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CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application is related to U.S. Provisional Application
61/537,879, entitled, “Device and Method to Determine Shape of Streamer,”
authored by R. Soubaras, the entire content of which is incorporated herein by

reference.

BACKGROUND

TECHNICAL FIELD

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

determining a profile of a streamer to be used in a marine seismic survey.

DISCUSSION OF THE BACKGROURND

[0003] Marine seismic data acquisition and processing generate a profile
(image) of the geophysical structure (subsurface) under the seafloor. While this
profile does not provide an accurate location for oil and gas deposits, it suggests, to
those trained in the field, the presence or absence of such deposits. Thus, providing
a high-quality image of the subsurface is an ongoing process for the exploration of
nafural resources.

[0004] During a seismic gathering process, as shown in Figure 1, a vessel 10
tows an array of acoustic detectors 12, which are distributed along a body 14. The
body 14 and its corresponding detectors 12 are sometimes referred to, by those

skilled in the art, as a streamer 16. The vessel 10 may tow plural streamers 16 at



[0003]Marine seismic data acquisition and processing generate a profile (image) of the geophysical
structure (subsurface) under the seafloor. While this profile does not provide an accurate location for
oil and gas deposits, it suggests, to those trained in the field, the presence or absence of such
deposits. Thus, providing a high-quality image of the subsurface is an ongoing process for the
exploratina s&mattirabreSherseeaideod payihg acsitonedbtverimgaihodessyasgshban in Figure 1, a
vessel 10 tows an array of acoustic detectors 12, which are distributed along a body 14. The body 14
and its caynespontiinghdatestativd batesmaatimedactei@d fdsbythophiskikiwambrs 4 as a streamer
16. The vessel 10 may tow plural streamers 16 at the same time. The streamers may be positioned
horizontally femiyingeétaconstiat deptiha brelathersoriby beedardadineitll 8egyiest theipural
streamers 16 may form a constant angle (i.e., the streamers may be slanted) with respect to the ocean
surface asegisclosiadérsy GsElatent NdJ £9P21882 NbekdlIBhithe ehtineiceaentofpshéebd herein
by reference. Figure 2 shows such a configuration in which all detectors 12 are distributed along a
slanted &iriaigiMpoealed henmikiny scbanasteant Anglecavitioresesanbeamoifiguedtivre iB0OVIOTDB]WIith
reference to Figure 1, the vessel 10 may also tow a sound source 20 configured to generate an
acousticiemma?@d 2Tdre distribiitadaalerpa plapagast=idgbwbadyd dnthpsingtaengiardeafloor 24,
eventually being reflected by a reflecting structure 26 (reflector R). The reflected acoustic wave 22b
propagatesjlepuvaith asfkreagd batitentetiiog d&ector 12. For simplicity, Figure 1 shows only two paths
22a corresponding to the acoustic wave. However, the acoustic wave emitted by the source 20 may be
substanj@digs] spheritiltwavtgrenyeitpfopagatedhe atsisdctibmastaiiaddrom she¥bemE T®. Parts of
the reflected acoustic wave 22b (primary) are recorded by the various detectors 12 (the recorded
signals 2@ aatkgliretés pewhdeapans acthesticlleetel 2ave i aemsstiievdtecidss 12 and arrive at the
water's surface 18. Since the interface between the water and air is well approximated as a
quasi-perfeptrefiestdoirensik anateenstigtesthetsaaflaonPdravetieadiyisitg veflastpdtiy reflected
wave 22c travels back toward the detector 12 as shown by wave 22d in Figure 1. Wave 22d is
normallyares@ectihtpsisiafgreogtmftebtrdiise The tlisgadpeossiitoveveHbtipiePHg@Eitosts are also
recorded by the detector 12, but with a reverse polarity and a time lag relative to the primary wave
22b. Theipegehearativeagftertittactgbbywatestonid. ohdwasiovakiyaddgure 1 shows only two

paths 22a corresponding to the acoustic wave. However, the acoustic wave emitted
by the source 20 may be substantially a spherical wave, e.g., it propagates in all
directions starting from the source 20. Parts of the reflected acoustic wave 22b
(primary) are recorded by the various detectors 12 (the recorded signals are called
traces) while parts of the reflected wave 22¢ pass the detectors 12 and arrive at the
water's surface 18. Since the interface between the water and air is well
approximated as a quasi-perfect reflector (i.e., the water's surface acts as a mirror
for the acoustic waves), the reflected wave 22¢ travels back toward the detector 12
as shown by wave 22d in Figure 1. Wave 22d is normally referred to as a ghost
wave because it is caused by a spurious refiection. The ghosts are also recorded by
the detector 12, but with a reverse polarity and a time lag relative to the primary

wave 22b. The degenerative effect that ghost waves have on bandwidth and



resolution of seismic measurements is known. In essence, interference between primary and ghost
arrivals causes, among other problems, notches, or gaps, in the frequency content of the data
recorded by the detectors. [0006]The traces may be used to determine the subsurface (i.e., earth
structure below surface 24) and to determine the position and presence of reflectors 26. However, the
ghosts desoliioreci@rissis SrERE RN BRLYS SNAWsulsERERRCaNnIIRTeIaRER OIRWRERsoN, various
methods exist for removing the ghosts, i.e., deghosting, from the results of a seismic_analysis.
[0007]ThErsERAANS SopsigRIridl HRYGSSAMORY GBS RrebIfIfrEAtBrofueare1daEfimage of the
subsurface than the configuration illustrated in Figure 1. One reason for this difference is that:for each
reflectoffeaeeings gapteatnbliedataiopost estiythrseieriYSost reflections becomes greater the
further the detector 12 is from the source 20, due to the detectors' slanted disposition, thus facilitating
deghosfi®B0RI008]HoWs Braae MaKtbs SERA M ARSI PR SHESUWERC - Foll 6RIRY limitation, which
makes it impractical. Current streamers have a typical length of about 6 to 10 km. Usjng a slanted
streamestatciigRalpY sy lase B4ieandl de58myoe thepasilivn arpessenra Aeieti®2) relative
to the horizontal line 30, would lead to a depth of about 280 m for the last detector, while in reality
current Afriftowerssidheghasisigistritbp aetewAldhadiias Tpes Ad0e s RSUTRGE: for current
streamers, the approach proposed in the '992 patent would require detectors to be |ocated in water
depths i6ogbied &idaast thinreapaBilREOHeSNBING S GNeLISI TRV 8 AREIINF BitBossible to deploy

detectors at those depths. o _
deghosting, from the results of a seismic analysis.

[0007] The streamer configuration illustrated in Figure 2 is considered to
provide a clearer image of the subsurface than the configuration iliustrated in Figure
1. One reason for this difference is that for each refiector, the time gap between
detection of the primary and ghost reflections becomes greater the further the
detector 12 is from the source 20, due to the detectors’ slanted disposition, thus
facilitating deghosting.

[0008] However, the slanted streamer shown in Figure 2 has the following
limitation, which makes it impractical. Current streamers have a typical length of
about 6 to 10 km. Using a slanted streamer as suggested in U.S. Patent No.
4,992,992 e.g., with a slope of 2 percent (i.e., 0.02) relative to the horizontal line 30,
would lead to a depth of about 280 m for the last detector, while in reality current
marine detectors are designed to operate in water depths up to about 50 m. Thus,
for current streamers, the approach proposed in the ‘992 patent would require
detectors to be located in water depths beyond their current capabilities, resulting in

detectors’ failure or making it impossibie to deploy detectors at those depths.



[0009]The effect of ghosts on the frequency spectrum is known in the art and has been discussed, for
example, in provisional Patent Application No. 61/392,982, entitled, "Method and Device to Acquire
Seismic Data," authored by R. Soubaras, the same inventor as this patent application. [0010]Thus, it is
desirable to perform data acquisition using a broad bandwidth of frequencies to reduce ghosts. The
broad bpyobeipith is uitherstffect tsf inichsde dovtieefregneiesy(sppcOum 32 krvemihtiyhdréqoencies (e.g.,
68 to 132 Hz). Broad bandwidth is desirable because it produces sharper wavelets for better resolution
of impokiastfestutiscsissbd Sdhiaxaedsiani stratigiaphi CEters. Applidatipre e § pidlidedetter
penetration for deep targets, as well as better stability for inversion. [0011]At least two octaves of
signal agetiegdirad et mmi Oisvaging, Acguime Bessmbdfiata Aa efferedfiydre dsim@ aadow-frequency
content of collected seismic data is to decrease the side lobes of the wavelet, thus making a more
accurat¢higtespietatiemtincrsdsiang therighgiiegtiency content sharpens the central peak of the
wavelet, yet still leaves reverberating side lobes, making precise interpretation difficult. The sharpest
waveletfoengl] therefoTétise ibiasteasaibléoty pexfproddetdngeiddindingithe dancRddth in both the low-
and high-frequency directions. It is possible now to record a full six octaves of signal by using

BroadSeisrelyviinefifrantedgizilionsthsdayetsted ByeGE@ddraad withb sy, imaernséypotie BroadSeis

equipment includes curved streamers and/or other variable-depth streamers as disclosed in Patent
ApplicatioriGtriaviNbe 2720428, M6thn 8 2t Devickigh Kequiee Seistrig Datio ddddtal by R.
Soubaras, the entire content of which is included herein by reference. [0012]As can be seen from the
above ditouzssisamdhddthissadesedlitefrovalesa ihpthdddes pbeureating valessiiy Ssilatic survey in which
the contribution of the ghost may be eliminated or separated from the contribution of the primary to
improvertegtishtybiamsutmirfastiengechas EhvadSscame gioetigseshiotiarbleldapth streamer;
however, the streamer's shape may vary with the purpose of the seismic survey and the structure of
the substetacmntodsepsomicky ettaceemitgtion foodddretdegtisbrstwplicaideetignetabiityd®hethods that
determine the shape of the streamer for a given subsurface. SUMMARY

inversion.

[0011] At least two octaves of signal are required for seismic imaging, and

more are better. An effect of increasing the low-frequency content of collected

seismic data is to decrease the side lobes of the wavelet, thus making a more

accurate interpretation. Increasing the high-frequency content sharpens the central

peak of the wavelet, yet still leaves reverberating side lobes, making precise

interpretation difficult. The sharpest wavelets, and therefore the best resolution, are

produced by extending the bandwidth in both the low- and high-frequency directions.

It is possible now to record a full six octaves of signal by using BroadSeis equipment

and algorithms (as developed by CGGVeritas, Massy, France). The BroadSeis

equipment includes curved sireamers and/or other variable-depth streamers as

disclosed in Patent Application Serial No. 13/272,428, “Method and Device to

Acquire Seismic Data,” authored by R. Soubaras, the entire content of which is

included herein by reference.



[0013]According to an exemplary embodiment, there is a method for determining a shape of a
streamer to be towed underwater for collecting seismic data regarding a subsurface. The method
includes a step of receiving a velocity model for the subsurface; a step of selecting a first profile for the
streamer to be used to survey the subsurface; a step of selecting plural reflectors of the subsurface; a
step of ¢afrtdgting ghastsamtieseesidumhgthestband/discesisioal, ghest Epacteefdiaimepligalty of the
reflectors; and a step of determining that the first profile is appropriate for surveying the subsurface
when atiegBbdrferciitefitomingl atecdnb e glbosits sandipiinhehiebi dualogindsts. iod/of the gbsigfual ghost
spectra, is met. [0014]According to another exemplary embodiment, there is a computing device
programmedifereieteraining acimpéeaf facstréaenentiribatiowed thederimater foiroplleedribeseismic data
regarding a subsurface. The computing device includes an interface configured to receive a velocity
model fojutiesobaustasarfaa anpegeesthe ddmmtdebstodibddtoses e Traptecdsridr is configured to,
select a first profile for the streamer to be used to survey the subsurface, select plural reflectors of the
subsurfatearatey Iatevghestsrenstieraresids ahgipeste andaoy withdtie ghosespeftibefsetpiglurality of
the reflectors, and determine that the first profile is appropriate for surveying the subsurface when at
least oneweritariand rtlateuichtine ghibet sLdrslidatieciodsidsiaivglyests Andtor ihglyeliviealldest spectra,
is met. [0015]According to still another exemplary embodiment, there is an article comprising at least
one comijasfieasEnitapte st aysterediandcoethiniwthatdeteoninth thavwlapexetiite $taaswy a
computer to receive a velocity model for the subsurface; select a first profile for the streamer to be
used to furgeyitba subsurface; select plural reflectors of the subsurface; calculate ghosts and/or
residual ghosts and/or residual ghost spectra for the plurality of the reflectors; and determine that the
first profile is appropriate for surveying the subsurface when at least one criterion, related to the
ghosts, and/or the residual ghosts and/or the residual ghost spectra, is met. BRIEF DESCRIPTION OF
THE DRAWINGS SUMMARY

[0013] According to an exemplary embodiment, there is a method for
determining a shape of a streamer to be towed underwater for collecting seismic
data regarding a subsurface. The method includes a step of receiving a velocity
model for the subsurface; a step of selecting a first profile for the streamer to be
used to survey the subsurface; a step of selecting plural reflectors of the subsurface;
a step of calculating ghosts and/or residual ghosts and/or residual ghost spectra for
the plurality of the reflectors; and a step of determining that the first profile is
appropriate for surveying the subsurface when at least one criterion, related to the
ghosts, and/or the residual ghosts and/or the residual ghost spectra, is met.

[0014] According to another exemplary embodiment, there is a computing
device programmed for determining a shape of a streamer to be towed underwater
for collecting seismic data regarding a subsurface. The computing device includes
an interface configured to receive a velocity model for the subsurface; and a

processor connected to the interface. The processor is configured to, select a first



[0016]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: [0017]Figure 1 is a schematic diagram of a conventional seismic data acquisition system
having a horizontal streamer; [0018]Figure 2 is a schematic diagram of a conventional seismic data

acquisitigifistePtiavingarenmask iamesuidel ko stitagreple shewiapraffeetsendy

spectrum including notches recorded by a traditional streamer;
the subsurface, calculate ghosts and/or residual ghosts and/or residual ghost spectra
for the plurality of the reflectors, and determine that the first profile is appropriate for
surveying the subsurface when at least one criterion, related to the ghosts, and/or
the residual ghosts and/or the residual ghost spectra, is met.
[06615] According to still another exemplary embodiment, there is an article
comprising at least one computer-readable storage medium containing instructions
that when executed causes a computer to receive a velocity model for the
subsurface; select a first profile for the streamer to be used to survey the subsurface;
select plural reflectors of the subsurface; calculate ghosts and/or residual ghosts
and/or residual ghost spectra for the plurality of the reflectors; and determine that the
first profile is appropriate for surveying the subsurface when at least one criterion,

related to the ghosts, and/or the residual ghosts and/or the residual ghost spectra, is

met.

BRIEF DESCRIPTION OF THE DRAWINGS

[6016] 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:

[0017] Figure 1 is a schematic diagram of a conventional seismic data
acquisition system having a horizontal streamer;

[0018] Figure 2 is a schematic diagram of a conventional seismic data

acquisition system having a slanted streamer;



[0020]Figure 4 is a schematic diagram of a streamer having a curved profile; [0021]Figure 5 is a
schematic diagram of a seismic data acquisition system having a curved streamer according to an
exemplary embodiment; [0022]Figure 6 is a schematic diagram of a seismic data acquisition system
having a curved streamer according to another exemplary embodiment; [0023]Figure 7 is a graph of

residuafgtns] accordiguie aniexempiirgemlbiogianfreried24] siguteudnisraigdiph ob&hesidual ghost
spectrum according to an exemplary embodiment;

recorded by a traditional streamer;

[0020] Figure 4 is a schematic diagram of a streamer having a curved profile;

[0021} Figure 5 is a schematic diagram of a seismic data acquisition system

having a curved streamer according to an exemplary embodiment;

[0022] Figure 6 is a schematic diagram of a seismic data acquisition system

having a curved streamer according to another exemplary embodiment;

[0023} Figure 7 is a graph of residual ghost according fo an exemplary
embodiment;
[0024] Figure 8 is a graph of a residual ghost spectrum according to an

exemplary embodiment;
[0025] Figure 9 is a flowchart of a method for determining a shape of a

streamer according to an exemplary embodiment;

[0026] Figure 10 is a graph of a velocity model according to an exemplary
embodiment;
[0027] Figure 11 illustrates plural reflectors selected at various depths

according to an exemplary embodiment;

[0028] Figure 12 illustrates shot data according to an exemplary embodiment;
[0029] Figure 13 illustrates migrated gathers according to an exemplary
embodiment;

[0030] Figure 14 illustrates mirror migrated gathers according to an exemplary
embodiment;

[0031] Figure 15 illustrates a migrated first reflector according to an exemplary
embodiment;



[0025]Figure 9 is a flowchart of a method for determining a shape of a streamer according to an
exempl_ary embodiment; [0026]Figure 10 is a graph of a velocity model according to an exemplary
embodiment; [0027]Figure 11 illustrates plural reflectors selected at various depths according to an
exemplgry embo_diment; [0028]Figure 12 illustrates shot data according to an exemplary embodiment;
[0029]FjpuB2] 3 illustrdesanigrileshgatzerndnconlingdtzdrfisterimatyreabodimgo an

exemplary embodiment;

[0033] Figure 17 illustrates a migrated fourth reflector according to an

exemplary embodiment;

[0034] Figure 18 illustrates a mirror migrated fourth reflector according to an

exemplary embodiment;

[0035] Figure 19 illustrates a migrated fifth reflector according to an exemplary
embodiment;
[0036] Figure 20 illustrates a mirror migrated fifth reflector according to an

exemplary embodiment;

[0037] Figure 21 illustrates a migrated residual ghost for a first reflector
according to an exemplary embodiment;

[00638] Figure 22 illustrates a mirror migrated residual ghost for a first reflector
according to an exempiary embodiment;

[0039] Figure 23 illustrates a migrated residual ghost spectrum for a first
reflector according to an exemplary embodiment;

[6040] Figure 24 illustrates a mirror migrated residual ghost spectrum for a
first reflector according to an exemplary embodiment;

§0041] Figure 25 illustrates a migrated residual ghost for a fourth reflector
according to an exemplary embodiment;

[0042] Figure 26 illustrates a mirror migrated residual ghost for a fourth
reflector according to an exemplary embodiment;

10043] Figure 27 illustrates a migrated residual ghost spectrum for a fourth

reflector according to an exemplary embodiment;



[OOSO]F?gure 14 illustrates mirror migrated gathers according to an exemplary embodiment;
[0031]F!gure 15 illustrates a migrated first reflector according to an exemplary embodiment;
[0032]F!gure 16 illustrates a mirror migrated first reflector according to an exemplary embodiment;
[0033]Figure 17 illustrates a migrated fourth reflector according to an exemplary embodiment;
[0044] Figure 28 illustrates a mirror migrated residual ghost spectrum for a
fourth reflector according to an exemplary embodiment;
[0045] Figure 29 illustrates a migrated residual ghost for a fifth refiector
according to an exemplary embodiment;
[0046] Figure 30 iliustrates a mirror migrated residual ghost for a fifth reflector
according to an exemplary embodiment;
10047} Figure 31 illustrates a migrated residual ghost spectrum for a fifth
reflector according to an exemplary embodiment;
[0048) Figure 32 illustrates a mirror migrated residual ghost spectrum for a
fifth reflector according to an exemplary embodiment;

[0049] Figure 33 is a schematic diagram of a computing device for calculating

a shape of a marine streamer.

DETAILED DESCRIPTION

[0050] 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. The
following embodiments are discussed, for simplicity, with regard to the terminotogy and
structure of a streamer having a variable-depth profile, at least for a first part. However,
the embodiments to be discussed next are not limited to these structures, but may be
applied to other structures that have detectors provided at variable-depths.

[0051] Reference throughout the specification fo “one embodiment” or “an

embodiment” means that a particular feature, structure or characteristic described in



[0034]Figure 18 illustrates a mirror migrated fourth reflector according to an exemplary embodiment;
[0035]Figure 19 illustrates a migrated fifth reflector according to an exemplary embodiment;
[0036]Figure 20 illustrates a mirror migrated fifth reflector according to an exemplary embodiment;
[0037]Figure 21 illustrates a migrated residual ghost for a first reflector according to an exemplary
embodimericlRP8IFig ure ARLbdsair SRImaivesdrigrtied sesitkahghmsitfentofitsiersflbjtor

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.

[0052] In conventional acquisition, it is necessary fo tow the streamer close to

the sea surface so that the first ghost notch occurs beyond the frequency range

required for imaging. However, this choice also results in attenuation of lower

frequencies as shown in Figure 3. Figure 3 shows notches N in the amplitude

spectrum caused by ghosts at different stream depths (e.g., amplitude spectrum A is

obtained for a streamer having a depth of 7.5m, amplitude spectrum B is obtained for a

streamer having a depth of 15 m, and amplitude spectrum C is obtained for a streamer

having a depth of 18 m). Further, towing the streamer close to the sea surface

increases the noise recorded at the iow-frequency end. Thus, in the past, the ghost

notches dictated the depths at which sources and streamers were towed.

[00653] As the streamer is moved deeper, a better low-frequency response is

obtained, with a lower noise level, but the ghost notches affect the seismic passband.

For low frequencies, and especially for deep penetration in challenging geological

environments, such as basalt or very deep layers, it is beneficial to tow the streamer

deep. However, unless the notches are removed, the higher frequencies will suffer,

which is undesirable. In cases where only low frequencies are of interest, for example

up to 25 Hz, and it is acceptable to sacrifice the high frequencies (e.g., all the

frequencies above 25 Hz), a tow depth of 25 m could be used.
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according to an exemplary embodiment; [0039]Figure 23 illustrates a migrated residual ghost
spectrum for a first reflector according to an exemplary embodiment; [0040]Figure 24 illustrates a
mirror migrated residual ghost spectrum for a first reflector according to an exemplary embodiment;
[0041]Figure 25 illustrates a migrated residual ghost for a fourth reflector according to an exemplary
embodireysa]0042] Fipniespébilis bftewmg i esparigisadideidenirghoshises Hasiidtreflector

according to an exemplary embodiment;
compromises in the bandwidth recorded for most surveys. Different acquisition
techniques have been proposed to overcome this problem, including deep-towed dual
sensor streamers, with the up-going waves recorded by the geophone being used to fill
in the notch in the hydrophone data, or towing pairs of streamers at different depths to
yield a fuller frequency range by combination and deghosting.
[0055] The broadband marine solution developed by the inventor of this patent
application is capable of acquiring both low and high frequencies with the same set of
streamers by providing a variable-depth towing configuration (in a plane perpendicular
or substantially perpendicular to the water’s surface) that delivers an elegant solution
with an improved bandwidth and, thus, a sharper image of the subsurface. With this
novel configuration, the receiver ghost notch varies along the cable and this “notch
diversity” is exploited by deghosting and imaging techniques for generating a high-
quality final image. The produced wavelet yields both a high signal-to-noise ratio and
maximum bandwidth, which provide the clearest images of the subsurface for a target
depth.
[0056] According to an exemplary embodiment, the variability of the streamer
depth and the shape of the streamer and, hence, the diversity of the streamer ghost
notch, may be tuned for different targets so that notch diversity and output spectra are
optimized for each survey. The streamer shape is designed according to, for exampie,
the water depth, target depth, subsurface composition, velocity profile of the survey

area, etc. Thus, discussed in more detail is an algorithm for determining the profile of

the streamer for a given survey area.
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[0043]Figure 27 illustrates a migrated residual ghost spectrum for a fourth reflector according to an
exemplary embodiment; [0044]Figure 28 illustrates a mirror migrated residual ghost spectrum for a
fourth reflector according to an exemplary embodiment; [0045]Figure 29 illustrates a migrated residual
ghost for a fifth reflector according to an exemplary embodiment; [0046]Figure 30 illustrates a mirror
migrategosigual ghostterdirtitborafestenatanrdingtadananiethplenjsemilodifiternt detectors

distributed (attached or built info the streamer) along a streamer and configured to
have variable depths, e.g., on a curved profile, relative to a horizontal line (e.g., the
water's surface). The variable-depth profile is determined, as discussed later, based
on an analysis of a residual ghost and/or other factors. In another exemplary
embodiment, the streamer’s profile is parameterized (characterized based on one or
more equations having a set of variables) as will be discussed later in more detail.
According to still another exemplary embodiment, based on a given velocity model,
the residual ghost is minimized in order to determine the streamer’s profile.

[0058] Before discussing the methodology for determining the stre'amer’s
profile, an example of a streamer having a curved profile is provided. As will be seen
from the following exemplary embodiment, the curved profile may be parameterized
based on three variables. However, this is not necessary for determining the profile
of the streamer. Also, the novel method to be discussed later is applicable not only
to a curved profile, but, in general, o a variable-depth profile.

[0059] More specifically, accarding to an exemplary embodiment, a streamer
having some detectors on a curved profile is illustrated in Figure 4. Figure 4 shows a
system 50 having at least one streamer 52. The streamer 52 includes a body (e.g.,
cable) with at least one detector 54. For simplicity, both the streamer and the body
are identified by the same reference number 52. However, as discussed with regard
to Figure 1, the streamer may include both the body and detectors. in one
application, the streamer includes plural detectors 54. The streamer 52 may be

connected to a vessel 56 for being towed under the water’s surface 58. Towing the
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[0047]Figure 31 illustrates a migrated residual ghost spectrum for a fifth reflector according to an
exemplary embodiment; [0048]Figure 32 illustrates a mirror migrated residual ghost spectrum for a fifth
reflector according to an exemplary embodiment; [0049]Figure 33 is a schematic diagram of a
computing device for calculating a shape of a marine streamer. DETAILED DESCRIPTION [0050]The

followingteiasaeption pidbaexenms @icesnh adimeniing tars 40 thettapcealplenyingadiewstgse The same

refere_nc_e numbers in different drawings identify the same or similar elements. The following detailed
degcnpl‘,q@]l;bm% ReidiRit the invention. Instead, the scope of the invention is defined by the appended
claims. The following embodiments are discussed, for simplicity, with regard to the terminology and

structurgggbastreamen bawrganvprablentispiimati ehatisast dortrfitsidpactidacetves, the

embodiments to be discussed next are not limited to these structures, but may be applied to other

structurgsibabhase detesiorsnproMisiee alrvariahtaidgnibplication, the distance between
consecutive detectors 54 varies. For example, the distance between consecufive
detectors at the beginning and end of the body may be smaller than the distance
between consecutive detectors in the middie of the streamer. A distance between
two consecutive detectors may be in the range of meters or tens of meters. A length
of the streamer may be in kilometres, e.g., 10 km.
[0061] To achieve the curved profile shown in Figure 4, plural birds 60 (or
equivalents, such as deflectors, etc.) may be provided along the streamer. A bird
may be simply a weight that sinks a corresponding part of the streamer to a desired
depth, assuming the body floats in normal conditions. Alternatively, the bird may be
a more or less sophisticated device configured to maintain a desired depth
underwater as well as separation between streamers in applications using muitiple
streamers. For example, the bird may have wings or other devices for manoeuvring
up, down, left, right, etc. The bird, similar to the detectors, may be electrically
connecied to the \}essel for control and/or data collection. in another embodiment,
the birds are self-powered with individual batteries.
[0062] A detector is a generic name for any device capable of measuring a
pressure wave or another quantity (e.g., particle velocity or displacement of the
medium) indicating the presence of an acoustic wave. Examples of such detectors
are a geophone, a hydrophone or an accelerometer, and they are known in the art,

s0 a detailed description of these devices is not provided herein.
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[0051]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

necessagbgrgfering tnihesaae arabedimestsfushesr Sremartioales dersuses psufieisires or
characteristics may be combined in any suitable manner in one or more embodiments. [0052]In

conventiggal ey isiienwvitishneeessany iodandhie-steasetisionater ke epapdadiatatitat the first
ghost notch occurs beyond the frequency range required for imaging. However, this choice also results

in attenygtioneltewarlieauencos axshpihieputndefgle3rrbwSuieh &s Nérctheeainplitude
spectrum caused by ghosts at different stream depths (e.g., amplitude spectrum A is obtained for a

streamesBANG thaetBahErsn, EplisdefnesitythReis phianeditogsastites@rhaving a depth of

15 m, and amplitude spectrum C is obtained for a streamer having a depth of 18 m). Further, towing

the streggispiiagedp heaseersurfer inaeaseaihennisanesotded abtitealantdraquerthy end. Thus, in
the past, the ghost notches dictated the depths at which sources and streamers were towed. [0053]As

the streaeeis prenied feepasr dbeitetiavcliegdencyiesponte ioobiaredinih tolatvesysoise level,
but the ghost notches affect the seismic passband. For low frequencies, and especially for deep

penetratiopiinehabenging BeRfeoisatensireamentyysileitias basaticor eepysidble jdlyers, it is beneficial
to tow the streamer deep. However, unless the notches are removed, the higher frequencies will

suffer, whighjsarmdasisabiedntcaseswthaeshivilyaletmzestenities pisecop imtertbptioreekample up to 25
Hz, and it is acceptable to sacrifice the high frequencies (e.g., all the frequencies above 25 Hz), a tow
depth of;25fi cquidshenesefleamer may have (i) a curved profile for its entire length, or (i) a

portion curved and a portion flat, with the two portions attached to each other and

forming the streamer.

[0064] As illustrated in Figure 5, the first parameter zq indicates the depth of a

first detector 54a of the streamer relative o the water's surface 58. This parameter

may have a value in the range of meters to tens of meters. For example, zo may be

around 6 m. However, as would be recognized by those skilled in the art, the value

of z; depends on each application and may relate to the depth of the bottom of the

ocean, the depth of the reflectors, the power of the sound source, the length of the

streamer, the velocity model, etc.

[06065] The second parameter sp is related to the slope of the initial part of the

streamer 52 relative to a horizontal line 64. The slope s is illustrated in Figure 5 and

is determined by (i) a tangent T to an initial part of the streamer and (ii) the horizontal

line 64. Note that the slope of the curved profile at point 54a is given by a ratio of the

change of the curved profile along the Z axis with respect to the change along the X

axis. The slope is thus equal to the mathematical value of the tangent of the angle
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[0054]This problem of towing deeper but with fewer frequencies has led to compromises in the
bandwidth recorded for most surveys. Different acquisition techniques have been proposed to
overcome this problem, including deep-towed dual sensor streamers, with the up-going waves
recorded by the geophone being used to fill in the notch in the hydrophone data, or towing pairs of

streamess A fifiRERRY doBiassIapiel] a &lllsioseque peinianys inyFigunbioptonrmishdghosting.

[0055]The broadband marine solution developed by the inventor of this patent application is capable of

acquiring hgtbrlaysane sk kaemensigs yithgheivameises oksirees)ersriianyyjding a variable-depth

towing configuration (in a plane perpendicular or substantially perpendicular to the water's surface)

that deliyggs el aivtion Withrandmpeoseskbaashuidtih aadisthsiana saipetdgregs. of the
subsurface. With this novel configuration, the receiver ghost notch varies along the cable and this

"notch divelsitbrisRaplaigR HReSMastncaned magisgrisghriqussiitteoheradisgbiy high-quality final

image. The produced wavelet yields both a high signal-to-noise ratio and maximum bandwidth, which

provide ¢he GrASSHBR0asO) hessibsiy faep dat aiatdet depitedp0bapAteqsdingrt dn exemplary

embodiment, the variability of the streamer depth and the shape of the streamer and, hence, the

diversityzabiRersiiaaaamahesiHeoiibp aae hvnegkior difleserThiargrtsrgadiutavaich Sigersity and
output spectra are optimized for each survey. The streamer shape is designed according to, for

example; e wateiisRIBptREgalclentty substafaiethcompasiinon, Nelodintitadilerofithefshevey area,
etc. Thus, discussed in more detail is an algorithm for determining the profile of the streamer for a

given suiyey mkeas 2 [R0BigKecsiding teirivexensplaey betedineniolhers & pephenality af detectors
distributed (attached or built into the streamer) along a streamer and configured to have variable

depths, @@+ifhaserauashBrafile(relativehiingdpridepial ding (e @hdheadadecngurtire).altweg
variable-depth profile is determined, as discussed later, based on an analysis of a residual ghost
and/or gfhendasigrs. In another exemplary embodiment, the streamer's profile is parameterized
(characterized based on one or more equations having a set of variables) as will be discussed later in

more degledpcordingie gtilcapataaiasempiadicatmbedineatiiabhgth ddistenoeitoitg thedel, the

residual ghost is minimized in order to determine the streamer's profile.
X axis in Figure 5) measured from the first detector 54a of the streamer’s curved
portion to the end of the curved portion. This parameter may range hundreds to
thousands of meters. For example, h. is around 3000 m for the configuration shown
in Figure 5, defining the end of the curved part of the streamer 52. In other words,
the streamer 52 may have a curved first portion 52a and a second portion 52b that is
flat, differently curved or slanted. Parameter h; defines the first portion 52a. Note
that in one application the streamer 52 has both the first portion 52a and second
portion 52b, while in another application the streamer 52 has only the first portion
52a. Such an embodiment is iliustrated in Figure 6 in which the detectors 54 lie only
on the first portion 52a, with detector 54b being the last one on the streamer 52.
Note that a projection along line 64 of the length of the streamer 52 in Figure 6 may

be less than h.. In other words, in some embodiments, the streamer does not

extend along the entire curved profile, i.e., the length of the streamer projected on X
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[0058]Before discussing the methodology for determining the streamer's profile, an example of a
streamer having a curved profile is provided. As will be seen from the following exemplary
embodiment, the curved profile may be parameterized based on three variables. However, this is not
necessary for determining the profile of the streamer. Also, the novel method to be discussed later is

applicable; 09t RN [RmaIvadralies Rt gaerabdde waulabiedleprmeciibedResiere

specifically, according to an exemplary embodiment, a streamer having some detectors on a curved

profile i dliystrated dn Figua doRigwe £ishawgepaypiem&0 having at least one streamer 52. The
’ (

streamer 52 includes a body (e.g:, cable) with at least one detector 54. For simplicity, both the

streameyogafhe body ats ARG TieshBIHBe SRR ISIPEHE AHEREIHE. drmeNsIoms dissiessed with

regard to Figure 1, the streamér may include both the body and detectors. In one application, the

streamegjndlyrlassplural ARleRQrs iBad TAFERRAMREN 20PN R RGMIRS esLisiBressel 56 for being

towed under the water's surface 58. Towing the streamer 52 underwater is different from laying
ocean-bottom cables for at least th Lfgrl wing reason. [0060]In one exemplary embodiment, the
distance begwqygwagw}ﬁ; d@.@} 3}4 Jsrgpngtanindiowever, in another application, the distance
between consecutive detectdrs 54 vaties. For example, the distance between consecutive detectors at
the beginning and end of the body may be smaller than the distance between consecutive detectors in

the middle g5 e piteame, A disiance heUpeiiig GRIRGSHHYA. Jelecispanay be in the range of

meters or tens of metérs. A length of the stréamer may be in kilometres, e.g., 10 km. [0061]To achieve
the cuerOdog%(iflle shom%résl,:é ”éﬁa‘%ia‘%!%f ?7.' glrnq%aGsou 84 along the Z axis and h is measured

along the X axis, where Z is perpendicular to the surface of the water and X extends
along the water's surface. Also, note that in some applications, only equation (1)
may be used to define the streamer’s profile, depending on its length. In other
words, in some embodiments, the streamer does not have to have a flat portion or
other portions at the end of the curved portion. For seismic data acquired with
streamers disposed along a profile given by these specific equations, it was found
that the clarity of the processed images of the subsurface improved substantially, as
discussed for example, in U.S. Provisional Application 61/392,982. Further, note
that the first equation (1) provides the curved profile, while the second equation (2)
provides a straight line (constant depth).

[0069] Those skilled in the art would understand that the values provided by
equations (1) and (2) are approximate because the detectors are under constant
motion exerted by various water currents and the vessel’'s movement. In other
words, it is understood that detectors distributed substantially on the curved profile

described by equation (1) and/or (2), e.g., at positions as close as 10 to 20 percent
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equivalents, such as deflectors, etc.) may be provided along the streamer. A bird may be simply a
weight that sinks a corresponding part of the streamer to a desired depth, assuming the body floats in
normal conditions. Alternatively, the bird may be a more or less sophisticated device configured to
maintain a desired depth underwater as well as separation between streamers in applications using

multiple sytiRarRess chRIEHABINIG Shenkirskiiay dayh WiRYSes eiasideweas s owreed\ing up, down,
left, right, etc. The bird, similar to the detectors, may be electrically connected to the vessel for control

and/or daia £allaglar-dpsyeother embodiment, the birds are self-powered with individual batteries.
[0062]A detector is a generic name for any device capable of measuring a pressure wave or another

qUamiW[(moilparticleiM%ﬁ%é?@@ﬁ@%@m@mmahﬁéﬁ@@um)ﬁaﬁig@ﬂ@@éﬂge (EeRRREeef &y acoustic

wave. Examples of such detectors are a geophone, a hydrophone or an accelerometer, and they are
known i theraHe0 Rypeiales dasrsiniioaf daesedleviaes s aoibreddethhpreinin [H963]The curved

shape of the streamer 52 may have different profiles, as discussed next, which extend in a plane that

enters the ¥alRE Sm BSIRABHICYRY feote Walebe SUFA6E U ane xeidialliferehodiment illustrated in
Figure 5, the curved profile of the streamer 52 may be defined by three parametric quantities (or

variableﬁ}oﬁ%ss,cb@gggapgg(géhgmmg &iRtiee steeamer does not have to have the curved profile. In
other words, the curved profile should not be construed to always apply to the entire length of the

streameypyhije this situatiemis RessfRriherexedMant enboieaTsdadiadtonit a streamer with
only a partially curved profile. Thus, the streamer may have (i) a curved profile for its entire length, or

(ii) a porgiva-pHBIEshas@ alpedipat e wild Ibeativapedinns attashed deeankotherduiréorming the
streamer. [0064]As illustrated in Figure 5, the first parameter zo indicates the depth of a first detector

54a of the siseppefikelatye taihsonatryssibdacahbie] bis p@crestenpiay intve cumadde in the range of
meters to tens of meters. For example, zo may be around 6 m. However, as would be recognized by

those skilledin thpraficthea/aligeoiriprdanrngs uneagreanaljdead enandirsaykrelakhtesthe depth of the
bottom of the ocean, the depth of the reflectors, the power of the sound source, the length of the

Strea”;?&tﬁ&ﬂ@%ﬁﬁ@d%m&ﬂ?%ﬂawmﬁe{)@m&&i% aenip melatedeiontity sdopesaf the initial
Parte toi the desired curved profile but substantially thereon, e.g., in the range of 10 o 20
percent of the actual depth z(h}.
[0072] According to an exemplary embodiment, the depth of the birds and/or
the detectors may be between 5 and 50 m. However, those skilled in the art would
understand that, as detector technology improves, these ranges may increase to
over 250 m. Thus, the numbers presented herein are for exemplary purposes and
not intended to limit the applicability of the exemplary embodiments.
[0073] Having discussed the variable-depth profile of the streamer, now a
process for determining this profile is discussed. Note that the streamer’s profile
may vary from survey to survey, depending on the regional velocity profile of a
subsurface to be imaged, the depth of the reflectors of the subsurface, the depth of

the ocean bottom, etc. Further note that by having the detectors at different depths

(i.e., on the variable-depth profile}, notches experienced by one detector may be

17



streamer 52 relative to a horizontal line 64. The slope so is illustrated in Figure 5 and is determined by
(i) atangent T to an initial part of the streamer and (H) the horizontal line 64. Note that the slope of the
curved profile at point 54a is given by a ratio of the change of the curved profile along the Z axis with
respect to the change along the X axis. The slope is thus equal to the mathematical value of the

tangent @b iRGANGIRAAUTERSH QRENEIM B8t 8198R: 34 differdlAP8FhROIMHRAR R idgechicy tan (angle).

Further, note that for small angles (e.g., five or less degrees), tan (angle) is approximately equal to so,

if the angle is gxPrs et dadadagsnarsting! tRdiegserfadbus Jeiumaliangirsadh@siope and the angle

may be used interchangeably. In one embodiment, the value of the slope so may be between 0 and 6

percent 4, aRmkes smpaslinrat Hae-sapehadsiaviesszero value. The example shown in Figure 5 has
an initial slope so equal to substantially 3 percent. Note that the profile of the streamer 52 in Figure 5 is

not dravyggip4cale, b%&%iﬁg’sk@%@%ﬁﬁf@?téﬁw@csatﬁiwledytﬁ@aﬂmwy ¢ueved ghefiige in depth
Xl

of 3 m when advancing 100 m along the X axis). [0066]The third parameter he indicates a horizontal

length (cisiRRseraiRodPechxianiy Bisssribhnaprsired Hirerdhe i cletesiptirdarmd the streamer's

curved portion to the end of the curved portion. This parameter may range hundreds to thousands of

meters. E9EKATI VEAALNE TRATO RIS RIS FSY shanm Figuieal detisi the end o

the curved part of the streamer 52. In other words, the streamer 52 may have a curved first portion 52a

and a seseRM PokIeR P hatisdiphsdisierantv esuuad grelaniashdt afametardigHetinraghe first

portion 52a. Note that in one application the streamer 52 has both the first portion 52a and second

portion Sl while-Khanotbeeaaplisatian the Stsrmesbddias onfy 186,778 pasbighe@ 4o Huch an
embodiment is illustrated in Figure 6 in which the detectors 54 lie only on the first portion 52a, with

detectorsadiyhen atieidashent apitasiieame criirdlaiscibat e ibiesiiprisiaogriioeadddf the length of
the streamer 52 in Figure 6 may be less than tic. In other words, in some embodiments, the streamer

does nokgdangyatensdhgentire curved profile, i.e., the length of the streamer projected on X axis is
less than hc. Also, as already noted above, the curved profile does not have to be curved, it needs

only a vigigig-depth prefilesif0airihecestingdptasetizensxetipttyyenobodimaditdhalisuried profile of
the streamer 52 may be described, approximately, by the following equations:

ghost is removed at an early stage of processing, by deterministic deconvolution on

shot gathers. U.S. Patent Serial no. 13/155,778 (herein '778) describes how, if the

ghost is not removed at the preprocessing stage, after the migration process is

carried out, an image d(x, v, z) of the subsurface is obtained (x, y, and z are the

coordinates of a point in the subsurface), and this image includes a residual ghost.

The image d(x, y, z) may be considered equal to a reflectivity r(x, y, z)

(corresponding to the reflectors in the subsurface) convoluted in z with a residual

ghost transfer function g(z) as expressed by the following equation:

dix. y, z) = g(z) " r(x, ¥, Z).
[0076] The residual ghost transfer function g(z) is causal and, as it depends
only weakly on a position (x, v, z), the above relation is valid within a given volume.
Application ‘778 also describes that if a mirror imaging process is carried out on the
shot gathers, an image of the subsurface is obtained which is equal to the same
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h\N (1) z(h) z0 + soh 1-0.5 - h c for h he , and (2) z(h)=z0 +s0 .0.5.k for h > kwith so being a
non-zero slope. [0068]In these equations, z is measured along the Z axis and h is measured along the
X axis, where Z is perpendicular to the surface of the water and X extends along the water's surface.
Also, note that in some applications, only equation (1) may be used to define the streamer's profile,

dependjiaganiiity eRASROHRIBIOLEE Uit M ATTROLEN eadkidbEraireargabdoramsithave to have a
fiat portion or other portions at the end of the curved portion. For seismic data acquired with streamers

dispose), algion 2 Prrdile BlvetoREe BRegfimeny ationts inassitectt thiaickeddbyrityeof the
processed images of the subsurface improved substantially, as discussed for example, in U.S.

ProvisioRaARBHCAE 7 1d 6322 S8 .impihRG ottt dhavilillet iadhatiairdr) migrades thbastrved profile,

while the second equation (2) provides a straight line (constant depth).
events are perfectly stacked with their polarity reversed and primary events
imperfectly stacked. The application ‘778 also describes a process called joint
deconvolution that uses both the migration and the mirror migration. The joint
deconvolution is capable to estimate the residual ghost and residual mirror ghost and
provides a deghosted migration.
[0077] Other methods for determining the residual ghost g(z) can be used.
One possibility is to use a minimum-phase deconvolution with white reflectivity on
the image d(x,y,z). Another possibility is to use a deterministic transfer function
computation between the migration do(x,y,z) of the shot gathers modeled without a
reflecting water surface and the migration d(x,y,z) of the shot gathers modeled with a
reflecting water surface. Because minimum-phase deconvolution with white
reflectivity and deterministic transfer function computation are processes known in
the art, their description is omitied here.
[0078] Whatever method is used to estimate the residual ghost g(z), the
quality of the final deghosted migration depends on the notches of the residual
ghost. Data recorded with a variable-depth streamer (e.g., curved profile) has the
advantage that the residual ghost has no perfect notches apart from the zero Hz
notch. Thus, the residual ghost needs to be deconvolved above a minimum
frequency fmin. An example of a residual ghost is shown in Figure 7, and a residual

ghost spectrum is shown in Figure 8. The residual ghost spectrum shown in Figure
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[0069]Those skilled in the art would understand that the values provided by equations (1) and (2) are
approximate because the detectors are under constant motion exerted by various water currents and
the vessel's movement. In other words, it is understood that detectors distributed substantially on the
curved profile described by equation (1) and/or (2), e.g., at positions as close as 10 to 20 percent of

the real gyrynt Bu%@@ﬁéﬁ%ﬁf«é&%ﬂéﬁ%@(@)@%Qﬂéiﬁﬂmdmbﬁmwwchmt@@guaions above.

[0070]In another exemplary embodiment, z(h) may generally be described by a parabola, hyperbola,
circle, opgnyother curved or variable-depth line. In one exemplary embodiment, the profile may be
formed by two or more different curved profiles, e.g., a parabola with a circle, etc. [0071]In another

exemplagoegibodimepiheRivdsiE0 VtarEeddR e SHeamenbam enelavedessoecific locations so

the streamer assumes the desired curved profile, e.g., parabola, hyperbola, circle, etc. For example, if

the CUVV&QtéFFﬁﬁH‘i’ﬂ%’ Potlerima pisire brradiveahenvatye orthbesvieuatdibkms Rous, according to
this exemplary embodiment, the detectors may not be exactly located on the desired curved profile but

substangially ke QrerefeiBibe fargwt 1) th 20apesoentni dhscagtrrldisibraispoitding]l fccording to

an exemplary embodiment, the depth of the birds and/or
the subsurface of interest is provided. Such a velocity model is exemplified in Figure
10, which provides an estimated sound velocity for a seismic wave that propagates
in the various layers of the subsurface and also the water above the subsurface.
The velocity model may be derived from real data, i.e., from a previous survey, or
may be predicted based on various factors known by those skilled in the art.
[0080] In step 902, a couple of reflectors are selected and shot data is
generated. The reflectors are exempilified in Figure 11, which depicts five reflectors
100 to 108 at various depths (on Y axis) in the subsurface of interest. The X axis
indicates the reflectors’ length. The reflectors, as known in the art, are usually
interfaces between different layers of the subsurface, the different layers having
different impedances. Thus, an acoustic wave traveling down info the earth may
suffer a reflection at any of the reflectors. The first three reflectors.in this
embodiment are selected based on a region of interest in the survey area, e.g.,
reflector 100 at the ocean bottom, and reflectors 102 and 104 around a potential
reservoir. Reflector 108 is at the deepest level beyond which there is no interest in
surveying the subsurface, and reflector 106 is between the arela of interest

(determined by reflectors 100, 102 and 104) and the deepest level 108. The number

of reflectors that may be selected is not restrictive.
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the detectors may be between 5 and 50 m. However, those skilled in the art would understand that, as
detector technology improves, these ranges may increase to over 250 m. Thus, the numbers
presented herein are for exemplary purposes and not intended to limit the applicability of the
exemplary embodiments. [0073]Having discussed the variable-depth profile of the streamer, now a

processyfpygagterminipg {his, prefile dsAigr pspse iR il thacsdrramgi eprofiteamaytvary from survey

to survey, depending on the regional velocity profile of a subsurface to be imaged, the depth of the

reflectors, Aldls Habsiaremibieenth iof dhepsradae Temictdraihay betedindy baving the

detectors at different depths (i.e., on the variable-depth profile), notches experienced by one detector

may be JemaveGithersysiag dataiion drirrisreat sliferestsiamts: iffuen diedragiemepspectrum to

be used for generating the final image is broadened beyond the capabilities of traditional methods and

devices,[Q0{HAssHAINA4R RIHRXRSBPRNCeMRLJIREHatheRIr e TRt arBrabternsieiermined by
computing a residual ghost for different reflector depths and selecting the curved profile that produces

the best(gg prBiiTa BUrRS dHALUSTaRS (Riiicsiidarfay badisedasdairl Wyeassed. The concept
of residual ghost has been described, for example, in U.S. Patent Serial no. 13/155,778, assigned to

the Assiginee-REbISPRIH reafomnctlamniraddisclosure of which is incorporated herein by
reference. [0075]The residual ghost concept is discussed briefly now. Traditionally, the ghost is

remove o@@} early stagespbpeaessintsidls deletraiaistic Hreravoiltioaaoushricibisess od.S. Patent
Serial no. 13/155,778 (herein '778) describes how, if the ghost is not removed at the preprocessing

stage, aftfy {RRENGIABRRIPEPBRSAIES STt S N thoger (X syep)o0itheraibrurtdisrebtained (x, v,
and z are the coordinates of a point in the subsurface), and this image includes a residual ghost. The

image d/i) DBy NSt RstdRELY efualda ainallestty tyat(ndicaidsalie spoadiag ydhiteveetectors in
the subsurface) convoluted in z with a residual ghost transfer function g(z) as expressed by the
following; @qyatiedismic source and recording a reflected wave (reflected by the selected
reflectors and recorded by the streamer with the selected profile). Figure 12
illustrates the time delays 110 to 118 corresponding to the reflectors 100 to 108,
respectively. In other words, the shot data in Figure 12 is modeled data in the sense
that, based on the reflectors of Figure 11, one would expect to record the traces
shown in Figure 12 when probing those reflectors with seismic waves emitted by real
seismic sources. In addition, when determining (calculating) the shot data, a curved
profile of the streamer is already assumed and included in the calculation. Thus, the
results to be shown later correspond to the chosen curved profile. If the resulits are
not appropriate (various criteria will be discussed later), it is concluded that the
curved profile selected in step 904 is inappropriate and another curved profile is
selected in step 904. The remainder of the algorithm repeats until the results confirm
the selected profile.

[0083] Based on the above shot data, one or more gathers are calculated as

illustrated in step 906 in Figure 9. A gather may be, for exampie, a coliection of
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d(x, y, z) = g(2)* r(x,.y, z). [0076]The residual ghost transfer function g(z) is causal and, as it depends
only weakly on a position (X, y, z), the above relation is valid within a given volume. Application '778
also describes that if a mirror imaging process is carried out on the shot gathers, an image of the
subsurface is obtained which is equal to the same reflectivity as before convoluted with an anticausal

residual BRI PstaansianbasHn. Vs is duedadhe daat shaimemasysientsrickpalfectly stacked
by the migration and ghost events imperfectly stacked, while in the mirror migration, ghost events are

perfectlyrgiagkrdyvitl b e IBetatitoreyrisasbaad by faresk Avipnss thepssfact iy wagkede Punapplication

778 also describes a process called joint deconvolution that uses both the migration and the mirror

migration, JoeneiatHscPRRIton s eaRabieJosesinmimtmsaSeiuabahashaitresidusilawfror ghost
and provides a deghosted migration. [0077]Other methods for determining the residual ghost g(z) can

be used; QR HASEIDIBNEE: UER S ANIMUBLHBREfEPpRMAHHION aVith site-seBedhvtvaarothe image
d(x,y,z). Another possibility is to use a deterministic transfer function computation between the

migratio de(Xier)ief thacehatspthersatiadalashvihomka sefiestingre ateinsmitreesandothe migration
d(x,y,z) of the shot gathers modeled with a reflecting water surface. Because minimum-phase

deconvelytimpwithaviiisraliactivitrend datermisisiqiaasfesiunetianindriputatan Setiptacesses
known in the art, their description is omitted here. [0078]Whatever method is used to estimate the

residual ghpatedz)atheranaibue the dpaltHeghpeiedragraiipg=dnpendrigartia natehes of the residual

ghost. Data recorded with a variable-depth streamer (e.g., curved profile) has the advantage that the
residual ghpstd@mnpaiferimicbesiaraiblionaitsizaroayneschpdliut sfeaissidtalghost needs to

be deconvolved above a minimum frequency fmin. An example of a residual ghost is shown in Figure
7, and aggsigiinlabast $695tUrads shamaia, ety et The pesidurighostisgagine Sharen in Figure

aligned while the ghosts 202 are not. The contrary is true for the mirror-migration in

Figure 14.

jo084] The various gathers are plotted, in step 908, for exampie, in time,

gither using the migration or the mirror-migration methods. in this step, the ghost,

residual ghost and residual ghost spectra (to be described later) may also be

calculated and graphically represented. An example of the gather corresponding to

the reflector 100, when migrated, is shown in Figure 15 and when mirror-migrated is

shown in Figure 16. Figure 15 shows a straight primary 300 and a slanted ghost

302, which indicates a good diversity. However, the primary and ghost are limited to

around 1 km (on X axis} which means that only the first part of the streamer was

used. Similar results are obtained for the second and third reflectors (i.e., 102 and

104) and for this reason, the primary and ghost for these reflectors are not shown in

the figures.

[0085] However, a different trend appears for the last two reflectors 106 and

108. Figures 17 and 18 show migrated and mirror-migrated gathers, respectively, for
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8 is obtained by applying, for example, a Fourier transform to the residual ghost of Figure 7.
[0079]With this review of the residual ghost concept, the process for determining the curved profile of
the streamer based on the residual ghost is now discussed with reference to Figure 9. In step 900, a
velocity model corresponding to the subsurface of interest is provided. Such a velocity model is

exemplifipdisuRiguesaddoitie) Merddes Emesipatemdsaineryetokitsromshismitnasyddbat
propagates in the various layers of the subsurface and also the water above the subsurface. The

velocity ypasieldnat be dribiedifemaralidatimdiahdretreamen dausmadyeyfis segctedpredicted based
on various factors known by those skilled in the art. [0080]In step 902, a couple of reflectors are

selected IOk i BBERIBREpAAe refinstemry siaxatioplifieclirs figtiguids Mhishdidpicts five
reflectors 100 to 108 at various depths (on Y axis) in the subsurface of interest. The X axis indicates

the reflegforselangthefiRereftegtors, as known in the art, are usually interfaces between different
layers of the subsurface, the different layers having different impedances. Thus, an acoustic wave

travelinggimg) into theieastineayssutiesioreflectieteahanyptibe atitiégtofshEkelicbthree reflectors in
this embodiment are selected based on a region of interest in the survey area, e.g., reflector 100 at the

ocean bgiie cnmsciiesiansrlfdpnd 104 stiapedbathetghtat etrammoin. Rediextol&08.isar the deepest
level beyond which there is no interest in surveying the subsurface, and reflector 106 is between the

area of igiarapiddatarriaedby eitestol 10k jatheneiladiviteidetpphiravedio8sTH number of
reflectors that may be selected is not restrictive. [0081]Further, note that the reflectors exemplified in
Figure %} m@w, 2@ich portion corresponding to a predetermined distance range on the X axis,

e.g., 0.5 km. If the ghost's siope for each range (e.g., s500, s502, s504, and s5086) is

not larger than a given threshold, it may be concluded in step 910 that the selected

profile for the streamer is inappropriate. For example, as shown in Figure 19, the

slope s506 is substantiaily zero, which is undesirable. The first criterion may

consider one or more of the slopes $500 to s506. Also, the first criterion may

consider the streamer’s selected profile to be acceptable if some of the slopes s500

to 8506 are larger than the given threshold. If the method determines that the

selected profile is unacceptable, the algorithm returns to step 904 for selecting

another profile. Selection of the new profile may be performed automatically by the

processing system, for example, by selecting from a predetermined library of various

profiles, or may be performed manually by the system operator. However, in one

application, even if the ghost slope's values are not larger than the given threshold

for those reflectors which are not in the area of interest, the operator may decide to

maintain the streamer's chosen profile if the ghost slope’s values are larger than the

given threshold for the reflectors of interest. In other words, the above-noted

condition may be violated for reflectors other than the reflectors of interest.
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correspond to real interfaces. In other words, the reflectors may be selected by the operator of the
survey based on experience, practice or other information which does not necessarily match the real
reflectors. Alternatively, the reflectors are determined from previous survey data of the desired
subsurface and correspond to real interfaces between layers in the subsurface. [0082]The shot data,

which iggbptiated in Kigare A cisatovater hasastiansie Fejoedy nsodelilastrafietiob the streamer
chosen in step 904, and the reflectors 100 to 108. Note that the Y axis is a time axis that indicates the

time delgy-Rsfvann d@%@ﬁ&e\i@wm§q;mm1dF@amdm@taﬁmtadmaargﬂestedeb)yblae selected
reflectors and recorded by the streamer with the selected profile). Figure 12 illustrates the time delays

110 to 1ifepstearanging o the sefiremthc A IOUEIGHESBOE ey drepthelotouissiditevehot data in
Figure 12 is modeled data in the sense that, based on the reflectors of Figure 11, one would expect to

record theimeRR SRaVEsinhiguren2udienarghieg) fodadadiiecterutih selsusingdves emitted by real
seismic sources. In addition, when determining (calculating) the shot data, a curved profile of the

streamegralieAdn SBNaRiRNE r dedshdhe dedcrdaitral Thust beeresulte tedeeshown later
correspond to the chosen curved profile. If the results are not appropriate (various criteria will be

discusseghlates). ikingons nfedthayfaaay methpfiiBablagiae dnsbiew A thénamdoptiate and
another curved profile is selected in step 904. The remainder of the algorithm repeats until the results

confirm ghe selectad RrefilefNgsiBaskasoantiaenpivesthel datercase oimtione gattidrseare calculated
as illustrated in step 906 in Figure 9. A gather may be, for example, a collection of recorded traces

received #QBL \ipUS S6HAGMO thaBtfurmedhogethers(stht KR . (Bl tedcOsSivanbisblected to
correspond to, for example, the same subsurface point. Thus, note that Figure 9 illustrates a

post-staglgipeibedias deteaniniss the:proftepadfistranthar rétpweyvaiviheraam®istpossilide for
pre-stack, i.e., using traces instead of the gather for calculating the residual ghost. The gathers are

then migratgsh&n examrRisdaalsiinn (MBDYreutHtiey mimtodugeated asathaterhimdose &4. Both the
migrated gather in Figure 13 and the mirror-migrated gather in Figure 14 are migrated in depth.

Howevefa thig:nevrl pg gfituniswyrherappliediasdaiiR in fithe. \BDITwishsteyandrid-iggreed! 13 and 14,
note that the primaries 200 in Figure 13 are aligned while the ghosts 202 are not. The contrary is true

for the raicoEEfigetian ind-ignstckd JRQEHE hewaton slgatbeidualayhinttenhdritstein@dBoldr example,
in time, either using the migration or the mirror-migration methods. In this step, the ghost, residual

ghost arfRresitual gesh sreetraldiaglia e densibeit lat: iy Talsarizs dedoulsbedegrid graphically
represented. An example of the gather corresponding to the reflector 100, when migrated, is shown in

Figure 1fpegswhen nitesgariggetesl sasieonefléotbigUiG0) Ghieigesi 18] grmss spswtight (wiittry 300
and a slanted ghost 302, which indicates a good diversity. However, the primary and ghost are limited
to arounigd hknF ¢arier axinpfohiclhtieanssidandglydbie fritsdraeidtine Sigeaem2d dashesed. Similar
results are obtained for the second and third reflectors (i.e., 102 and 104) and for this reason, the
primary aigrgleesyinhgresedraflEeiore arefootishonimon-thigfigaedegather. Both figures show

the residual ghost spectrum (relative amplitude versus frequency) above a minimum

frequency fmin having a good ghost diversity, and both curves are far from a

minimum threshold TR2, which makes it possible to deconvolute the residual ghost.

The same is true for the second and third reflectors 102 and 104, and for this reason

their corresponding graphs are not shown here. A similar Minimum Distance to

Threshold for the (s)pectrum (MDTs) of the residual ghost is introduced for the

spectrum of the residual ghost, and this value may vary from survey to survey.
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[0085]However, a different trend appears for the last two reflectors 106 and 108. Figures 17 and 18
show migrated and mirror-migrated gathers, respectively, for the fourth reflector 106. Note that the
ghost 402 diverges less from the primary 400, which is not desirable and indicates that the streamer's
curved profile selected in step 904 might not be appropriate. The same situation occurs in Figures 19

and 20 geh last reflegiasA08tHEASGHHIS cHim et fsiteionolatidetedmitingfieetsrdditp®f the
P

selected profile of the streamer may be the shape of the ghost shown in Figures 15-20. For example,

with reggfd tpoipsEeidubsaaiarimay edivided e rieialiaPginns &AQre Rilfitieseficptstion

corresponding to a predetermined distance range on the X axis, e.g., 0.5 km. If the ghost's slope for

each rapgm(eiehictPROFRRIG 25 WhanehrREfd Isisdeduan dharFayOiecpaiwhshaldiribray be
concluded in step 910 that the selected profile for the streamer is inappropriate. For example, as

shown igyjestienle dBeslones3PaiseksRialhhastamiblichdss s esitallerctse finstimiterion may
consider one or more of the slopes s500 to s506. Also, the first criterion may consider the streamer's

selected,grefilentorhstanrepiaiedisomrinidhe clnprs ISPEr 00586 laterlidien shan ithtigiteen
threshold. If the method determines that the selected profile is unacceptable, the algorithm returns to

step 904, jor s lastinmanaihsy, profden Selestiproof shenmsinupeofieimsyre e fipmastbaiiRatically by
the processing system, for example, by selecting from a predetermined library of various profiles, or

may be patermeshammaly by theinysiamoperaios. dleuaversisdseapplicatidpredienrifigt ghost
slope's values are not larger than the given threshold for those reflectors which are not in the area of

interest, tQpiae dedidactiamaiatpigihesinenepectastiusrelitel ifriiqihestZlope's values
are larger than the given threshold for the reflectors of interest. In other words, the above-noted

conditiogaapsbeappelarad nrelesespribes tibaaube tedesiolmtbieste fpedtidnsecend criterion is
discussed next. Figures 15-20 illustrate the primary and ghost for various gathers. For those gathers, a

residual ghoskaiay Peipalcuiriasigubl bWl tiaiesttetresishad gIiRvat 606 (the graph plots a
relative amplitude versus time of the residual ghost) for the first reflector 100 using the migration

method jpduig] Figure R24fharwattbrugsinusl rheshbes: itkthessasfiesritear USing ése29iarat-migration
method. Both figures show that the residual ghost for the first reflector 100 has an amplitude that

decreasgg Bhtimenangdide yedirsoiibheserigualighegapiadachion theheszbidd RR (¢ gndat -0.5),
which are indicative of a well-chosen streamer profile. In this regard, a Minimum Distance to Threshold

for (residalcginsil(YHIEDspeantinn is somatuaedilastraleate FoguaisseioaddriBenestokiagghost is
from the threshold TR1. The MDTr is shown in Figure 21 and defined as the smallest distance

betweensthshiesistt ea sthastagil dhel tiresbbldddRingtthpytigiwengid iR onbithesimgestithathe MDTr
varies from survey to survey.
the streamer’s selected curved profile is not adequate for this last reflector. Even
more, Figures 29-32 show that the residual ghost and residual ghost spectra
approach their thresholds TR1 and TR2 (i.e., MDTr and MDTs are small), which is a
further indication that the streamer’s selected profile is inappropriate for this reflector.
However, because this last reflector is outside the zone of interest of the survey and
also the farthest from it, the system operator may decide to keep the streamer’s
selected profile if the residual ghost and residual ghost spectrum for the reflectors of
interest are appropriate.

[0091] Having the information shown in Figures 15-32, the operator needs fo

decide whether the selected profile is appropriate for surveying the desired
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[0088]Regarding the same reflector (100), the residual ghost spectrum (which is the Fourier transform
of the residual ghost) is illustrated in Figure 23 for the migrated gather and in Figure 24 for the
mirror-migrated gather. Both figures show the residual ghost spectrum (relative amplitude versus
frequency) above a minimum frequency fmin having a good ghost diversity, and both curves are far

from a rgipjauradbreshetad Partivlishsrakasdtaossisedordrrameelut e tresidwabdivast. The same
is true for the second and third reflectors 102 and 104, and for this reason their corresponding graphs

are not sheypiltIe. Bshailas Misinmymdiistancer® Hdestelstiasitheo(mderdrium g¥Bfis)of the
residual ghost is introduced for the spectrum of the residual ghost, and this value may vary from

survey g sih1iey -1 10088l ainewest the sinatien shghoastibethedouht anddfenmifiectone (106 and
108) as discussed and illustrated next. The residual ghost for the fourth reflector is illustrated in Figure

25 whemRaIarLEE i Hsed il SigieieTabahsrale ansnibsptiols ibuskskNatedtitinthe fesidual ghost
amplitudes do not decrease in time as for the first three reflectors, but rather have larger values later in

time as ipdicatad bysHQRNEpEIAIBvandiedhat the ghesthanmiitRiguscs@BRozhd threshold TR1,
which is undesirable. This indicates that the streamer's selected curved profile might not be

approprigggidd gmevee hedesidurlrgbasirefieeisnafipretpatae foFigargivelY swien?ig, appeqr to still be
acceptable because the oscillations of the spectrum are decreasing in time and reasonably away from

the threghalehERBr{QRRDIA slifieren sualiovds prefiles frithedists ¢fi¢otosdieiEigunesy29 and 30
show the residual ghost increasing in time (approaching the threshold TR1) and the residual ghost

spectrugesstbrtionshdiestretetréargrienBbpndidR. not being attenuated fast enough and almost
reaching the threshold TR2, which suggest that the streamer's selected curved profile is not adequate

for this Igsgagflector. Exsvemsn ¢, thigliesrafedBshoimnipatne, tosiduatgboseamds ésisieg ghost
spectra approach their thresholds TR1 and TR2 (i.e., MDTr and MOTs are small), which is a further

indicatiagpthahthe serecaevsdaletiedpodbieds foatpatriadentar titerefléctostém@2tobecause this
last reflector is outside the zone of interest of the survey and also the farthest from it, the system

operatognydaigediectniscsitepmers salaeipchpedfilentl the sppichalatbgwtéitelfrediteial ghost
spectrum for the reflectors of interest are appropriate. [0091]Having the information shown in Figures
15-32, tag sty foeeds to

[0093] With regard to step 910, note that multiple criteria may be used to

evaluate/determine whether a selected profile is appropriaté for a given survey. One

criterion may be the ghost’s slope over various ranges in the inline direction.

Another criterion is the closeness (e.g., MDTr) of the residual ghost to a

predetermined value, i.e., TR1. Still another criterion is the closeness (e.g., MDTs)

of the residual ghost spectrum to a predetermined threshold TR2. The

predetermined value and/or threshold may be related to each other, and may vary

from survey to survey. The predetermined value and/or threshold may be related to

noise in the recorded seismic data and indicate that, if the residual ghost is ciose o

the threshold, its accuracy is compromised. As noted above, these criteria may be

applied to all or fewer of the selected reflectors.
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decide whether the selected profile is appropriate for surveying the desired subsurface. For the
particular example discussed in Figures 15-32, there are two possibilities. Because the last reflector
108 has a depth of around 10 km as shown in Figure 11, it is likely that this reflector might not be
important in determining the final image of the desired subsurface because this depth is too deep for

drilling. fpidsis the casenibe naminy R dismaLhRalatABawal BsFianrem 2 d o decide that

the selected curved profile is appropriate for the given seismic survey and may provide in step 912 the

curved pgfilesBaEarBatsrs (R LM SEIBRIGHHEY SPQISISF iRsBane Msrstieamsne aprsapriately.
[0092]However if the last reflector is important, the process returns to step 904 and a new curved

profile igchesgnifRlytheastinameiRiar iy iy rieRsOfRlullrie. reperies ndiasestars may be

repe_ated u_ntil_ an appropriate profile for the streamer is found. [0093]With regard to step 910, note that
multiple GtisgHaT RS bRt YSed<mE Rluatdiatesrrine vdedheriaing weisth orefiledalappropriate for a

given survey. One criterion may be the ghost's slope over various ranges in the inline direction.
Another criteriomis figgloseness (e.g., MDTr) of the residual ghost to a predetermined value, i.e.,
TRL1. Still another criterion is the closeness (e.g., MDTSs) of the residual ghost spectrum to a

predetefgygary threshgld) WRR. rEBareresieteprinednstichand/eetiyephadd terayihsarelaiaskto each
other, and may vary from survey to survey. The predetermined value and/or threshold may be related

to noise(iy fesipprrdediseiemirdidaRmpndsate-thal ibihese siialga0s! gholsisentd tine threshold,
its accuracy Is compromised. As noted above, these criteria may be applied to all or fewer of the
selected gefl@edPthost spectrum, may be selected as the benchmark for deciding whether
the results for a selected streamer are correct. If this is the case, the computer, after
calculating the residual ghost gnd/or the residual ghost spectrum as described in
step 908, compares the results with the predetermined curves noted above and
determines whether the streamer’s selected shape is appropriate or not. In another
case, after calculating the residual ghost and/or the residual ghost spectrum, their
graphs are compared to benchmark residual ghosts and residual ghost spectra for
acceptance or rejection.
[0096} Alternatively, while the figures showing the primaries and ghosts were
helpful in understanding this method, note that it does not need to show those
characteristics. What is needed to select the appropriate sireamer’s profile is that
the operator determines the residual ghost and/or residual ghost spectrum and
determines, for various selected reflectors, whether the residual ghost decreases
and/or the residual ghost spectra are far enough from corresponding thresholds. In
this last respect, note that the residual ghost spectrum’s slope is proportional to the

average receiver depth relative to the water's surface. Thus, a decreasing residual

ghost spectrum, as shown for example in Figure 27, indicates that the last receivers
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[0094]In one exemplary embodiment, the method relies only on one of the above-noted criteria, or on
a combination of two or more. If more than one criterion is used, they may be weighted to provide the
final decision. Various methods are known in the art for using multiple criteria for determining whether
a result is acceptable or not. [0095]Still with regard to step 910, note that a set of predetermined

curves %%éigwl@é&%msst%ﬂﬁwa@ﬁﬁ%gws@r@h&@h@@%@gm@wm@mm@me residual

ghost spectrum, may be selected as the benchmark for deciding whether the results for a selected

streamesuG S esreskathifisils thsusase. tewavapuies. rliriralguiéngpberesidasighesgand/or the

residual ghost spectrum as described in step 908, compares the results with the predetermined curves

noted aboyie And delemaines vheinerdhmseamesmerlgriatoshapeiistappopudizionmsiteln another

case, after calculating the residual ghost and/or the residual ghost spectrum, their graphs are

compar%é%geghmg%i%lmgﬁmbmmal ghost spectra for acceptance or rejection.

[0096]Alternatively, while the figures showing the primaries and ghosts were helpful in understanding

this methnshAote thatrif dees sridiacshitsowdpasproimraceyisdesmiat isboeedsd to select the

appropriate streamer's profile is that the operator determines the residual ghost and/or residual ghost

spectruR,ARs ARIPIRENRRH S Wrigus selnrie cHelevorst hethebletcesitiabghts dedieases and/or

the residual ghost spectra are far enough from corresponding thresholds. In this last respect, note that

the resigyiakgh OHEBEFIGITEISHAIGTS RENOTHONM t© thesavriag gatnaives daptseelatveodithe water's
surface. Thus, a decreasing residual ghost spectrum, as shown for example in Figure 27, indicates

that the {Rgt Freaivess B Hesaiieaiaes iaRtadlob segiosnbivhragtanes titsggometry of the streamer
shown for example in Figure 4. However, the residual ghost spectrum of Figure 31 indicates that the

last recqiyggapn the strpapietasedwhaliarfithaaptbisobisiemakesdmpiadieahiblergentedtby shown in

Figure 4. [0097]The streamer's variable-depth profile was determined above by
a processor, computer or another computing device. Steps of these methods may
be implemented with software.
[0099] An example of a representative computing device capable of carrying
out operations in accordance with the exemplary embodiments is illustrated in Figure
33. The exemplary computing device 3300 suitable for performing the activities
described in the exemplary embodiments may include a server 3301. Such a server
3301 may include a central processor {(CPU) 3302 coupled to a random access
memory (RAM) 3304 and to a read-only memory (ROM) 3306. The ROM 3306 may
also be other types of storage media to store programs, such as programmabie
ROM (PROM), erasable PROM (EPROM), etc. The processor 3302 may
communicate with other internal and external components through input/output (/O)
circuitry 3308 and bussing 3310, to provide control signals and the like. The

processor 3302 carries out a variety of functions as are known in the art, as dictated

by software and/or firmware instructions.
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. computing the gathers after stacking. However, it is possible to calculate the gathers in step 906 of

Figure 9 before stacking and to use these gathers to choose the profile that produces the seismic data
with the best ghost diversity at all offsets. [0098]The processes and methods discussed above may be
implemented by a processor, computer or another computing device. Steps of these methods may be

implemegpiedith softyrecl0BPSEYY exapleinIlRR evRNERIME oM inardguiee viapsable of
carrying out operations in accordance with the exemplary embodiments is illustrated in Figure 33. The

exemplans GRTRBUNG drMice 338G syitalp frcnarinieing dhe ashitesciersdbrgdrotipmpbkemplary
embodiments may include a server 3301. Such a server 3301 may include a central processor (CPU)

3302 coseddmg saronRerRSMBAMAN{RAM 2304/ BNd ke aneakambawment,(ROM) 3306. The

ROM 3306 may also be other types of storage media to store programs, such as programmable ROM
(PROM) SasablesPBAMAE BRAM) a8lsvd-aesbireessolepadRdydeastota aicateistitbuabeer internal

and external components through input/output (I/O) circuitry 3308 and bussing 3310, to provide control

signals gRdytagplike Tiesrmeesser A8 nadiies D18 avatielyfofifuntioasiasapaiiaain in the art, as
dictated by software and/or firmware instructions. [00100]The server 3301 may also include one or

more da{a st cﬁﬁigﬁﬁﬁaﬂﬁﬁlﬁgiﬂg'lh@égéj&&:d@éeﬁ\QQMPH%QM@IW@W,JAm@ther hardware
capable of reading and/or storing information such as DVD, etc. In one embodiment, software for

carryinguuUihg ehoyecHiscUsRSC SIS NN a e Rtaue diandidistiluetas 07, 2CDIRBMeBEd6, removable
media 3318 or other form of media capable of portably storing information. These storage media may

be inserteg)intRa gt resching devichsowieBasoheIGEr RRAYIHYINeBELA diknlisirddiepiadL?, etc. The
server 3301 may be coupled to a display 3320, which may be any type of known display or

presentatiggesaaRh Sodeasd e asERPlasin giaptay, diafiadecttiiddeas(iigs ¢ERA)pser input
interface 3322 is provided, including one or more user interface mechanisms such as a mouse,

keyboargkgnisropbenaieltbAage 1882 Refrenidgicatradiggitiok sysieon: eise [0NLEIhe server
3301 may be coupled to other computing devices, such as
mechanisms such as a mouse, keyboard, microphone, touchpad, touch screen,
voice-recognition system, etc.
[00101] The server 3301 may be coupled o other computing devices, such as
a landline and/or wireless terminals and associated watcher applications, via a
network. The server may be part of a larger network configuration as in a global
area network (GAN) such as the Internet 3328, which allows ultimate connection to
the various landline and/or mobile client/watcher devices.
[060102] As also will be appreciated by one skilied in the art, the exemplary
embodiments may be embodied in a wireless communication device, a
telecommunication network, as a method or in a computer program product.
Accordingly, the exempilary embodiments may take the form of an entirely hardware
embodiment or an embodiment combining hardware and software aspects. Further,

the exemplary embodiments may take the form of a computer program product stored

on a computer-readable storage medium having computer-readable insiructions
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a landline and/or wireless terminals and associated watcher applications, via a network. The server

may be part of a larger network configuration as in a global area network (GAN) such as the Internet
3328, which allows ultimate connection to the various landline and/or mobile client/watcher devices.

[00102]As also will be appreciated by one skilled in the art, the exemplary embodiments may be

embodigghifasir flase FREUTHNICRNPB IRIRE cartpierarsadaisatinadieiwaiky asatiiedeod or in a
computer program product. Accordingly, the exemplary embodiments may take the form of an entirely

hardwarg graRes FBRNERKANEMResimBealghamRiriag b asweny B patwaie egregtsicaytber, the

exemplary embodiments may take the form of a computer program product stored on a

Comput%élﬁﬁéﬁ@@o‘-i%@%{?&%ﬂ%h%’ﬁ!ﬂ:ﬁ?lﬂﬁwéf-ﬁe@@?&l@ iBpEuClipRs renkpsigsyin the medium.

Any suitable computer-readable medium may be utilized, including hard disks, CD-ROMSs, digital
versatilggigh {laY B) cBRiisHeF IRIagaIE viera AR Mikhsigse grcisviRas siusther o disk or

magnetic tape. Other non-limiting examples of computer-readable media include flash-type memories
or othergkpayyrdaemories. [00103]The disclosed exemplary embodiments provide a method for
determining a shape of a streamer for seismic data acquisition. It should be understood that this

descriptigp{ 8Pt intensirddiadigytihexenainneABdamnsiti o ke exerspliatyfembodiments are
intended to cover alternatives, modifications and equivalents, which are included in the spirit and

scope oftherinuantion Sagelivis ctnapeedashulatata Rutghritionthe detailddbdescription of the
exemplary embodiments, numerous specific details are set forth in order to provide a comprehensive

understgpgding b erelatmedBu@ipion. idauerasrenel skiliedtimhbmagnitonldOndegstand that various
embodiments may be practiced without such specific details. [00104]Although the features and

elementspfithe, PRSI BIER) ¥y BHodine ait antdieiel ikedandheaiemizadiesents in particular

combinations, each feature or element can be used alone without the other features and elements of
the embeiaREEE HdmMaryF e INER withiathyitbauh atkesfeitares suapelefiats disclosed

nerein invention as defined by the appended claims. Further, in the detailed description of
the exemplary embodiments, numerous specific details are set forth in order to
provide a comprehensive understanding of the claimed invention. However, one
skilied in the art would understand that various embodiments may be practiced
without such specific details.
[00104] 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.
[00105] This Writtén 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
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[00105]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 intepgladhoerdvitiadgkineans ®kihe CRIE oiYetAkd Sibd\MERdRied 1o Aangithiritfer
determining a shape of a streamer to be towed underwater for collecting seismic data regarding a
subsurfagenhemiiesRemprising: receiving a velocity model for the subsurface; selecting a first
profile for the streamer to be used to survey the subsurface; selecting plural reflectors of the
subsurface; calculating ghosts and/or residual ghosts and/or residual ghost spectra for the plurality
of the reflectors; and
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determining that the first profile is appropriate for surveying the subsurface when at least one criterion,
related to the ghosts, and/or the residual ghosts and/or the residual ghost spectra, is met. 2. The
method of Claim 1, wherein the at least one criterion is a minimum distance (MDTr) between the
residual ghost and a first predetermined threshold (TR1). 3. The method of Claim 2, wherein the at
least one criterion is met when the minimum distance (MDTr) is smaller than a first predetermined
value. 4. The method of Claim 1, wherein the at least one criterion is a minimum distance (MDTS)
between the residual ghost spectrum and a second predetermined threshold (TR2). 5. The
method of Claim 4, wherein the at least one criterion is met when the minimum distance (MDTS) is
smaller than a second predetermined value. 6. The method of Claim 1, wherein the at least one
criterionig-pAgiage0afAlg EgDdS: for a given length range. 7. The method of Claim 6, wherein the at
least one criterion is met when slopes of the ghosts corresponding to given length ranges are above a
threshold slope.. A hthedfethislaisiningreegfahe pfecettemnuiaitodunhedoondersiaigr ¢datculating,
in a processor, a shot point for the plural reflectors based on the velocity model and the first profile of
the streapitsctimglseismic data regarding a subsurface, the method comprising:

receiving a velocity model for the subsurface;

selecting a first profile for the streamer to be used to survey the subsurface;

selecting plural reflectors of the subsurface;

calculating ghosts and/or residual ghosts and/or residual ghost spectra for the

plurality of the reflectors; and
determining that the first profile is appropriate for surveying the subsurface
when at least one criterion, related to the ghosts, and/or the residual ghosts and/or

the residual ghost Spectra, is met.

2. The method of Claim 1, wherein the at least one criterion is a minimum
distance (MDTr) between the residual ghost and a first predetermined threshold

(TR1).

3. The method of Claim 2, wherein the at least one criterion is met when the

minimum distance (MDTr) is smaller than a first predetermined vaiue.

4. The method of Claim 1, wherein the at least one criterion is a minimum
distance (MDTs) between the residual ghost spectrum and a second predetermined

threshold (TR2).
32



calculating, for the plural reflectors, corresponding residual ghosts and/or residual ghost spectra based
on the shot point. 9. The method of any one of claims 1 to 7, further comprising: selecting a
second profile for the streamer when the at least one criterion is not met; recalculating the residual
ghosts and/or the residual ghost spectra for the plurality of the reflectors based on the second profile
of the streamer; and determining whether the second profile is appropriate. 10. The method of
any one of the preceding claims, wherein the residual ghost is calculated in a post-stack phase.

11. The method of ipeyneseoefl sfabmasn. 10 Khveneictbe rsid vakobasiistrRicuittathénaye-stack

phase. 12. The method of any one of the preceding claims, wherein the first profile is a

variable dippiprofittance (MDTpiSesiboftany secaaimedtiorbhathereis. the first profile is a
parameterized curve.
6. The method of Claim 1, wherein the at least one criterion is a siope of the

ghost for a given length range.

7. The method of Claim 6, wherein the at least one criterion is met when
slopes of the ghosts corresponding to given length ranges are above a threshold

slope.

8. The method of any one of the preceding claims, further comprising:

calculating, in a processor, a shot point for the plural refiectors based on the
véiocity model and the first profile of the streamer; and

calculating, for the plural reflectors, corresponding residual ghosts and/or

residual ghost spectra based on the shot point.

9. The method of any one of claims 1 to 7, further comprising:

selecting a second profile for the streamer when the at least one criterion is
not met;

recalculating the residual ghosts and/or the residual ghost spectra for the
plurality of the reflectors based on the second profile of the streamer; and

determining whether the second profile is appropriate.
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14. A computing device programmed for determining a shape of a streamer to be towed underwater
for collecting seismic data regarding a subsurface, the computing device comprising: an interface
configured to receive a velocity model for the subsurface; and a processor connected to the interface
and configured to, select a first profile for the streamer to be used to survey the subsurface, select

plural reflectorsiof theeswRshsiaes any op@l@flgie ahestsinadipinesiduaenosis asgiqigpsidual ghost

spectra for the plurality of the reflectors, and determine that the first profile is appropriate for
surveyingrHbst s¢battinsRAVites pbieasheresaserion, related to the ghosts, and/or the residual ghosts
and/or the residual ghost spectra, is met. 15. The computing device of Claim 14, wherein the at

least one criterion is a minimum distance (MDTr) between the residual ghost and a first predetermined
threshold (TR1), or a minimum distance (MDTs) between the residual ghost spectrum and a second

predetermined thresheleh6Hd o¥rasl9Re e it BRIBRO It SCo! IRARRSIE gt ecgideia lghgidt Ignges. 16.
The computing device of Claim 14 or 15, wherein the processor is further configured to: calculate

a shot peitinatbe iplurateeieetorhiased on the velocity model and the first profile of the streamer;

12. The method of any one of the preceding claims, wherein the first profile is

a variable-depth profile.

13. The method of any one of claims 1 to 11, wherein the first profile is a

parameterized curve.

14. A computing device programmed for determining a shape of a streamer to
be towed underwater for collecting seismic data regarding a subsurface, the
computing device comprising:

an interface configured to receive a velocity model for the subsurface; and

a processor connected to the interface and configured to,

select a first profile for the streamer to be used to survey the subsurface,

select plural reflectors of the subsurface,

calculate ghosts and/or residual ghosts and/or residual ghost spectra for the
plurality of the reflectors, and

determine that the first profile is appropriate for surveying the subsurface
when at least one criterion, related to the ghosts, and/or the residual ghosts and/or

the residual ghost spectra, is met.
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calculate, for the plural reflectors, corresponding residual ghosts and/or residual ghost spectra based
on the shot point; select a second profile for the streamer when the at least one criterion is not met;
recalculate the residual ghosts and/or the residual ghost spectra for the plurality of the reflectors based
on the second profile of the streamer; and determine whether the second profile is appropriate.

17. An article comprising at least one computer-readable storage medium containing instructions that
when executed causes a computer to: receive a velocity model for the subsurface; select a first profile

for the streamet 40 PreUSERH MR GHEVENIBE BRICIHMaCES, Setestpiurd rfleatarsref thissidvsiytace;
calculate ghosts and/or residual ghosts and/or residual ghost spectra for the plurality of the reflectors;
and minimum distance (MDTr) between the residual ghost and a first predetermined

threshold (TR1), or a minimum distance (MDTs) between the residual ghost

spectrum and a second predetermined threshold (TR2), or slopes of the ghosts

corresponding to given length ranges.

16. The computing device of Claim 14 or 15, wherein the processor is further
configured to:

calculate a shot point for the plural reflectors based on the velocity model and
the first profile of the streamer;

calculate, for the plural reflectors, corresponding residual ghosts and/or
residual ghost spectra based on the shot point;

select a second profile for the streamer when the at least one criterion is not
met;

recalculate the residual ghosts and/or the residual ghost spectra for the
plurality of the reflectors based on the second profile of the streamer; and

determine whether the second profile is appropriate.

17. An article comprising at least one computer-readabile storage medium
containing instructions that when executed causes a computer to:

receive a velocity model for the subsurface;

select a first profile for the streamer to be used to survey the subsurface;

select plural reflectors of the subsurface;

35



determine that the first profile is appropriate for surveying the subsurface when at least one criterion,
related to the ghosts, and/or the residual ghosts and/or the residual ghost spectra, is met. 18. The
article of Claim 17, wherein the at least one criterion is a minimum distance (MDTr) between the
residual ghost and a first predetermined threshold (TR1). 19. The article of Claim 18, wherein the

at least one critesiani g ReaBRMBIRY Ssnse BT ixomalss dhapaclistaragsterined

value. 20. The article of Claim 17, wherein the at least one criterion is a minimum distance (MDTSs)

betweenpqngaq%igpﬁiiglg@;;égmg,tr&q@ and a second predetermined threshold (TR2).
determine that the first profile is appropriate for surveying the subsurface
when at least one criterion, related to the ghosts, and/or the residual ghosts and/or

the residual ghost spectra, is met.

18. The article of Claim 17, wherein the at least one criterion is a minimum
distance (MDTr) between the residual ghost and a first predetermined threshold

(TR1).

19. The article of Claim 18, wherein the at least one criterion is met when the

minimum distance (MDTr) is smalier than a first predetermined value.
20. The article of Claim 17, wherein the at least one criterion is a minimum

distance (MDTs) between the residual ghost spectrum and a second predetermined

threshoid {TR2).
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