Premigration Deghosting of Seismic Data with a Bootstrap Technique RELATED APPLICATION
[0001]The present application is related to, and claims priority from U.S. Provisional Patent Application
No. 61/635,385, filed April 19, 2012, entitled "Premigration Deghosting for Marine Towed Streamer
Data Using a Bootstrap Approach,” to Ping Wang and Can Ping, the disclosure of which is
incorporated herein by reference. TECHNICAL FIELD [0002]Embodiments of the subject matter
disclosed hereRffgaHgrationeBeghosinmat Sais niadiatawidhiafeotal protesbniftad, more
particularly, to mechanisms and techniques for generating optimized receiver-based ghost filters.
BACKGROUND [0003]Seismic data acquisition and processing techniques are used to
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[0001] The present application is related to, and claims priority from U.S.
Provisional Patent Application No. 61/635,385, filed April 19, 2012, entitled
“Premigration Deghosting for Marine Towed Streamer Data Using a Bootstrap
Approach,” to Ping Wang and Can Ping, the disclosure of which is incorporated

herein by reference.

TECHNICAL FIELD

[0002] Embodiments of the subject matter disclosed herein generally relate to
methods and systems for seismic data processing and, more particularly, to

mechanisms and techniques for generating optimized receiver-based ghost filters.

BACKGROUND

[0003] Seismic data acquisition and processing techniques are used to
generate a profile (image) of a geophysical structure (subsurface) of the strata
underlying the land surface or seafloor. Among other things, seismic data
acquisition involves the generation of acoustic waves and the collection of
reflected/refracted versions of those acoustic waves {0 generate the image. This
image does not necessarily provide an accurate location for oil and gas reservoirs,
but it may suggest, to those trained in the field, the presence or absence of oil and/or
gas reservoirs. Thus, providing an improved image of the subsurface in a shorter

period of time is an ongoing process in the field of seismic surveying.
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generate a profile (image) of a geophysical structure (subsurface) of the strata underlying the land
surface or seafloor. Among other things, seismic data acquisition involves the generation of acoustic
waves and the collection of reflected/refracted versions of those acoustic waves to generate the
image. This image does not necessarily provide an accurate location for oil and gas reservoirs, but it
may sug those trained in the field, the prese or absence of oil and/gr gas reservoirs. Thus,
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multiple suppression and velocity analysis. In one attempt to remove receiver
ghosts, associated with receivers maintained at a constant depth, the ghost removal
has been carried out in the frequency/wavenumber (FK) domain but limitations such
as requiring a constant depth for the receivers and limiting the seismic data
collection to two dimensions because of the coarse sampling in the crossline
direction for the high frequencies in the seismic data have provided unsuitable
results. For an example, please refer to J. T. Fokkema and P. M. van den Berg in
their 1993 article entitled “Seismic Applications of Acoustic Reciprocity” published by

Elsevier and incorporated herein by reference.



[0007]A further attempt to remove receiver ghosts includes a method using both pressure wavefields
and velocity wavefields to attenuate the receiver ghosts. In this method the particle velocity is
measured in the vertical direction of the wave propagation. In essence, the upward moving waves
detected by the geophones and hydrophones are in phase and the downward moving reflections, i.e.,
the recei\@bﬁhists, are one hundred eighty degrees out of ph%se so that summing the two recorded
datasets E¥PSkenuate HETIOSK BHEMEIUSBIORNRLRIG VEBIRRS gRsesiriedikiitingtne difference

between the two datasets because of low signal-to-noise ratio for particle velocity data and
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conourre NS RU & G A SR SR e SR CRA SRR R RO BB MK, Ozclemi
P. Caprioli, A. Ozbek, E. Kragh ?ntg J. ﬁfb rtsson for their 2008 article entitled "Optimized Deghosting
of Over/UfitféF e fﬁr%%ﬁ%%"ﬂﬁ A ﬂfﬁ?@s‘é%%b?% P IR AR SaHF PR ge, 27,
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this method the particle velocity is measured in the vertical direction of the wave

propagation. In essence, the upward moving waves detected by the geophones and

hydrophones are in phase and the downward moving reflections, i.e., the receiver

ghosts, are one hundred eighty degrees out of phase so that summing the two

recorded datasets can attenuate the receiver ghost. Unfortunately, difficulties arise

in calibrating the difference between the two datasets because of low signal-to-noise

ratio for particle velocity data and emergence-angle variations. This method is

described in more detail in a 2007 article by D.A. Carlson, W. Long, H. Tobti, R.

Tenghamn and N. Lunde entitled “Increased resolution and Penetration from a

Towed Dual-Sensor Streamer,” published in First Break, 25, pages 71-77 and

incorporated herein by reference.

[0008] Other attempts have been made to remove receiver ghosts, for

example, the interested reader is referred to B. J. Postumus who authored a 1993

article entitled “Deghosting Using a Twin Streamer Configuration,” published in
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SUMMARY [0010]According to an exemplary embodiment, a method, stored in a memory and
executing on a processor, for generating an optimized receiver-based ghost filter from recorded data
comprises generating mirror data, from the recorded data, during a premigration stage; transforming
the recorded data and the mirror data from a time-space domain to a frequency-space domain; adding
a phase coefficient for correcting timing differences between transformed recorded data and
transfornf@8RMGIFARBr SRS ¢+ n BREES ARTSERRIPHFRIRHY BRIBHPY e a6 ARRd recorded
data and the transformed mirror data with a least squares technique; and generating the optimized
ghost filtslasPiRiraBMEiSrAIGHaRRANEREIGHR B ks athagdiR uAd kilkiRAsmy afgHoptigiafime
based on a difference between a ghost filter associated with a previous iteration and a ghost filter
associatddaRl £cHRAP it RAPRIS P EOp IBGH SORE At fattiric i RikPirEtion are
sequential. [0011éAccording to another exemplary embodiment, a node for generating ghost-free
receiver-XEPSERGRE QNRI/MnApridovRESHeATEIShARIA NS Al e nERh NRIS&sors configured to
execute computer instructions and a memary configured to store the computer instructions wherein the
computeﬂ%@?ﬁﬂﬁ%ﬁ%?ﬁﬂﬁ%ﬂ%ﬁ% arhirG98atd [SrAPcRRIME dranasting FRrFSRa8ER of the
recorded data; an engine component for transforming the recorded data and the mirror data from a
space-tinﬁ@edgﬁlglﬂ’?g'ﬁf iRy ephotidhrrhalarserining!a sres e SaRRIERPID E8iRect for time

differences bgéweeg%transformed recorded data and tratnsformed mirrg%r data; a gho‘i filter component

for 'generaﬂﬂ' ¥Po fﬁl‘i%‘c\isgfﬂﬁé‘lﬂﬁ.l?eqocﬁaégbc&n%!ﬁ n%vgﬂ Wﬁjzﬂr BSPEEEP nitdptthing the
recordbd SRR EorBoror b 5B (e UBAR B GF MR Sarformed
THE DRANRACASRRBARaB RO AT 7o R A LM SRR R Beonstiute.

Unfortunately, this method and its enhancements suffer collectively from sparse

cross-line sampling and require accurate receiver positioning, not easily

accomplished, for high frequencies.

[0009] Accordingly, it would be desirable to provide systems and methods that

avoid the afore-described problems and drawbacks, and which generate improved

fold (itlumination) maps.



a part of the specification, illustrate one or more embodiments and, together with the description,
explain these embodiments. In the drawings: [0013]Figures 1 and 2 show various aspects of an’
exemplary marine seismic survey system in which various optimized receiver based ghost filter
generation embodiments can be implemented; [0014]Figure 3 shows various aspects of recorded,
mirror and deghosted data; [0015]Figure 4 shows various aspects of time shifted recorded, mirror and
deghosted data; [0016]Figure 5 shows variou stacked reverse time migration for recorded,
mirror and deghosted data; S@M

[0010] According to an exemplary embodiment, a method, stored in a memory
and executing on a processor, for generating an optimized receiver-based ghost filter
from recorded data comprises generating mirror data, from the recorded data, during
a premigration stage; transforming the recorded data and the mirror data from a
time-space domain to a frequency-space domain; adding a phase coefficient for
correcting timing differences between transformed recorded data and transformed
mirror data; generating an initial ghost filter by jointly inverting the transformed
recorded data and the transformed mirror data with a least squares technique; and
generating the optimized ghost filter by iterating through the transformed recorded
data and minimizing a ghost delay time based on a difference between a ghost filter
associated with a previous iteration and a ghost filter associated with a current
iteration wherein the previous iteration and the current iteration are sequential.
[0011] According to another exemplary embodiment, a node for generating
ghost-free receiver-based seismic data comprises recorded seismic data; one or
more processors configured to execute computer instructions and a memory
configured to store the computer instructions wherein the computer instructions
further comprises a mirror data component for generating mirror data of the recorded
data; an engine component for transforming the recorded data and the mirror data
from a space-time domain to a frequency-time domain and for adding a phase
coefficient to correct for time differences between transformed recorded data and
transformed mirror data; a ghost filter component for generating an optimized ghost
filter based on predicting an initial ghost filter and optimizing the initial ghost filter

based on minimizing a ghost filter delay time associated with the transformed
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[0017]Figure 6 shows various aspects of an outer cable gather for recorded, mirror and deghosted
data; [0018]Figure 7 shows various aspects of stacked 3D PSDM images for recorded and deghosted
data; [0019]Figure 8 shows various aspects of 0-5 Hz images and 1600 meter depth slices for
recorded and deghosted data; which can be used to implement the embodiments; [0021]Figure 12 is

a flowchart depicting a method of optimized receiver- . o )
recorded data; and an output component for applying the optimized ghost filter to the

transformed recorded data and outputting the ghost-free receiver-based seismic

data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The accompanying drawings, which are incorporated in and constitute
a part of the specification, illustrate one or more embodiments and, together with the
description, explain these embodiments. in the drawings:

[0013] Figures 1 and 2 show various aspects of an exemplary marine seismic
survey system in which various optimized receiver based ghost filter generation

embodiments can be implemented;

[0014] Figure 3 shows various aspects of recorded, mirror and deghosted
data;
[0015] Figure 4 shows various aspects of time shifted recorded, mirror and

deghosted data;

[0016] Figure 5 shows various aspects of stacked reverse time migration for
recorded, mirror and deghosted data;

[6017] Figure 6 shows various aspects of an outer cable gather for recorded,
mirror and deghosted data;

[0018] Figure 7 shows various aspects of stacked 3D PSDM images for
recorded and deghosted data;

[0019] Figure 8 shows various aspects of 0-5 Hz images and 1600 meter

depth slices for recorded and deghosted data;



based ghost filter generation according to another embodiment; and [0022]Figure 13 illustrates an
exemplary data processing device or system which can be used to implement the embodiments.
DETAILED DESCRIPTION [0023]The following description of the exemplary embodiments refers to
the accompanying drawings. The same reference numbers in different drawings identify the same or
similar elf&rﬁ%n S. The following detailed description doe(sSSrnE?ft Ii%]it the invention. Instead, H:ﬁ scope of
the inventttEl defined tRHI%E §p%?aﬁ B MaNIRYS SRR HRIMRAR S RBIGRERS TS ssed,
for simplicig{, with regard to the, ter;ginolo% and ??tr cture of generating seismic illumination data ghost

filters andGH e FRThEH SR P SEIBIRR ARG IBR UMM Marine acquisition. However, the

embodiment be discussed next are not limited to . these copfigurations, but may be extended to

other armAlbe ente acRURLA AL TSRS B0 1 CHEER BB e -on

embodiment” oréﬁgﬁ?%diment" means th t"]aﬁ articular featyre, structure oy characteristic described
i

in conneaﬁﬁf’ﬁ/ 0%%‘?1%{&“@“@&88 RN6hE ‘B%'Hi‘r%'%'t%? e subject matter
disclosed]: ‘élétﬁ) the a@_pearanif.&f tt{‘le hrases "in ope e$1 odiment” or eg an embodiment” in various
places th 8 ut the ﬂ%fﬁ:’c AR ?ié@e%é%?ﬂ? e %%%1%%% BN B IRt Eurther, the

articular features, structures or characterjstics may be cqmbined in any suitable manner in one or
Ironore em aﬁﬁé:rzﬁg%e liséd o {mp ament the ambodiments. y

DETAILED DESCRIPTION

[0023] The following description of the exemplary embodiments refers to the
accompanying drawings. The same reference numbers in different drawings identify
the same or similar elements. The following detailed description does not limit the
invention. Instead, the scope of the invention is defined by the appended claims.
Some of the following embodiments are discussed, for simplicity, with regard to the
terminology and structure of generating seismic illumination data ghost filters and
generating maps of seismic illumination during marine acquisition. However, the
embodiments to be discussed next are not limited to these configurations, but may be
extended to other arrangements as discussed later.

[0024] Reference throughout the specification to “one embodiment” or “an
embodiment” means that a particular feature, structure or characteristic described in
connection with an embodiment is included in at least one embodiment of the subject
matter disclosed. Thus, the appearance of the phrases “in one embodiment” or “in an
embodiment” in various places throughout the specification is not necessarily referring
to the same embodiment. Further, the particular features, structures or characteristics

may be combined in any suitable manner in one or more embodiments.
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[0025]According to various embodiments described herein, methods and systems for generating
(computing) seismic illumination data ghost filters are presented which, for example, self-determine
their parameters for receiver deghosting associated with a seismic data analysis. Such methods and
systems can, for example, be used in the pre-migration stage of a seismic data analysis and are

licabl ismic d llecti hjch h ' d i depths with

outing LS blome AT ot B e B oS B A e YEBBBA Biter to provide
f b I mbadi lated [ f seismjic data, th

Cemoval OF R A0 RRCAN Hee EHEPAR e O Lo R Ao e ORGP R e
d d Wil be d ibed with Fi land 2.1
Figure 1 A B ARG SR R T IEL RURE S TnIRG BRI & F RN tend
over kilome%c]ars behind ghi‘gnz. ach o%h stre$m§rs 6 can ipclude on? or more birgs 13 tglat
maintainé’vé ShRTeY B/ S khdWvfikedpELiiBR eq f’l\%‘ osg%SFnsﬁr%%%eorrseéfaM%h eohla% are

capable (%f movin .streiameg 6 as gssiéesdmag%ﬁgirégéi) &iédi%eé:tiggal C?rgnéllLé ic%tioggrgitgdi .'{.33 can
receive fr(g‘% RIS 298 o Atbre SD R a'rrays 4a, ay%e LG TR y sHip OF AINotReT ship for

generating seismic waves. ﬁ?o rce arrays 4a,b can be placed either in front of or behind receivers 14,
o1 both bR RGO e P T e A S R R e e
propagate downward, reflect off of, and penetrate the seafloor, wherein the refracted waves eventually
are reflecli’é%B %/%Sngnc?ry%grrg'traeﬁ)eﬁiﬁasg?cr;h% lﬁr(ysﬁbnqﬁesﬂﬁwna%eﬁgﬁé 1) back to the surface (see
Figure 2, discussed below). The reflected seismic waves propagate upwardly and are detected by

receiversﬁaﬂéﬁrgvided o1y %%%%@id%ﬁ%%ﬁéﬂ%ﬁtﬂ?&f@%&ﬂ 8&3?\%&@9 surface, i.e., the

surface of t ody of water (see Figure 2, discussed below), traveling downward and are once again

detected by, pecaINERSIEIRIBY AP AL SIERABIEET SAHIRCEAE! BRORIMVASRIBEERRILPBRRIAllY

referred to as "shooting" a particular seafloor area, with the seafloor area referred to as a “cell" and the

sea surfage J@{areal Lo-AR A oFeESHIAREmIAR A RGE SHERIEN G BasldssMiruygldhe data acquisition

system 10 of Figure 1. Ship 2, located on ocean surface 46, tows one or more streamers 6, that is

comprised aflsert8oandanBIURILH ALLSARNBIP B8 JSUMRINIRUR BRI ¥R SR ceaplieamers.

which include sources 4a,b attached to respective cables 12a,b. Each source 4a,b is capable of

ransmittig (ARG Ive: SOUACUERIEIOR SRR NARR2A3 uFotdlimgtiieraf siomtivia e

drawings, but while not detracting at all from an understanding of the many principles involved, only a

first transypifterLsianal @8 vilihe SReNS KevethaHg Some of Hbalinauess ¢ 6aR Reigiaultaneously

(or not) transmitting similar transmitted signals 20). First transmitted signal 20a travels through ocean

40 and agyes atihe spliacHO MR IRSHASROL AR FE $h P IREIRH fldgbeddraaldiivk iansmitted

signal 20a travels upward from ocean floor 42, back to receivers 14. As those of skill in the art can

apprecialgndNENENRIASEINR PRIGREON BCRESEhDIBYSIOlRIY SnRSaMBerEaY Wigjgekrst index of

refraction n1 and meets with a different medium, with a second index of refraction n2, a portion of the

transmitted signalisd eileiediahananaif.aruabintbrdaaident-Araisiiasrardinmto thauedr-known
Snell's law), and a second portion of the transmitted signal can be refracted (again according to Snell's
law). [00Z85FE4SLRSSHML IR IIMS D dIET S BNREA R A2 L2 AR SRR M Jenerating

seismic waves. Source arrays 4a,b can be placed either in front of or behind receivers

14, or both behind and in front of receivers 14. The seismic waves generated by

source arrays 4a,b propagate downward, reflect off of, and penetrate the seafloor,

wherein the refracted waves eventually are reflected by one or more reflecting

structures (not shown in Figure 1) back to the surface (see Figure 2, discussed below).

The reflected seismic waves propagate upwardly and are detected by receivers 14

provided on streamers 6. The seismic waves then reflect off of the free surface, i.e.,
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reflected signal 24a, and first refracted signal 26a. First refracted signal 26a travels through sediment
layer 16 (which can be generically referred to as first subsurface layer 16) beneath ocean floor 42, and
can now be considered to be a "new" transmitted signal, such that when it encounters a second
medium at second refraction/reflection point 28a, a second set of refracted and reflected signals 32a
and 30a, are subsequently generated. Further, as shown in Figure 2, there happens to be a significant

hydrocarfff {AANGBRA LR RIaRAT 8RR LsTHoRG gl SwRlies carBeasdnerically

referred to as second subsurface layer 18). Consequently, refracted and reflected signals are
generatef5 AR MR FORBSPIRGBLIPVETH YETHAHBIPYLED LARL SRAEIS FASIRIBNPRO to generate
data that can be used to discover such hydrocarbon deposits 44, [0029]The signals recorded by
seismic rQEQﬁ;éri Rip PIACSS TR GaNGVRY SHEFERFIeAS haatag GRREGHIRT 87UR8E #itBetween
layers. In re Ii%, since the sea floor and the air/water ar?} hghl reflective, some of the peaks
correspo%tﬁjt AP ARG SFeb In%i@ reRECABALRA %%SHWE?BQ IR rfe

I

geophysical structure can be correctly imaged. Primary waves suffer only one reflection from an
interface &8n layers of the subsurface (e.qg., first reflected signal 24a). Waves other than primary
waves are known as multiples. A surface multiple signal is one such example of a multiple, however

there areygiogrways fos ylipiGe (g be generaled, oy gxaple, (GlRalons foup [he Suifacs can travel

e .
back doan S and be recor as ghos Iples add any use information

0]
about the‘lgeé’t‘ﬁ’g)é 3885%;5‘ Eﬁ'ﬁe%)%ﬁ AflagL.and [Bus ey are érr‘ee%?%é‘ RO It is desirable to
m ubstanti

C
L mér ;
eliminate the nd/or s ally reduce and/or eliminate theirinfluencé in signal processing of the

other reflggied ighalp a0,a5 (b Cogcl ARaRyAY e presecedar e Absanee) ol

ke two
underground/Underwater hydrodarbon deposi arly ghosts, 1.e., r ons Of primary waves or

m“'“p'esé%éh&r%%@?‘%o%%‘ﬁ]%ﬂ@é’%ﬁ%g QQ%i%&%%%’8@5&%&%&8@%%%#%',1%%'%,&'30 be

suppressed or remov aco d ahd recor ceivers igureé 2 can be

processe oy A7gad UG!G SRRV Shosts ARl aaraledle e aiyminaton maps

describe Is Involves, among other t in the frequency-space the use of

ded j ' PR q
croate e Al BURL e TRt g R BB B ASRILS CR L ecorden
data. Th%rﬁ?ﬁaéWUrﬂJéFH{é rd %f%ﬁ%%%gl@i@;&ﬁoowegc% Rlishgq By e meghagisip such as,

but not limited to, a one-dimensiona Ing normal moveout correction techihique. This

chould e e e e S B e R U N,
arrives egtligt am G RILP &Y nsmitted signals 20). First transmitted signal 20a travels through
ocean 40 and arrives at first refraction/reflection point 22a. First reflected signal 24a
from first transmitted signal 20a travels upward from ocean floor 42, back to receivers
14. As those of skill in the art can appreciate, whenever a signal — optical or acoustical
— fravels from one medium with a first index of refraction n; and meets with a different
medium, with a second index of refraction nz, a portion of the transmitted signal is
reflected at an angle equal to the incident angle (according to the well-known Snell’s
faw), and a second portion of the transmitted signal can be refracted (again according
to Snell’'s law).

[OOZBI Thus, as shown in Figure 2, first transmitted signal 20a generates first

reflected signal 24a, and first refracted signal 26a. First refracted signal 26a travels

)



[0031]In a given time-space window, the recorded data n(t, x, y)and the mirror data m(t, x, y) are
transformed from the time-space domain to a frequency-space domain. The transformed recorded
data N(f, x, y)and mirror data M(f, x, y) can now be expressed by multiplying the Primary receiver
ghost-free data (P) with a receiver ghost filter FN and a mirror ghost filter Fm to produce: N=FNP and
M=FmP.(1) In theory, the receiver gaho,st filter FN equals the mirror ghost filter Fm, i.e,, FN Fm,(2)
because %h@%}JQFbS&%!Q{HEHtiWﬁ%ﬂ@, Bt SRISIRRFAARRERAY HRESEES iR A RYBFYHEES the mirror

data will, in realiti, result in a time shift based on factors such as, but not limited tg, redatuming using

the one-d¥ER R EHHLRARANIP A6 cA)HFARAMNCY AN THRERE MR NRY ACISHHIHER, a

s e o T e e AR 5 e tb e e P RS20 R Feactionirotisclion
point 28a, a second set of refracted and reflected signals 32a and 30a, are
subsequently generated. Further, as shown in Figure 2, there happens to be a
significant hydrocarbon deposit 44 within a third medium, or solid earth/rock layer 18
(which can be generically referred to as second subsurface layer 18). Consequently,
refracted and reflected signals are generated by the hydrocarbon deposit, and it is the
purpose of data acquisition system 10 to generate data that can be used to discover
such hydrocarbon deposits 44.
[0029] The signals recorded by seismic receivers 14 vary in time, having energy
peaks that may correspond to reflectors between layers. in reality, since the sea floor
and the air/water are highly reflective, some of the peaks correspond to multiple
reflections or spurious reflections that should be eliminated before the geophysical
structure can be correctly imaged. Primary waves suffer only one reflection from an
interface between layers of the subsurface (e.g., first reflected signal 24a). Waves
other than primary waves are known as muitiples. A surface multiple signal is one such
example of a multiple, however there are other ways for multiples to be generated. For
example, reflections form the surface can travel back down to the receivers and be
recorded as ghosts. Multiples do not add any useful information about the geology
beneath the ocean floor, and thus they are, in essence, noise, and it is desirable to
eliminate them and/or substantially reduce and/or eliminate their influence in signal
processing of the other reflected signals so as to correctly ascertain the presence {or

the absence) of underground/underwater hydrocarbon deposits. Similarly ghosts, i.e.,
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Continuing, combining equation 1 and equation 3 creates a system which can be solved using a least
squares process to generate an initial value for a ghost filter for the recorded data. Next, the initial
ghost filter value can be recalculated through an iterative process to create an optimized ghost filter for
the recorded data. [0032]Looking now to the iterative process, and using the initial ghost filter as a
starting point, the ghost can be obtained from the equation: G,=(4) Next, the optimal average

ghost-del5/iHOFT RIPABIIBAHRYSE! WiMHBIFLEABLGutHRERHS Mminais gHHen-BSR*EValue of

the equation: Pi + resulting in an expression of the optimal ghost filter of; (5) Fho =1 - e-iwn
recorded by receivers 14, should also be suppressed or removed.

[0030] The data collected and recorded by receivers 14 of Figure 2 can be
processed to, among other things, remove receiver ghosts and generate the types of
ilumination maps described above. This involves, among other things, in the
frequency-space domain, the use of recorded data (Figure 3a) and mirror data (3b),
created from the recorded data, to jointly invert and create receiver ghost-free data

~ (Figure 3c). In a first aspect, mirror data is created from the recorded data. The
creation of mirror data from recorded data can be accomplished by a mechanism such
as, but not limited to, a one-dimensional ray-tracing based normal moveout correction
technique. This technique approximately redatums the receiver ghost in the recorded
data to the primary timing. It should be noted therefore that the primary in the recorded
data becomes the mirror ghost which arrives earlier than the primary.
[0031] In a given time-space window, the recorded data n(t, x, y)and the mirror
data m(t, x, y) are transformed from the time-space domain to a frequency-space
domain. The transformed recorded data M, x, y) and mirror data M(f, x, y) can now be
expressed by multiplying the Primary receiver ghost-free data (P) with a receiver ghost
filter Fyand a mirror ghost filter Fyto produce:
N=FnP and M=FiP. (M
In theory, the receiver ghost filter Fy equals the mirror ghost filter Fy, i.e.,
Fn = Fu, (2)
because they are aligned in timing, but this manipulation of the recorded data to
produce the mirror data will, in reality, result in a time shift based on factors such as,

but not limited to, redatuming using the one-dimensional approximation, velocity
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(6) The primary can then be derived as: (7) where F1+1 is self-determined, i.e., bootstrapped, from
the ith, i.e., the previous iteration. It should be noted that once an optimal ghost filter is determined, the
mirror data is not required by equation 7 for producing the deghosted recorded data. It should further
be noted that this method works in a localized time-space domain window in which all events have a
similar ghost-delay time. A similar ghost-delay time can be defined as less than the inverse of the

quantity FORCHHESXIRDFhEBGRIVER JRRID SRS of RePkHingly. @ phase coefficient to match the

timing displacement is added, producing:

Fu=e"“Fy. 3)
Continuing, combining equation 1 and equation 3 creates a system which can be
solved using a least squares process to generate an initial value for a ghost filter for the
recorded data. Next, the initial ghost filter value can be recalculated through an
iterative process {o create an optimized ghost filter for the recorded data.

[0032] Looking now to the iterative process, and using the initial ghost filter as a
starting point, the ghost can be obtained from the equation:

G; = N-P; (4)

Next, the optimal average ghost-delay time Ti for a given iteration window can be
obtained by minimizing the absolute value of the equation:

Pi + Gig“™ (5)
resulting in an expression of the optimal ghost filter of:

Fiug=1-e™" (6)

The primary can then be derived as:

Pii =N/ Fiuq (7)
where F.; is self-determined, i.e., bootstrapped, from the iy, i.e., the previous iteration.
It should be noted that once an optimal ghost filter is determined, the mirror data is not
required by equation 7 for producing the deghosted recorded data. It should further be
noted that this method works in a localized time-space domain window in which all
events have a similar ghost-delay time. A similar ghost-delay time can be defined as

less than the inverse of the quantity four times the maximum frequency of the data.
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[0033]To illustrate the benefits of ghost removal using a ghost filter as described above, the algorithm
is first applied to synthetic data modeled from 2.5D Sigsbee2a model using a constant receiver depth
of 25 feet. To demonstrate that the method does not depend on accurate receiver depth, random error
is intentionally added, with a standard deviation of two feet, to the true receiver depths when

generating the mirror data for the results shown in this example. [0034]Looking now to Figure 4, Figure
4ais an iR 3hot gatht? WiAttAte Behraeivost dbestysmpalissBgenebestitierd black peak and
a red trough, with peak after trough or vice versa depending on the polarity of the event. The data in
Figure 4bOESABRFLERRA. RIS S S5l SPIRELR SR S MR RGP oot e , the
difference between deggé)ﬂsted data and input data, is shown in Figure 4c. The difference can be seen

that after rAGERREI-FIRESMNG 8 BRISIAREREENRIARPH PELedREE (48 decyarstiala Eiabhsted when

they were otherwise overlapping with each other prior to receiver deghosting (4a). This is a direct
indicationBF TS IRREH & S BCRHIE R GG SERER RN R RTEP B dRiRRliRIAY that the ghost
data are very similay to the aeg?? sted data_except for a time delay of -10 milliseconds which
correspor?&g a"}’gﬁeq\fétﬁa pt %?YWEHEWW@’%@@%FRS* U HRcRURE fepdierBeBhosting works
properly, even when the receiver depth error is present and events interfere with each other.

[0055]L o RAGTAIAA GRS OR1B TidRE S T HR e 88D Gacked 3D RTM images (the

receivers e positioned at negative receiver depth when migrating the ghost data). The images for
modeled g@&é‘bﬁth and ﬁ?&%i‘?e GHER PaldRHEAR 1S ?fglﬂ% éﬁfﬁ?{(@ﬁﬂﬁ?é"%.ﬂﬁe images for

deghosted data an ost data are shown in Figure. Sc and Figure 5d. It can be seen that, compared
(o tho. ImEESEURDREEh & ROLE TN SR TNEER ST PIGEH S35 S BEAE R Foronder
smal GTGRRL 8 ErJU LS bURh S PG ET S BH A s BB Tt PG Ha L gure 5
embodimER B BRI, J6URERITEhE SoaE4 HELAEHBa R LEF TSRS methot
s applied.I.tGOI, the difference between deghosted data and input data, is shown in Figure 4¢. The

difference can be seen that after receiver deghosting, two black events around 5.1

seconds (4b, 4c) are well-separated when they were otherwise overlapping with each

other prior to receiver deghosting (4a). This is a direct indication of resolution

enhancement due to receiver deghosting. Another observation is that the ghost data

are very similar to the deghosted data except for a time delay of ~10 milliseconds

which corresponds to a receiver depth of twenty-five feet. This proves that the receiver

deghosting works properly, even when the receiver depth error is present and events

interfere with each other.

[0035] Looking now to Figure 5, the images shown in Figure 5a-e are stacked

3D RTM images (the receivers were positioned at negative receiver depth when

migrating the ghost data). The images for modeled data with and without receiver

ghost are shown in Figure 5a and Figure 5b. The images for deghosted data and

ghost data are shown in Figure 5¢ and Figure 5d. It can be seen that, compared to the
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a three dimensional data set from the Diana field in the East Breaks area of the Gulf of Mexico. The
data set has constant shot and steamer depths at seven meters and nine meters respectively. Looking
to Figure 6, included is the input shot gather (Figure 6a), deghosted gather (Figure 6b), and ghost
gather (Figure 6¢) from an outer cable. The near-channel data from the outer cable are generally
expected. to carry strong three-dim sion?}lé ffects, However, the higé—éys' ilarity between deghosted
gather (FIBUREHRAREBHES IR O b TARES iRk BHF Tk g ks well in the

f three-dimensional effects. Figure 6d shows that { tra of deghosted and ghost dat
hre aimo RIS dET A e BRGAED AT BT STS SYHL] Mt QOB BRR RGN Figure 7. the

[ h in Figur, is th ked t =di jonal Ki tack depth migration (PSDM
mage of RN WRHECEToc ooy Hep LR s B i) PR GEnE 9t e Mage afer

[ hosting. It i dil t that aft [ ting th let
tghrened VR 10 A7 LIURTCY EVGEOE AP AR 8 LB M SAHHESH ™ igure 7e
fi that th iver deghosting hel btain i ith broader f trum. Fi
BB S TR DLBE IDTHI 08 BTG e AL AR SAAH P RSB BPRL WS Cbe better Seen
with less noise after r ceis{ r deghosting. The depth slice at 1600 meters, after receiver deghosting
(Figure 8§fq$88§gn§13?%% ith weaker side-lobes and thus the events are better delineated when

compare ’ is same, depth slice hefore deghosting (Figure 8¢). [0038]Presented above is a

celt SustARA8 or boorth L BESLa 5 EAIBR Qo8 L ecT ey RUR VS R ek 2R ot in data

from a variety of marine.tow. treamer configuratiops. .The, advantages of the ex lar thod

include. U1 ADRTRE S R e T ST IR T B eaAet B e OR L i

direction; gnd.2) npyecemanisloraciplalylaann ecelar deptis Based onreceluer geghosting

the migratedxlmages%ave Better Tov ARg high frequency responge, 22 Wwell Ak |mprove'a signal-to-noise
C

ratio, which is beneficial. for the interpretation of geol i%%l structures, a drocm roperties. Although the
exermplary R E A FEaU Y (LTS b Aas e e It Tt EIGES e mitror

o S AR AR ARl s el

are recorgggrp%%hﬁn%?@aqas%%)ghe outer cable are generally expected to carry strong three-
dimensional effects. However, the high similarity between deghosted gather (Figure
6b) and ghost gather (Figure 6c¢) indicates that our receiver deghosting works well in
the presence of three-dimensional effects. Figure 6d shows that the spectra of
deghosted and ghost data are almost identical and are broader than that of the original
data.
[0037] Looking now to Figure 7, the image shown in Figure 7a is the stacked
three-dimensional Kirchhoff prestack depth migration (PSDM) image of the input data
without receiver deghosting and the image in Figure 7b is the image after receiver
deghosting. It is readily apparent that after receiver deghosting the wavelet appears
more tightened which is an indication of broader frequency band. The spectrum

comparison in Figure 7¢ confirms that the receiver deghosting helps obtain images with

broader frequency spectrum. Figures 8a-8b show the 0-5 Hz images before and after
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[0039]The exemplary method is also applicable to marine towed streamer data of most (if not all)
acquisition methods, including variable-depth streamer methods. The exemplary bootstrap approach
uses a velocity model to create mirror data (Figure 3b), but it should be noted that the exemplary
method is not sensitive to the inaccuracy of that velocity model (Equation 3). In addition, the mirror
data are not used for the final g_ ghosting (Equation 7). [0040]The exemplary method operates on
events in"EEHEERASEHEF DG \%%ﬁﬁéﬂtﬁé‘é‘% §RESRIUE e BlsE AR ETime window of

200-600 milliseconds_is often used, depending on the frequency content and sa,mplinggrate of input

data. The"§9805H0Ra IR ERENSISS Slaty YRR EaR15E FaRRIEnARIRASINS JeP e window, i.e.,

approximatelyl 0-30 traces per window, js used to stabilize the inversion when strong noise is present.
10041]1n LG5 STBFREGER R D PP AR A M YRISWAERS et o TUERHERED streamer

data, it is observed that the receiver deghosting is fairly robust with receiver depths varying from six
meters (rﬁaﬁ‘Péffgd‘H %&‘Tffﬁ‘ge%g Et@ﬁﬁ%ﬁ%&%%qgi@@fﬁ%fgﬁ ted that if shots and receivers
o S O L 12 PSRN PP B3R S SSSReug egl sy elso be

that can effectively remove the receiver ghost in data from a variety of marine towed

streamer configurations. The advantages of the exemplary method include, but are not

limited to, 1) no requirement for dense sampling in either the inline or crossline

direction; and 2) no requirements for accurately-known receiver depths. Based on

receiver deghosting, the migrated images have better low and high frequency

response, as well as improved signal-to-noise ratio, which is beneficial for the

interpretation of geological structures and rock properties. Although the exemplary

method uses two datasets, recorded data and mirror data, the method creates the

mirror data from recorded data, making the data cheaper to acquire. Additionally, the

exemplary method does not require normalization between the two datasets prior to

deghosting because both datasets are recorded by the same sensor.

[0039] The exemplary method is also applicable to marine towed streamer data

of most (if not all) acquisition methods, including variable-depth streamer methods.

The exemplary bootstrap approach uses a velocity model to create mirror data (Figure

3b), but it should be noted that the exemplary method is not sensitive o the inaccuracy

of that velocity model (Equation 3). In addition, the mirror data are not used for the final

deghosting (Equation 7).

[0040] The exemplary method operates on events in a chosen T-XY window

which bears similar ghost-delay time but in practice a time window of 200-600
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[0042]As will be appreciated from the foregoing discussion, methods for generating optimized ghost
filters and deghosted seismic data according to these embodiments may, at least in part, be
implemented in software operating on a suitably programmed computing device. An exemplary
implementation, with suitable software modules or components, will now be described with respect to
Figures 9-11. Looking now to Figure 9, an exemplary embodiment premigration deghosting node 900
comprise DR iFRRIMERIIRN pESEh feoendine RgikeedsrapsReN oSt @ﬁgs%&m%%rﬁ%%ﬁ’gnt 906, an
output component 908 and recorded seismic data 910. The mirror data component 902 provides the
capability¥8Yetiratd MRsShARR MR Wl dheomaneriersraethsdisanchefaird o whin i eeka is
generated by using a one-dimensional ray tracing based moveout correction. It should be noted in the
exemplar§RAsHBERFRN: toat IRRIPrIvatd LthrdiiAsesipeeudnday e yer@irestghibizeithe recorded
data to the primary data timing, i.e., the primary in the recorded data becomes the mirror ghost which
arrives edPVEFHRAYRETLRIRRY NOBLIS BSSHRting with the exemplary embodiment, the engine
component 904 provides the capability to transform the recorded data and the mirror data from a
time-spad@41ky) donfRiRReisatieqscidhis gt er Py RAHOVPA B 2AdpMde dettine
component 904 generates a phase coefficient to correct for time differences between the transformed
recorded tRXCANARRESFEASIGHHBH NI PbeRAVaddhal iR @oRiNAIIdRPBARNIBMIM LRI X HaRYRbst filter
component 906 provides the capability to generate a ghost filter based on predicting an initial ghost
filter and WFRERYEhESRIRE GREESHTtEPbYRIRIRIZNG B GnbR filer B ahTREIESHENALS With the
transformed recorded data. Next in the exemplary embodiment, the output component 908 provides
the capalfiftt)'ta: b iy YHBSPIRREAYHESPRIRRRY [RE]IGISIGHR S AEPSHILH HALCRRERYNE Ut ghost-free
receiver based seismic data. [0044]Looking now to Figure 10, an exemplary embodiment premigration
deghostin§'Tietead RrcrRpiaY PRatRYPRAS IRIEh 171869 SR AlRRe &5iRp dtie?iYo4, a ghost
filter component 906 wherein the ghost filter component 906 further comprises a least squares
componef 4321334 an iteration component 1004, an output component 908 and recorded seismic
data 910. The |east sqz‘gges_ ?mﬁéonen_t 10i$%§)r0\%d s the ability to predict the initial ?host filter based
on a least@ftHres profSs¥il e ARPHEFAIGH KoM bR Wte%’dﬂgpéyﬁ% %e%ﬁﬁﬁ’dﬁif} o optimize the
predicted ghost filter by iterating through the transformed recorded data and minimizing a ghost delay
fime bas b BFT 8 BHGRITE L AISBH LSS AR S DB SR TR A IRAREE ooasILooking
now to Figure 11, an exemplary embodiment premigration deghagsting node 1100 comprises a mirror
data comBBIRE PR S B ThiE SO B GREN SO PLEIHELEFhiBr KO SRESER RE IR Bhost fter
component 906 further _ _ , . , :

programmed computing device. An exemplary implementation, with suitable software

modules or components, will now be described with respect to Figures 9-11. Looking
now to Figure 9, an exemplary embodiment premigration deghosting node 900
comprises a mirror data component 902, an engine component 904, a ghost filter
component 906, an output component 908 and recorded seismic data 910. The mirror
data component 902 provides the capability to generate the mirror data based on the
recorded seismic data 910. The mirror data is generated by using a one-dimensional
ray tracing based moveout correction. It should be noted in the exemplary embodiment
that this process approximately redatums the receiver ghost in the recorded data to the
primary data timing, i.e., the primary in the recorded data becomes the mirror ghost

which arrives earlier than the primary.
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comprises a least squares component 1002 and an iteration component 1004, an output component

908 wherein the output component further comprises a map component 1102 and recorded seismic

data 910. The map component 1102 provides the capability to generate a map of seismic illumination

based on the ghost-free receiver-based seismic data generated by applying the optimized ghost filter

to the transformed recorded data.\%()g%ﬁ |Looking now to Fia,ure 12, an exempé?ér’)é method embodiment
f

of an optifiAH receiverPIEEEGh &r LY SRR 161?@55@%%‘9@& PeRgRiat step
1202 of the exemplary method embodiment, mirror data is generated based on recorded data. In one
aspect of T CE T AR oA TB A5 969 SR AN Ao GERE T AdH o

igrati tage. |t.should b d that I 202, incl -di ional
premigration s al(1 gégs ould be noted that exemp a{ﬁ'ﬁéﬁ carl]’érg: ude a one mtheéwlona

ray-tracintPech PR RS B REY5 RS, dftthe S #RSHe Pirror data

ti b [ ith t tion. [0047]Next, at step 1204 of th |
hethod ST BTID S P DAER I 0RO L oIl B Space comain

Cocticior LGN BB G A bR BF RS FGr e B B i A
ghost e & GRRBLSEPE) et 1o GtRg Tt DR SLeomed e & A8 Gormed mirror
e D S BBy S1oB AR U N S SR S FSPEFAIR sspaprshes

ghost filter by minimizing the ghost filter delay time associated with the transformed

recorded data. Next in the exemplary embodiment, the output component 908

provides the capability to apply the optimized ghost filter to the transformed recorded

data and output ghost-free receiver based seismic data.

[0044] Looking now to Figure 10, an exemplary embodiment premigration

deghosting node 1000 comprises a mirror data component 902, an engine component

904, a ghost filter component 906 wherein the ghost filter component 906 further

comprises a least squares component 1002 and an iteration component 1004, an

output component 908 and recorded seismic data 910. The least squares component

1002 provides the ability to predict the initial ghost filter based on a least squares

process and the iteration component 1004 provides the capability to optimize the

predicted ghost filter by iterating through the transformed recorded data and minimizing

a ghost delay time based on a difference between ghost filters associated with the

different iterations.

[0045] Looking now to Figure 11, an exemplary embodiment premigration

deghoesting node 1100 comprises a mirror data component 902, an engine component

904, a ghost filter component 906 wherein the ghost filter component 906 further
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[0049]Continuing at step 1210 of the exemplary method embodiment, the ghost filter is optimized by
iterating through the transformed recorded data and minimizing a ghost delay time. It should be noted
in exemplary step 1210 that the ghost delay time is based on a difference between a ghost filter
associated with a previous iteration and a ghost filter associated with a current iteration. It should
further be noted in exemplary step 1210 that the current iteration and the previous iteration are
sequentidio[DDEBFPIREIeBh BOHAIP A SHTRRTFNotABE sedharkissRikN feaNRSI e bbiRdized
receiver-based ghost filter generation as set forth in the above described embodiments may be any
type of cSHpitinG HeReen N6 TOEESIHE U RP DRI LI SerBRTiSYufmBaBociated with a
seismic survey. An example of a representative com utingrsystem capable of carrying out operations
in accordﬁ%@%\ﬁﬂ‘fhb@éﬂ%ﬁ%@% seinigdRia 511 ﬁigu@ﬂ?@?@@ﬁpﬁﬁb‘mg@l&&‘{'ﬁﬁ%ng other
items, server 201, source/receiver interface 1202, internal data/communications bus (bus) 204,
processol(§) SRR albete SraRiRE S BaPiRfRRsRicdh Biiptenkages antsuehrsddresr systems,
parallel processing is becoming increasingly prevalent, and whereas a single processor would have
been use@%tﬁ'&%@%%ﬁi%‘&@ﬁﬁm@%‘i‘ I%ﬁé‘l@é@@gaqkfﬁﬁﬁﬁm?ﬁ ehesk8lgsionted currently to
have a single dedicated processor for certain functions (e.g., digital signal processors) and therefore
could be ¥BRSIAIPRICERCYAEEERR in serial and/or parallel, as required by the specific application),
universal serial bus (USB) port 210, compact disk (CD)/digital video disk (DVD) read/write (R/VV) drive
212, flopp§ Udlette drib@PIALMRAIIA (S8 Esdd: RMBIRY HAK ARG SEMQAENRIE fliddevice), and
data storage unit 232. [OOSE%ata storage unit 232 itself can comprise hard disk drive (HDD) 216 '
(these caPRHRIFRE BRGNS “rﬁéﬁﬁﬁ%‘@%rﬁﬁ@%@ﬁ,tﬁﬁh%@@ BellrtiprictedsivtiAringre

prevalent, can include flash drive-type mass storage devices 224, among other types), ROM device(s)
218 (thec SIPPHANAP LD R LR SRS Bl oRA IARLL FeORPLE Er9eBRIg s RasSditraviole

erasable PROM dﬂ%lﬁiif,ﬁs %J\S{PROMS), amog other types), and random access memaory (RAM)

devices 220 54 ey SB YreeRe i LML o ogRNIRaBIR Gt SteR/ M8 R/W device

212 are CD/DVD disks 234 (which %aq be both read and write-able?. Usable with diskette drive device
f

214 are fSGY HSKERR BFHLEEIAHEITHE MUK YRR RloR2s [oPRRYIMBMBRI I a)e media
(216, 218, 220,{)524, %\%41%% 237, among other t BSI'E?E)’ can%:ontain %arts or components, or in its
entirety, EXSRIRT SERRVErEDFE DAl 008 SR BIBYAER RS HAONEKIEG 'BArt or all of the
portions of the method described herein, Further, processor 208 itself can contain one or different
ypes of AERTIR) bIAE SHE0 e i L P A B R RIS A A AR CAIRSRERBR] storage
media 220) that can store %II %&some of the compagnents of software 236. [0052]In addition to the

above de%2H @da&ﬁﬂﬁgﬁ% ¥ ﬁf@ﬂw‘@%téﬁgg%cé Brises user console 234, which can include
keyb ispl 6, and 30. All of th t th f ordi
i e 1 W R R R RS S R
Display 226 i fk di tati , h as ligyid tal displ
(LaDe, RIS B g EEa PR DT IE S oIy 1028 e Ainony
others. User console 235 can include one or, B't%e Pﬁjer interfa(fe mecl%ﬁm(ijsms su&h as a mouse,
keyboards,’%%?o %:gﬁéq.toggﬂtmumg atstep 1 of the exemplary method embodiment, a

phase coefficient is added to correct for the timing differences between the
transformed recorded data and the transformed mirror data.

[0048] Next at step 1208 of the exemplary method embodiment, an initial
ghost filter is generated by jointly inverting the transformed recorded data and the
transformed mirror data. It should be noted in exemplary step 1208 that the initial

ghost filter generation is accomplished with a least squares technique.
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pad, touch screen, voice-recognition system, among other inter-active intercommunicative devices.
[0053]User console 234, and its components if separately provided, interface with server 201 via
server input/output (1/0O) interface 222, which can be an RS232, Ethernet, USB or other type of
communications port, or can include all or some of these, and further includes any other type of
communications means, presently known or further developed. System 200 can further include

communié3B43E satellifemIEBLINSLRIRIAM <R Ehhe perialrst rihod RRPSSINEN NG is

electrically connected at least one antenna 240 (according to an exemplary embodiment, there would
be at leadiiR EiSIReBHBLEH AHERID G HY A M henipanae whelfiebiiairefighal
communications antenna). System 200 can access internet 242, either through a hard wired
connectidR VRIFBIAGNRH g?‘f’\ﬁli‘i’gt‘?ry,lto?W%%@?I?%ﬁ%ﬁ%ﬁ@)’ﬁ@Hré%%getﬁ'/@r“2§8.
[0054]Server Zohql Fan be coupled to other. omguting devices, such as those that operate or control the
equipme LB BV ITEE 7 SRE MR GICREEE HEMASD A B8 it oRb Bt
configuration as in a global area n tworF (GAN (e,sgé., internet 24?, which ultimately allows connection
to variouP B LSRR HRG Tor RSP LRSI TSR i ert 586Ubking designed
for use in_seismic exploration, will interface wi e or more sources 4a,b and one or more receivers
4. ThesdoA0B 06 R AR e TR (S C HETEARR A, B R AiHEed birds

13a,b thalﬁ?re useful to maintgir]’ positioning. As further previously discussed, sources 4 and receivers
14 can cdRFRURIRALE RRAKEWRY 201 either through an electrical cable that is part of

[06050] The computing device(s) or ather network nodes involved in optimized
receiver-based ghost filter generation as set forth in the above described
embodiments may be any type of computing device capable of processing and
communicating seismic data associated with a seismic survey. An example of a
representative computing system capable of carrying out operations in accordance
with these embodiments is illustrated in Figure 13. System 1200 includes, among
other items, server 201, source/receiver interface 1202, internal
data/communications bus (bus) 204, processor(s) 208 (those of ordinary skill in the
art can appreciate that in modern server systems, paralle! processing is becoming
increasingly prevalent, and whereas a single processor would have been used in the
past to implement many or at least several functions, it is more common currently to
have a single dedicated processor for certain functions (e.g., digital signal
processors) and therefore could be several processors, acting in serial and/or
parallel, as required by the specific application), universal serial bus (USB) port 210,
compact disk (CD)/digital video disk (DVD) read/write (R/W) drive 212, floppy
diskette drive 214 (though less used currently, many servers still include this device),

and data storage unit 232,
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streamer 6, or via a wireless system that can communicate via antenna 240 and transceiver 238
(collectively described as communications conduit 246). [0056]According to further exemplary
embodiments, user console 235 provides a means for personnel to enter commands and configuration
into system 200 (e.g., via a keyboard, buttons, switches, touch screen and/or joy stick). Display device

226 can d to shaw; streamer 6 ifion; visual representations aof acguire ; rce 4 and
receiver iﬁog us info %ﬁos ?&ﬁ\?@'ﬁﬁ%ﬁ%ﬁ%ﬁ%ﬁd‘:&ﬂg{ ﬁlef%}t}ﬁ@“@ﬁ%%? %ertﬁ?ﬁﬁ@%eismic data
acquisiti(;(nhprocess. Source and re%eive[ intertfla £ u%l)tr 202 can rect(ai\{e the hydrophone seismic data
from recaver LA OIS e ather LRiAU R SH BN I (R s 8 ShPes A can be part of
streamer.Gt:Flsa\é\{gll as ms(t)rl'%arr']e\r, q epqsition“iqng urrréaﬁié)&]fm,me_&rds 1r%ég1sesli81ir(aisebi i\rﬁzgéio%kso that
command&C&R algtjybe LEnPB IS 11y malr[&ain proper st EBREY posflonl%g. SUTeR A receiver

interface unit 202 gan also co icate bi-di ignally with sources 4 through the strea
communicatoPconduit 24 hrg'?} c@ndc \é'%eélﬁ?o%qgrggr%se}% %?E)'(%#gﬁ‘ﬁenei?gré?g% Xo%‘"t?%???&n s,)output

signals and status informati urce 4 can be .exchanged by, r communication
conduit Zagagi'ea%mmat)%%mﬁém%ﬁgevgeﬁﬂg '&'O% fgﬁ%&%le Pﬁ@ﬂﬂ? vices

ween system rce S ows a data pathway for items such

2. e B LIRS S B ST NAT TP Senice S peompy eceivers

for proce Cess gidre ained In data’stérage uni Or processor 208

fo send nfeBATGN B Bl ASPIPK B iRANCZA0, AL 00 e aSIdg R A ComADE Ay stom

operating programs/sottw reside In either the processor or the'source and

receiver ieifacs b A0 IAOTSISYRLE 200 430 b R IMPTIRY. R nBiIads teggrved

above associa Imized receiver-based ghost filter generation according to an exemplary

embodimenl, HRRNBS, Irmagle, safatc bR ATORIRIOReTeGLIAY R HosR et he

various steps and operations describe Ing'to an exemplary embo . ware 236
B e B T NS e S RN
e RS oM e PR B e soroe
ggns"cr;%g(‘ﬁ?@ég%?ﬁmﬁ hgiﬁﬁigc??‘n%%%i Se¥iaes dAR3RIMShauld DeNateH B e pERAMSR:

method described herein. Further, processaor 208 itself can contain one or different

types of memory storage devices (most probably, but not in a limiting manner, RAM

memory storage media 220) that can store all or some of the components of

software 236.

[0052] [n addition to the above described components, system 200 also

comprises user console 234, which can include keyboard 228, display 226, and

mouse 230. All of these components are known to those of ordinary skill in the art,

and this description includes all known and future variants of these types of devices.

Display 226 can be any type of known display or presentation screen, such as liquid

crystal displays (LCDs), light emitting diode displays (LEDs), plasma displays,

cathode ray tubes (CRTs), among others. User console 235 can include one or

more user interface mechanisms such as a mouse, keyboard, microphone, touch
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can be applied in either an "offline", e.g., at a land-based data processing center or an "online"
manner, i.e., in near real time while onboard the seismic vessel. For example, optimized
receiver-based ghost filter generation can occur as the seismic data is recorded onboard the seismic
vessel. In this case, it is possible for receiver-based ghost-free data to be generated as a measure of
the quality of the sampling run. [0060]The disclosed exemplary embodiments provide a server node,

and a metAd RGeFE R QI B RN SO PR BYRL B2 80P GRRITRIP IR R Nfth seismic data. It

should be understood that this description is not intended to limit the invention. On the contrary, the
exempla§PEMBEURALKESISESRRnded to cover alternatives, modifications and equivalents, which are
included in the spirit and scope of the invention. Further, in the detailed description of the exemplary
embodim@3humero §%"p%‘&ﬁﬁ95%§§i  Grodis W%’f@ﬁpﬁﬁ}gﬁj& %}wé,%%éﬁg?\,l‘[?ce

understanding of the inyention. However, one Ski}cl(ﬁﬁj'in the art would understand that various

embodim&fRsSREF he b STV ERIRH &R Y HeIEAS e 666 1 URAB RN R Aebiiresand
elements _of the pr t exemplary empodiments are described in the emhodiments in pagticular
o E e i s e B TRt B AR SN Btk S S omants of
the embodiments or.in ari\i)[l’gq;&mbinations with or ¥vithout other features and elements disclosed

herein. THERFeALALBH fssp%\’/iamﬂﬂﬂgfi &?&%ﬂ@ﬁﬂaﬁ e HifiEHENted in a |
o oxeoUPBY A BRSPS B S Lom BT G0 OB D AP O AR AL stion uses
examplessgtfeﬁﬂ%fgtfg .eaqtprgg{é%rr]ﬁjrigcé?/%?gng()((; PS) transceiver device 238, to which is

electrically connected at least one antenna 240 (according to an exemplary

embodiment, there would be at [east one GPS receive-only antenna, and at least

one separate satellite bi-directional communications antenna). System 200 can

access internet 242, either through a hard wired connection, via /O interface 222

directly, or wirelessly via antenna 240, and transceiver 238.

[0054] Server 201 can be coupled to other computing devices, such as those

that operate or control the equipment of ship 2, via one or more networks. Server

201 may be part of a larger network configuration as in a global area network (GAN)

(e.g., internet 242), which ultimately allows connection to various landlines.

[0055] According to a further exemplary embodiment, system 200, being

designed for use in seismic exploration, will interface with one or more sources 4a,b

and one or more receivers 14. These, as previously described, are attached to

streamers 6a,b, to which are also attached birds 13a,b that are useful to maintain

positioning. As further previously discussed, sources 4 and receivers 14 can

communicate with server 201 either through an electrical cable that is part of
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enable any person skilled in the art to practice the same, including making and using any devices or
systems and performing any incorporated methods. The patentable scope of the subject matter is
defined by the claims, and may include other examples that occur to those skilled in the art. Such
other examples are intended to be within the scope of the claims. WHAT IS CLAIMED IS: 1. A
method, stored in a memory and executing on a processor, for generating a receiver-based ghost filter
from recotHEamatL. KAidimaMiieEsnsHeIRg! Ber&amcs Rinvraata e dRieadata;
transforming said recorded data and said mirror data from a time-space domain to a frequency-space
domain; trangeRivey &3hieestrrierersrberHESiRgIMHY RS RRMlA8h transformed
recorded data and transformed mirror data; generating an initial ghost filter by jointly inverting said

transform8898torded ASEPEHAS AR ARSI SHSRARY S oRpLiInRts, USRIeRaRA «ia ghost filter by

iterating th
differencé’

said transformed recorded data and minimizing a ghgst delay time based on a

2R NGROS AERASCORRIER SR LPRMBIL HErktiSR Y2 B s RreY b ciated with

a current iteration. 2. The method of claim 1, wherein said generating mirror data is based on a

one-dimefifbifaPrayidradifyieartiqittons, switches, touch screen and/or joy stick). Display

device 226 can be used to show: streamer 6 position; visual representations of

acquired data; source 4 and receiver 14 status information; survey information; and

other information important to the seismic data acquisition process. Source and

receiver interface unit 202 can receive the hydrophone seismic data from receiver 14

though streamer communication conduit 248 (discussed above) that can be part of

streamer 6, as well as streamer 6 position information from birds 13; the link is bi-

directional so that commands can also be sent to birds 13 to maintain proper

streamer positioning. Source and receiver interface unit 202 can also communicate

bi-directionally with sources 4 through the streamer communication conduit 248 that

can be part of streamer 6. Excitation signals, control signals, output signals and

status information related to source 4 can be exchanged by streamer communication

conduit 248 between system 200 and source 4.

[0057]

Bus 204 allows a data pathway for items such as: the transfer and

storage of data that originate from either the source sensors or streamer receivers;

for processor 208 to access stored data contained in data storage unit memory 232;

for processor 208 to send information for visual display fo display 226; or for the user

to send commands to system operating programs/software 236 that might reside in

either the processor 208 or the source and receiver interface unit 202.
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3. The method of claim 2, wherein said one-dimensional ray tracing technique is associated with a
moveout correction. 4. The method of any one of claims 1 to 3, further comprising generating
ghost-free seismic data based on applying said ghost filter to said recorded data. ghost filter before
application. 6. The method of any one of claims 1 to 5, wherein said phase coefficient matches said
timing differences between said transformed recorded data and said transformed ragror data. 7. The

method d8RPbne of CRYRIEM (98 SRAREIHSRSRIMBLF BRI %&%ﬂ%dﬁﬁé@ A3 have a

similar ghost delay time. 8. The method of claim 7, wherein said similar ghost delay time is less than
an inversB SOOI LR Y RZRAU R CR NIRRT P E0S %8%%"85@5%?%%8&& any one of

claims 1 to 8, wherein said recorded data has a constant depth profile. 10. The method of any one of
claims 1 GRS TRt UGG AORRSE IO ohb Combination fereof ma

be used to perform the various steps and operations described herein. According to
an exemplary embodiment, software 236 for carrying out the above discussed steps
can be stored and distributed on multi-media storage devices such as devices 216,
218, 220, 224, 234, and/or 237 (described above) or other form of media capable of
portably storing information (e.g., universal serial bus (USB) flash drive 426). These
storage media may be inserted into, and read by, devices such as the CD-ROM
drive 414, the disk drive 412, among other types of software storage devices.

[0059] It should be noted in the embodiments described herein that these techniques
can be applied in either an “offline”, e.q., at a l[and-based data processing center or an
“onlineg” manner, i.e., in near real time while onboard the seismic vessel. For exampie,

optimized receiver-based ghost filter generation can occur as the seismic data is
recorded onboard the seismic vessel. In this case, it is possible for receiver-based
ghost-free data to be generated as a measure of the quality of the sampling run.
[0060] The disclosed exemplary embodiments provide a server node, and a
method for generating an optimized receiver-based ghost filter associated with seismic
data. It should be understood that this description is not intended to limit the invention.
On the contrary, the exemplary embodiments are intended to cover alternatives,
modifications and equivalents, which are included in the spirit and scope of the
invention. Further, in the detailed description of the exemplary embodiments,

numerous specific details are set forth in order to provide a comprehensive
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11. The method of any one of claims 1 to 10, wherein said recorded data is two-dimensional data. 12.
The method of any one of claims 1 to 10, wherein said recorded data is three-dimensional data.
redatuming associated with said one-dimensional ray-tracing technique. 14. The method of any one of
claims 1 to 12, wherein said timing differences are based on velocity inaccuracy. 15. The method of
any one of claims 1 to 12, wherein said timing differences are based on receiver depth inaccuracy. 16.

A node forREgIstanAiNgRb SigrbyeatieveHpus@saamrkidathinstia Adawedipiisrgansthidfed seismic

data; one or more processors configured to execute computer instructions and a memory
configured3tots Rbnd isepRpURR YXeracaeiced mitiayissig i sResifie datiigctions further comprise:
[0061] Although the features and elements of the present exemplary

embodiments are described in the embodiments in particular combinations, each
feature or element can be used alone without the other features and elements of the
embodiments or in various combinations with or without other features and elements
disclosed herein. The methods or flow charts provided in the present application
may be implemented in a computer program, software, or firmware tangibly
embodied in a computer-readable storage medium for execution by a general
purpose computer or a processor.

[0062] This written description uses examples of the subject matter disclosed to
enable any person skilled in the art to practice the same, including making and using
any devices or systems and performing any incorporated methods. The patentable
scope of the subject matter is defined by the claims, and may include other examples
that occur to those skilled in the art. Such other examples are intended to be within the

scope of the claims.
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a mirror data component for generating mirror data of said recorded data; an engine component for
transforming said recorded data and said mirror data from a space-time domain to a frequency-time
domain and for adding a phase coefficient to correct for time differences between transformed
recorded data and transformed mirror data; a ghost filter component for generating a ghost filter based
on predicting an initial ghost filter and calculating a final ghost filter based on minimizing a ghost filter
delay tim«Wégs@a- atbd-MMERiPiransformed recorded data; and an output component for applying said

final ghost filter to said , i
1. A method, stored in a memory and executing on a processor, for generating a

receiver-based ghost filter from recorded data, said method comprising:

generating mirror data from said recorded data;

transforming said recorded data and said mirror data from a time-space
domain to a frequency-space domain;

adding a phase coefficient for correcting timing differences between
transformed recorded data and transformed mirror data;

generating an initial ghost filter by jointly inverting said transformed recorded
data and said transformed mirror data; and

generating said ghost filter by iterating through said transformed recorded
data and minimizing a ghost delay time based on a difference between a ghost filter
associated with a previous iteration and a ghost filter associated with a current

iteration.

2. The method of claim 1, wherein said generating mirror data is based on a

one-dimensional ray-tracing technique.

3. The method of claim 2, wherein said one-dimensional ray tracing {echnique is

associated with a moveout correction.

4. The method of any one of claims 1 to 3, further comprising generating ghost-

free seismic data based on applying said ghost filter to said recorded data.
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transformed recorded data and outputting said ghost-free receiver-based seismic data. 17. The node
of claim 16, wherein said ghost filter component further comprises a least squares component for
predicting said initial ghost filter. 18. The node of claim 17, wherein said ghost filter component further
comprises an iteration component for iterating through said transformed recorded data and minimizing
a ghost delay time based on a difference between a ghost filter associated with different iterations. 19.

The nodef claif@gN@iMGR i Saimytietbisr fr Sidh SRBYIpRSY A&l FeR R38R IR ER N SRidious

iteration and said current iteration and said previous iteration are sequential. 20. The node of any one
of claims 9% 18e(/AfiR BRICRHBOL component further comprises a map component for generating
a map of seismic illumination based on said ghost-free receiver-based seismic data.

B. The method of any one of claims 1 to 5, wherein said phase coefficient
matches said timing differences between said transformed recorded data and said

transformed mirror data.

7. The method of any one of claims 1 to 6, wherein associated events of said

time-space domain have a similar ghost delay time.

8. The method of claim 7, wherein said similar ghost delay time is less than an

inverse of four times the maximum frequency of said recorded data.

9. The method of any one of claims 1 to 8, wherein said recorded data has a

constant depth profile.

10.  The method of any one of claims 1 to 8, wherein said recorded data has a

variable depth profile.

11.  The method of any cne of claims 1 to 10, wherein said recorded data is two-

dimensional data.

12. The method of any cne of claims 1 to 10, wherein said recorded data is three-

dimensional data.
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13.  The method of claim 2, wherein said timing differences are based on

redatuming associated with said one-dimensional ray-tracing technique.

14.  The method of any one of claims 1 to 12, wherein said timing differences are

based on velocity inaccuracy.

15.  The method of any one of claims 1 to 12, wherein said timing differences are

based on receiver depth inaccuracy.

16. A node for generating ghost-free receiver-based seismic data, said node
comprising:
recorded seismic data;
one or more processors configured to execute computer instructions and a
memory configured to store said computer instructions wherein said computer
instructions further comprise:
a mirror data component for generating mirror data of said recorded
data;
an engine component for transforming said recorded data and
said mirror data from a space-time domain to a frequency-time domain and for
adding a phase coefficient to correct for time differences between transformed
recorded data and transformed mirror data;
a ghost filter component for generating a ghost filter based on

predicting an initial ghost filter and calculating a final ghost filter based on
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minimizing a ghost filter delay time associated with said transformed
recorded data; and

an output component for applying said final ghost filter to said
transformed recorded data and outputting said ghost-free receiver-based

seismic data.

17.  The node of claim 16, wherein said ghost filter component further comprises a

least squares component for predicting said initial ghost filter.

18.  The node of claim 17, wherein said ghost filter component further comprises
an iteration component for iterating through said transformed recorded data and
minimizing a ghost delay time based on a difference between a ghost filter

associated with different iterations.

19.  The node of claim 18, wherein said different iterations comprise a current
iteration and a previous iteration and said current iteration and said previous iteration

are sequential.

20.  The node of any one of claims 16 to 19, wherein said output component

further comprises a map component for generating a map of seismic illumination

based on said ghost-free receiver-based seismic data.
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