frequencies remain, the process returns to block 24 of FIG. 2. If no frequencies
remain, then the process continues on to step 35. Hence, the solution by conjugate gradient
iterations is repeated for each frequency f.

[0048] In block 35, it is determined if any shots selected in block 22 of FIG. 2 remain. If
shots remain, the process returns to block 22 of FIG. 2. If no shots remain, then the process
continues on to step 36. Hence, the solution by conjugate gradient iterations is repeated for
each shot.

[0049] In block 36, the deghosted solutions from block 33 are transformed from the
spectral domain back to the space-time domain. After obtaining the deghosted wavefield in the

spectral domain, the deghosted wavefield, p®" = p® (x} %, q,O 5), at zero level in the space-

time domain is obtained as:

% =_A__(_S_%)_é_______ ZZ Z exp( ~jsa,x{~Js P, x2,>Pdgh. (20)

n‘-—NH m:—-MH

[0050] FIG. 4 is a flowchart illustrating an embodiment of the invention for an iterative
preconditioned conjugate gradient scheme. This is the scheme referred to in block 33 of FIG.

3, above.

[0051] In block 41, a zero initial estimate for iteration counter k = 0 is selected. In one

embodiment, this estimate is:

dgh(0 0 5
Png(}=0’ ()_pqcz' 1)
In other embodiments, different choices for the initial estimate of the conjugate gradient
scheme may be used. For example, the different choices can include, but are not limited to, the
solution obtained for a previous frequency or the solution for a different shot position.

[0052] In block 42, an estimate for iteration counter k¥ = / is calculated. In one

embodiment, these estimates are:

13



[0055]In block 45, an error criterion is calculated for the current k'n
iteration estimate of the residual rqu'l from block 44. In one embodiment,
this error criterion is: E 17-(k) 2 q <10 -3 sct 2 LAJF9 [0056]In block
46, it is determined if the error criterion in block 45 is satisfied. If the error
criterion is not satisfied, then the iterative process returns to block 43 to
continue witl’gﬁ)nblﬁezéé,tn@f)estimates.Wfptﬁeprdirfpor criterion is satisfied,
then the iterative protess ends. [0057]lt should be understood that the
preceding is merely a detailled descriptioln 0 génlﬁzc embodiments of this
invention andAEnunkardhs changes,qﬁﬁ'ﬂ%%o@aand alternatives to (22)
the disclosed embodiments can be made in Ydance with the
disclosure here without departing from the scope of the invention. The
preceding desgsiptiondigrefosesis not meandto limyt the scope of the
invention. Rather, t—hg"scogeg())f%fhé inveﬂiar{}is tc#?ngétermined only by
the appended claims and their equivalents, 1A (1 SI..1.2 CLAIMS We
im. [CI hqd for deghosting seismic data.recorded from marine , .. _
O o R oA Db o Eaat S To: Dbiing Sotareidng =
2, data,ferqaesgidinic source activation and for a frequency after being
[oaasormeagd 9. aFPar el Aamaky apRhRS ARLeTaty e soniaR e gadiERtates for
scheme, using a preconditioner constructed according to a physical
iteﬁi‘éb‘l’e‘?ﬁ”@feﬁédho%tﬁ’f& SEIBA G Ak HORRIMAKAE streamers, to the
transformed seismic data, to provide a least squares solution to a normal
set of equations for a deghosting system of equatio%‘agg5
inverse-transfgrmin olution back tg.a e-time i@pmain, to provide
deghosted s@i%grrﬁdp rﬁiﬁ@%%he metl‘itga':o??galg)i% - WHER ﬁ?{ﬁ’e
obtaining seismic dafa comprises: obtaining seismi \%a recorded with a
marine streamer; 3 Pl
K'vr(lk) = ZK nvr(rk)’ (k)=_____l1l____"_____2_’
ral quva,k)

Pt . plshte-h o0 8) rq(k) = rlk=D _ g R,

(23)

[0055] In block 45, an error criterion is calculated for the current K" iteration estimate of

the residual rq(") from block 44. In one embodiment, this error criterion is:

T
e

<107, 24)

sct

Py

[0056] In block 46, it is determined if the error criterion in block 45 is satisfied. If the error
criterion is not satisfied, then the iterative process returns to block 43 to continue with another
set of estimates. If the error criterion is satisfied, then the iterative process ends.

[0057] It should be understood that the preceding is merely a detailed description of
specific embodiments of this invention and that numerous changes, modifications, and
alternatives to the disclosed embodiments can be made in accordance with the disclosure here
without departing from the scope of the invention. The preceding description, therefore, is not

meant to limit the scope of the invention. Rather, the scope of the invention is to be
14



obtaining recorded seismic data for a seismic source activation;
transforming the recorded seismic data for a seismic source activation
from the space-time domain to the space-frequency domain; obtaining
transformed seismic data for a frequency; and transforming the

déremnsieamed seismiggatadotiaifieane awifegamnthengpace-frequency
domain to the spectral domain. [C3] The method of claim 2, wherein the
transforming the recorded seismic data comprises: transforming the
scattered acoustic wavefield from the space-time (4, x2R,4, t) domain to
the space-frequencyR R R X, ,X, .X, ,$) domain using a Fourier transform,
so: prrt = pXC (XI? XR 142,r where S = Jot = j27-11, MCSLLP and pser is
the scattered acoustic wavefield in the space-frequency domain, x1R4 is
an in-line receiver coordinate, g is an in-line receiver number, 4,. is a
cross-line receiver coordinate, r is a cross-line receiver number, x3R is
receiver depth as a function of xf,q and 4" s is a complex Laplace
transform parameter, j is imaginary unit V-1, to is circular frequency, and
fis frequency. 1C41 The method of claim 3, wherein the transforming the
transformed seismic data comprises: transforming the scattered wave field
p" from the space-frequency domain (4,4,4,%) to the spectral domain
(scc,sfi,"by: =&[& zexp(jsceSc' g=-12-N+1



where: sa,,=nA(sa),=mA(sfi), and: 271-22r .6.(sa). N itt"A (sfi) - MA.X2R

an in-line spectral number, in is a cross-line spectral number, Ax(? is MCSLLP

in-line receiver sampling distance. A.,c2R is cross-line receiver sampling
distance, jsa" is an in-line spectral Fourier parameter, A(sa) is in-line
spectral sampling distance. jsia," is a cross-line spectral Fourier
parameter, 4(43) is cross-line specttdl 48vipling distance, N is total
number of in-line receivers, and Al is total number of cross-line receivers.
[C15] Weecngl%gmd of claim 4, further comprising: Melmining a system of
equations flor eghosting the transformed seismic data for a frequency;

determining a normal set of equations for the deghosting system of .
(€ atidnsacthadafprydsghpetiosnsisie dpicsoritirhdra thpsnigragters with

iafegqlantiensvdiOsdsitibasnethpddhiglaim 5, wherein the determining a
syste %&5&9&%9@%&9 rdeoRasling GRPRHSRS akaARehadolewit& quency after
equation: TA@emrg]_{élng?élr'nAl‘éé {'-olazsl elcgpaﬁ%to%lg{n?*'l’ AL,
applying an iterative conjugate gradient scheme, using a preconditioner
constructed according to a physical problem of deghosting seismic data
from marine streamers, to the transformed seismic data, to provide a least
squares solution to a normal set of equations for a deghosting system of
equations; and
inverse-transforming the solution back to a space-time domain to provide
deghosted seismic data.

[C2] The method of claim 1, wherein the obtaining seismic data comprises:

obtaining seismic data recorded with a marine streamer;

obtaining recorded seismic data for a seismic source activation;

transforming the recorded seismic data for a seismic source activation from the
space-time domain to the space-frequency domain;

obtaining transformed seismic data for a frequency; and

transforming the transformed seismic data for a frequency from the space-
frequency domain to the spectral domain.

[C3] The method of claim 2, wherein the transforming the recorded seismic data
comprises:
transforming the scattered acoustic wavefield from the space-time (xf,xf,xf,t)
domain to the space-frequency (xf,xf,xf,s) domain using a Fourier
transform, so:

set _ st { R R _R,
p“=p (x,’q,xz’r,x“s)

where

s=jo=j2nf,
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in which the system matrix IC,,rm,", is given by (soe)A (sfi) v= Kq,r;n,triLa

492 r exp HSanX(,?q +1 2 -jsfi",x2R,. )2 sinh (sr") . 1C71 The method of

claim 6, wherein the determining a normal set of equations comprises MCSLLP
applying the following equation: A ,P4gh =B n"'ml:n m n mn' m n=-TP1+1

m-Tivi where, the matrixis given by n'=m ' =, Er AIL-TN +1 r=414+1 the

known r.B.. IS given . . . .
° an\clie%tg is ‘theS at%regyacoustxc wavefield in the space-frequency domain, x{fq is an

in-line receiver coordinate, ¢ is an in-line receiver number, x5, is a cross-line
receiver coordinate, r is a cross-line receiver number, xf is receiver depth as a

function of qu andx,, s is a complex Laplace transform parameter, j is

imaginary unit J-1 , @ s circular frequency, and fis frequency.

[C4] The method of claim 3, wherein the transforming the transformed seismic data

comprises:

cf

transforming the scattered wave field p* from the space-frequency domain

(xf,xf,xf,s) to the spectral domain (san,sﬁm,xf,s) by:

! i
=N M

po=afaxt S S exp(jsat + sk, ) o

q=—%N+l r=~%M+1

where!
sa, = nA(sa), sp, =mA(sB),
and:
27 27
A i =
(sax) N A(sp) T

and P is the scattered acoustic wavefield in the spectral domain, » is an in-line
spectral number, m is a cross-line spectral number, Ax/ is in-line receiver

sampling distance. Ax; is cross-line receiver sampling distance, jse, is an in-
line spectral Fourier parameter, A(s) is in-line spectral sampling distance.
JspB, 1s a cross-line spectral Fourier parameter, A(sf) is cross-line spectral

sampling distance, N is total number of in-line receivers, and M is total number
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=Pq; 5 and n and if are in-line spectral numbers. m and m' are cross-line

spectral numbers, and the overline designates complex conjugation. [C8]

The method of claim 6, wherein the preconditioner comprises an inverse MCSLLP
of the system matrix for a horizontal streamer. [C9] The method of claim

8, wherein the applying a preconditioner comprises applying the following

equation: [C10] The method of claim 1, wherein the applying an iterative

conjugstegsadigptsslieme comprises: selecting an initial estimate for
iteration counter k = 0, as follows: Pdg"-) = 0rq() - p' g calculating

estimates for iteration counter k = I, as follows: g 1 ) pnK .nrcoyam =

[eRh(ITkerigetioyt @F sk 4 hdlyoperiemmging the following until an error

Cnteno&e{g’r&qglti:ng a system of equations for deghosting the transformed seismic data

for a frequency;

determining a normal set of equations for the deghosting system of equations;

and

applying the constructed preconditioner to the normal set of equations.

[C6] The method of claim 5, wherein the determining a system of equations for

deghosting comprises applying the following equation:

7N pud
dgh __ __ scl 1 S U L
S Y Ky BE =P q=—tNALLIN, r = =ML M

! =l
n~—5N+l m= 2MJrl

in which the system matrix K, is given by
15 ‘m
A .
Ky rnm = é_{f%_(i@ ZZ ZZ exp(-— jsa, X ~jsB.xy, )2s1nh(s1“n,mx3“) :

. =1
n~—5N+1 m= 2M+1

[C7] The method of claim 6, wherein the determining a normal set of equations
comprises applying the following equation:

3N M
dgh _. 1 1 v 4 L
3D Ay B =B, = INALLIN, m = MM

nm
i
n=—%N+l m=—5M+1

where, the matrix 4 is given by

n' mn,m

!
3N 2

=M
An',m';n,m = Z Z Kq,r;n',m' Kq,r;n,m ?

q=—%N+] r=~%M +1

1

the known vector B,. . is given by
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MOSLI..P increasing the iteration counter by k = k I; and calculating
estimates for iteration counter k, using previous estimates calculated for k-

I, as follows: g =P,, KV n(k) =,n pdgh(k) = pdgh (k -1) a(k)v(k) I a (k) v MCSLLP

ty) png.ik) + 1, .,(1c-1, (k) 2 a(se) LI& (k) = (k-1) -a(k)Kv(k) [C11] The
method of claim 5, wherein the error criterion is given by: 2

N

B, = Z 2 Ky rm Do

q=—-;-N+l r~—--M+l

and n and »' are in-line spectral numbers. m and m' are cross-line spectral numbers, and the

overline designates complex conjugation.

[C8] The method of claim 6, wherein the preconditioner comprises an inverse of the system

matrix for a horizontal streamer.

[C9] The method of claim 8, wherein the applying a preconditioner comprises applying the

following equation:

] O ok
‘Pn,m = [An,m;n,m:} = Z Z qu,f;",m

i 1
q=~7N+I r=—5M +1

[C10] The method of claim 1, wherein the applying an iterative conjugate gradient scheme
comprises:

selecting an initial estimate for iteration counter k£ = 0, as follows:

dgh(0) _ 0) _ 5
PE® =0, r”=p;.

)

calculating estimates for iteration counter k£ = I, as follows:

1 0 1 1
()_PZan’”q()’ v() Pg()
mpP
o _ m m_Z &n
Kv, Zann, Q) E
n
dgh(l dgh(0 [ l 1 0 1 1
PO = pash®) 4 0, r;)=rq“—a()Kv,§).

performing the following until an error criterion is met:
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se, Pg [C12] The method of claim 4, wherein the inverse-transforming the
solution comprises applying the following equation: dgh - A(SCX)A(S)8) MCSLLP
IA"P 4r2 exp(-jsa"4-jsfift,x23, dgh

increasing the iteration counter by k = k + I; and

calculating estimates for iteration counter k, using previous estimates calculated

for k — 1, as follows:

Ok

k) _ p (k-1) *) _ p k) Zn &n (k)
& = Pnqu,nrq ’ v, = Pngn + (k-1 27n 2
q Z” gn l
2
(k)
g
Kv'(?k) poccd ZK‘I "V’Sk), a(k)z__z_f__f..._..i.’
’ (k)
n Zq Ky,

dgh(k) _. pdgh(k-1) k)5, (k) (k) = =D 0} 7SYIC))
P =P, +a v, R = =Ky,

[C11] The method of claim 5, wherein the error criterion is given by:

Wl
Z AT

<1072,

[C12] The method of claim 4, wherein the inverse-transforming the solution comprises

applying the fbliowing equation:

A g
P :__(_S%);ﬂ)_ > o) exp(—jSaanq—jSﬁmxir)Prfih :

=1L =L
n= 2N+1 m 2M+1
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