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seismic data d including up-going and down-going wave-
fields; a step of generating a model p in a second domain to
describe the input seismic data d; and a step of processing
with a processor the model p to obtain an output seismic
dataset indicative of the down-going wave-field and sub-
stantially free of the up-going wave-field.
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Receiving particle motion data and pressure data
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Processing the data to generate denoised pressure
wave-fields




Patent Application Publication  Jan. 12,2017 Sheet 19 of 29  US 2017/0010375 A1l

Fig. 16
/-1600

Receive particle motion and pressure data
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Process the data to generate output data between
streamers and free of ghost
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Fig. 17
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Receive particle motion data and pressure data
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Process the data to generate interpolation and vector
rotation with obliquity correction
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Fig. 19

1900
s

Receiving the input seismic data d recorded in a first domain by seismic
receivers that travel in water, the input seismic data d including up-going
and down-going wave-fields

1902
Y f
Generating a model p in a second domain to describe the input seismic
data d
1904
Y /[

Processing the model p to obtain an output seismic dataset indicative of the
down-going wave-field and substantially free of the up-going wave-field
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Fig. 20

2000
Vs

Receiving the input seismic data d recorded, at a first datum, in a first
domain, by seismic receivers that travel in water, the input seismic data d
including up-going and down-going wave-fields

v /~2002

Generating a model p in a second domain to describe the input seismic
data d

v f2004

Processing the model p to obtain an output seismic dataset at a second
datum, different from the first datum
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Fig. 21

2100
/o

Receiving the input seismic data d recorded, in a first domain, by seismic
receivers that travel in water

2102
Y [
Generating a model p in a second domain to describe the input seismic
data d
2104
Y [

Processing the model p to generate an output particle motion dataset
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Fig. 22

2200
s

Receiving the input seismic data d recorded, in a first domain, by seismic
receivers that travel in water, the input seismic data d including pressure and
particle motion measurements

Y

2202
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Generating a model p in a second domain to describe the input seismic
data d

v /-2204

Processing the model p to generate an output seismic dataset with
attenuated noise
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Fig. 23

2300
/-

Receiving the input seismic data d recorded by seismic receivers that travel
in water, the input seismic data d including particle motion measurements

2302
Y [
Receiving receiver orientation data that is indicative of seismic receiver
orientations
2304
Y [

Associating the particle motion measurements with the receiver
orientation data

v /-2306

Generating an output seismic data based on the association of the particle
motion measurements with the receiver orientation data
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Fig. 24

2400
s

Receiving the input seismic data d recorded in a first domain by seismic
receivers that travel in water, wherein the input seismic data includes both
pressure and particle motion measurements

v /~2402

Generating a model p in a second domain to describe the input
seismic data d

| 2404

Processing the model p to separate multiples and primaries in the second
domain, wherein the multiples is multiple energy reflected at the free surface
or rock interface layers in the subsurface
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Fig. 25

2500
s

Receiving the input seismic data d recorded in a first domain by seismic
receivers that travel in water, the input seismic data d including pressure and
particle motion measurements

v /~2502

Generating a model p in a second domain to describe the input seismic
data d, wherein the model p is obtained by solving an inverse problem
based on an L transform

v /~2504

Processing with a mathematical transform L' the model p to obtain, in the
first domain, an output seismic data having a characteristic imparted by
the transform L’
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Fig. 26

2600
s

Receiving the input seismic data d recorded in a first domain by seismic
receivers that travel in water

Y

Generating a model p in a second domain, at a datum different from the input
seismic data d, to describe the input seismic data d

2602
/.

v /~2604

Processing the model p to obtain an output seismic dataset indicative of a
pressure wave-field
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DEVICE AND METHOD FOR WAVE-FIELD
RECONSTRUCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a Continuation Application of
U.S. patent application Ser. No. 14/678,099, filed on Apr. 3,
2015, which is a Continuation Application of International
Application No. PCT/EP2014/058623 filed on Apr. 28,
2014, which claims priority and benefit from U.S. Provi-
sional Application 61/817,193, filed Apr. 29, 2013, titled,
“Deghost, Redatum, and Interpolation using Multi-compo-
nent Streamer Data,” and authored by G. Poole; U.S. Pro-
visional Application 61/824,040, filed May 16, 2013, titled,
“Deghost, Redatum, and Interpolation using Multi-compo-
nent Streamer Data,” and authored by G. Poole; U.S. Pro-
visional Application 61/824,521, filed May 17, 2013, titled,
“Deghost, Redatum, and Interpolation using Multi-compo-
nent Streamer Data,” and authored by G. Poole; U.S. Pro-
visional Application 61/911,574, filed Dec. 4, 2013, titled,
“Deghost, Redatum, and Interpolation using Multi-compo-
nent Streamer Data,” and authored by G. Poole; and U.S.
Provisional Application 61/931,196, filed Jan. 24, 2014,
titled, “Deghost, Redatum, and Interpolation using Multi-
component Streamer Data,” and authored by G. Poole, the
entire contents of which are incorporated herein by refer-
ence.

BACKGROUND
[0002] Technical Field
[0003] Embodiments of the subject matter disclosed

herein generally relate to methods and systems and, more
particularly, to mechanisms and techniques for reconstruct-
ing wave-fields (e.g., deghosting, redatuming, denoising,
interpolating, etc.) based on seismic data collected with
receivers located either on streamers or on or close to the
ocean bottom.

[0004] Discussion of the Background

[0005] 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, it suggests, to
those trained in the field, the presence or absence of oil
and/or gas. Thus, providing a high-resolution image of the
subsurface is an ongoing process for the exploration of
natural resources, including, among others, oil and/or gas.
[0006] During a seismic gathering process, as shown in
FIG. 1, a vessel 110 tows plural detectors 112, which are
disposed along a cable 114. Cable 114 together with its
corresponding detectors 112 are sometimes referred to, by
those skilled in the art, as a streamer 116. Vessel 110 may
tow plural streamers 116 at the same time. Streamers may be
disposed horizontally, i.e., lie at a constant depth z, relative
to the ocean surface 118. Also, plural streamers 116 may
form a constant angle (i.e., the streamers may be slanted)
with respect to the ocean surface as disclosed in U.S. Pat.
No. 4,992,992, the entire content of which is incorporated
herein by reference.

[0007] Still with reference to FIG. 1, vessel 110 may also
tow a seismic source 120 configured to generate an acoustic
wave 122a. Acoustic wave 122a propagates downward and
penetrates the seafloor 124, eventually being reflected by a
reflecting structure 126 (reflector R). Reflected acoustic
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wave 1225 propagates upward and is detected by detector
112. For simplicity, FIG. 1 shows only two paths 122a
corresponding to the acoustic wave. Parts of reflected acous-
tic wave 1225 (primary) are recorded by various detectors
112 (recorded signals are called traces) while parts of
reflected wave 122¢ pass detectors 112 and arrive at the
water surface 118. Since the interface between the water and
air is well approximated as a quasi-perfect reflector (i.e., the
water surface acts as a mirror for acoustic waves), reflected
wave 122c¢ is reflected back toward detector 112 as shown by
wave 1224 in FIG. 1. Wave 1224 is normally referred to as
a ghost wave because it is due to a spurious reflection.
Ghosts are also recorded by detector 112, but with a reverse
polarity and a time lag relative to primary wave 1225 if the
detector is a hydrophone. The degenerative effect that ghost
arrival has on seismic bandwidth and resolution is known. In
essence, interference between primary and ghost arrivals
causes notches, or gaps, in the frequency content recorded
by detectors.

[0008] Recorded traces may be used to determine the
subsurface (i.e., earth structure below surface 124) and to
determine the position and presence of reflectors 126. How-
ever, ghosts disturb the accuracy of the final image of the
subsurface and, for at least this reason, various methods
exist for removing ghosts, i.e., deghosting, from the
acquired seismic data. These methods were designed for
deghosting seismic data recorded with horizontal or slanted
streamers.

[0009] The above-discussed methods are not appropriate
for seismic data collected with new streamer configurations,
e.g., having a curved profile as illustrated in FIG. 2.
Deghosting methods for streamers having a curved profile
have recently been developed, mainly by the assignee of this
application, as later discussed. Such a configuration has a
streamer 252 with a curved profile. The curved profile may
have any shape. One example of a curved profile is defined
by three parametric quantities, z,, s, and h... Note that not the
entire streamer has to have the curved profile. The first
parameter 7, indicates the depth of the first detector 254a
relative to the water’s surface 258. Second parameter s, is
related to the slope of the initial part of streamer 252 relative
to a horizontal line 264. The example shown in FIG. 2 has
initial slope s, equal to substantially 3 percent. Other values
may be used. Note that the streamer 252 profile in FIG. 2 is
not drawn to scale because a slope of 3 percent is relatively
slight. Third parameter h, indicates a horizontal length
(distance along the X axis in FIG. 2 measured from first
detector 254a) of the streamer’s curved portion. This param-
eter may be in the range of hundreds to thousands of meters.
[0010] For such streamers, a deghosting process has been
disclosed, for example, in U.S. Pat. No. 8,456,951 (herein
’951) authored by R Soubaras, the entire content of which is
incorporated herein. According to the *951 patent, a method
for deghosting uses joint deconvolution for migration and
mirror migration images to generate a final image of a
subsurface. Deghosting is performed at the end of process-
ing (during an imaging phase) and not at the beginning, as
with traditional methods. Further, the *951 patent discloses
that no datuming step is performed on the data.

[0011] Another method that addresses variable-depth data
is disclosed by U.S. patent application Ser. No. 13/334,776
(herein *776) authored by G. Poole. This method uses a
surface datum tau-p model that represents input shot data. A
transform from the tau-p model to a shot domain (offset-
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time) combines the operations of redatuming and reghost-
ing. The use of variable-depth streamer data combined with
reghosting ensures that a single point in the tau-p domain
satisfies a range of different ghost lags, therefore, making
use of variable-depth data notch diversity, which ensures
effective receiver deghosting.

[0012] FIG. 3 illustrates how one point 302 in the tau-p
domain 320 reverse transforms to a pair of lines 304 and 306
in time-space domain 310, at actual streamer position and
mirror streamer datum, respectively. The energy relating to
mirror cable datum has reverse polarity (-1) compared to the
cable datum (+1) as also illustrated in FIG. 3. Note that the
time-space (or time-offset) domain 310 has time t on the
vertical axis, and offset h between the receiver recording the
wave and the source generating the wave, along the X axis,
while tau-p domain 320 has the tau coordinate (intercept in
the time-space domain) along the Y axis, and the p coordi-
nate (slope in the time-space domain) along the X axis.
Application *776 uses a least squares formulation given by:

d=Lp (D

or, in the expanded matrix form,

4 P1 @
[ dl ] [E—Zmifrpr e @\ p
b |= )
" @ e)»
M

@ indicates text missingor illegiblewhen filed

where column vector d contains a frequency slice from the
shot domain data (known), column vector p contains the
surface datum tau-p model (unknown), and matrix L. makes
the transform (known) from the surface tau-p model to the
input shot data. Matrix L. combines the operations of reda-
tuming and reghosting.

[0013] The time shifts for primary (up-going) and ghost
(down-going) wave fields are given by:
T, =(h, +AR)s,,~ AT ©)
T~ AR)s,, +AT 4

where h, is the offset of a given trace in column vector d, s,,
is the slowness of a given trace in the surface tau-p model,
Ah is the offset perturbation as described in the *776 appli-
cation, and At is the temporal perturbation as also described
in the *776 application. Equation (1) can be solved in the
time or spectral (e.g., frequency) domain using linear inver-
sion. The method can be applied on the whole shot (cable-
by-cable) or in spatial windows of a user-defined number of
channels.

[0014] However, existing methods relate to pressure mea-
surements made, for example, by hydrophones. Currently,
the new streamer generation is capable of measuring not
only pressure but also particle motion data, e.g., displace-
ment, velocity, differential pressure, acceleration, etc. Thus,
there is a need to process not only pressure measurements,
but also particle motion data. Accordingly, it would be
desirable to provide systems and methods with such capa-
bilities.
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SUMMARY

[0015] According to an embodiment, there is a method for
processing input seismic data d. The method includes receiv-
ing the input seismic data d recorded in a first domain by
seismic receivers that travel in water, the input seismic data
d including up-going and down-going wave-fields; generat-
ing a model p in a second domain to describe the input
seismic data d; and processing with a processor the model p
to obtain an output seismic dataset indicative of the down-
going wave-field and substantially free of the up-going
wave-field.

[0016] According to another embodiment, there is method
for processing input seismic data d. The method includes
receiving the input seismic data d recorded in a first domain
by seismic receivers that travel in water; generating a model
p in a second domain, at a datum different from the input
seismic data d, to describe the input seismic data d; and
processing in a processor the model p to obtain an output
seismic dataset indicative of a pressure wave-field.

[0017] According to another embodiment, there is a
method for processing input seismic data d. The method
includes receiving the input seismic data d recorded in a first
domain by seismic receivers that travel in water, the input
seismic data d including pressure and particle motion mea-
surements; generating a model p in a second domain to
describe the input seismic data d, wherein the model p is
obtained by solving an inverse problem based on an L
transform; and processing, in a processor, with a mathemati-
cal transform L' the model p to obtain, in the first domain,
an output seismic data having a characteristic imparted by
the transform L'. The mathematical transform L' is different
from the mathematical transform L.

[0018] According to another embodiment, there is a
method for processing input seismic data d. The method
includes receiving the input seismic data d recorded in a first
domain by seismic receivers that travel in water, wherein the
input seismic data includes both pressure and particle
motion measurements; generating a model p in a second
domain to describe the input seismic data d; and processing
with a processor the model p to separate multiples and
primaries in the second domain, wherein the multiples is
multiple energy reflected at the free surface or rock interface
layers in the subsurface.

[0019] According to another embodiment, there is a
method for processing input seismic data d. The method
includes receiving the input seismic data d recorded by
seismic receivers that travel in water, the input seismic data
d including particle motion measurements; receiving
receiver orientation data that is indicative of seismic receiver
orientations; associating the particle motion measurements
with the receiver orientation data; and generating with a
processor an output seismic data based on the association of
the particle motion measurements with the receiver orien-
tation data. The seismic receiver orientations vary in time
and the output seismic data includes a wavefield reconstruc-
tion of the input dataset.

[0020] According to another embodiment, there is a
method for processing input seismic data d. The method
includes receiving the input seismic data d recorded, in a
first domain, by seismic receivers that travel in water, the
input seismic data d including pressure and particle motion
measurements; generating a model p in a second domain to
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describe the input seismic data d; and processing in a
processor the model p to generate an output seismic dataset
with attenuated noise.

[0021] According to another embodiment, there is a
method for processing input seismic data d. The method
includes receiving the input seismic data d recorded, in a
first domain, by seismic receivers that travel in water;
generating a model p in a second domain to describe the
input seismic data d; and processing with a processor the
model p to generate a output particle motion dataset.
[0022] According to another embodiment, there is a
method for processing input seismic data d. The method
includes receiving the input seismic data d recorded, at a first
datum, in a first domain, by seismic receivers that travel in
water, the input seismic data d including up-going and
down-going wave-fields; generating a model p in a second
domain to describe the input seismic data d; and processing
with a processor the model p to obtain an output seismic
dataset at a second datum, different from the first datum.
[0023] According to still another embodiment, there are
computing systems and computer-readable mediums includ-
ing computer executable instructions, wherein the instruc-
tions, when executed by a processor, implement one or more
of the methods as noted in the above paragraphs.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The accompanying drawings, which are incorpo-
rated in and constitute a part of the specification, illustrate
one or more embodiments and, together with the description,
explain these embodiments. In the drawings:

[0025] FIG. 1 is a schematic diagram of a conventional
seismic data acquisition system having a horizontal
streamer;

[0026] FIG. 2 is a schematic diagram of a seismic data
acquisition system having a curved profile streamer;
[0027] FIG. 3 is a schematic diagram of a transform L
from a first domain to a second domain;

[0028] FIGS. 4A-C illustrate input multicomponent data
and FIG. 4D illustrates output deghosted data;

[0029] FIG. 5A illustrates an incoming ray and an angle
convention associated with it;

[0030] FIG. 5B schematically illustrates a processing
method for obtaining deghosted and reconstructed data;
[0031] FIGS. 6A-C illustrate input multicomponent data
and FIG. 6D illustrates output deghosted data;

[0032] FIGS. 7A-C illustrate input multicomponent data,
FIG. 7D illustrates output deghosted data, FIG. 7E illustrate
various channels and FIG. 7F illustrate a change in polarity;
[0033] FIG. 8 illustrates how a seismic receiver’s position
changes along a streamer;

[0034] FIGS. 9-11 illustrate seismic data redatuming
based on input multicomponent data;

[0035] FIG. 12 illustrates a depth sampling versus slow-
ness for a given streamer;

[0036] FIG. 13 illustrates inconsistent spatial sampling for
output data with redatuming;

[0037] FIGS. 14A-G illustrate surface spatial sampling for
output seismic data;

[0038] FIG. 15 is a flowchart of a method for generating
output denoised pressure data;

[0039] FIG. 16 is a flowchart of a method for generating
deghosted and interpolated output seismic data;

[0040] FIG. 17 is a flowchart of a method for generating
interpolated and obliquity-corrected output seismic data;
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[0041] FIG. 18 is a schematic diagram of a computing
device configured to implement a deghosting method
according to an exemplary embodiment; and

[0042] FIGS. 19-26 are flowcharts of methods for pro-
cessing input seismic data.

DETAILED DESCRIPTION

[0043] 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
pressure and particle velocity measurements associated with
seismic data. However, the embodiments to be discussed
next are not limited to these measurements. Other measure-
ments, e.g., particle displacement and/or particle accelera-
tion measurements, may be used instead of or in addition to
particle velocity measurements. Thus, a generic name for
velocity, displacement, pressure gradient, and acceleration
measurements is particle motion data.

[0044] Reference throughout the specification to “one
embodiment” or “an embodiment” means that a particular
feature, structure or characteristic described in connection
with an embodiment is included in at least one embodiment
of the subject matter disclosed. Thus, the appearance of the
phrases “in one embodiment” or “in an embodiment” in
various places throughout the specification is not necessarily
referring to the same embodiment. Further, the particular
features, structures or characteristics may be combined in
any suitable manner in one or more embodiments.

[0045] According to an embodiment, hydrophone and
vertical particle velocity receiver data collected from receiv-
ers (located on streamer, ocean bottom cable, autonomous
vehicles, etc.) are processed as now discussed.

[0046] When vertical particle velocity data is available,
and assuming 2D propagation, the transfer function or
operator L (see FIG. 3 and equation (1), i.e., d=Lp) can be
extended so that the tau-p model “p” simultaneously satisfies
hydrophone and vertical particle velocity data “d” after
calibration, i.e.,

I ®)
b2 P

Iy, 2T _ g 2mifTy 2

Vi1 - cos Op(e 2T 4 72Ty )| p3 ’

Vi Pum

VINg

where T, is the time shift for the up-going wave and t, is the
time shift for the down-going wave. The time shifts may be
defined similar to those of equations (3) and (4) or in a
different manner, depending on the model used to describe
the wave propagation. The top of the L. matrix and the top
of the data vector d relate to the N, hydrophone measure-
ments, and the bottom of the matrix L and the bottom of the
data vector d relate to the N, vertical particle velocity
measurements. The term cos 6, in matrix L represents an
obliquity factor for a given slowness, e.g., sin 0,,=%v |s,_|

w'Pm's

where s, is the slowness for the m” trace (s/m), and v, is the
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water velocity between the receivers and sea surface (m/s).
The sign should be taken from the sign of s,,. The water
velocity may be fixed or allowed to vary during the duration
of an acquisition. The obliquity factor takes into consider-
ation the inclination ¢,, of each recorded ray relative to a
receiver orientation and the receiver orientation may be
defined as an angle relative to a vertical axis, e.g., gravity.
In other words, the receivers in the streamers can have any
orientation due to twisting of the streamer. The raw mea-
surements are then rotated to, for example, a vertical direc-
tion and a direction perpendicular to the streamer. Other
directions may be used. Therefore, the obliquity term cor-
rects recorded amplitudes based on the difference in the
orientation of the recording receiver and a direction of an
incoming wavefield. Note that the receiver orientation is
different from obliquity. While obliquity is an amplitude
term only, the receiver orientation has to do with the
orientation of the receivers. In this regard, imagine that the
receiver is a single axis accelerometer. Ideally, the receiver’s
orientation may be aligned with the vertical direction (z
axis) or the cross-line direction (y axis) of the nominal
shooting direction or zero feather direction (other directions
may be preferred; normally two orthogonal directions).
However, the streamer experiences twisting and other move-
ments (e.g., feathering) while being towed in water. Thus,
the actual orientation of the receiver is most likely neither
along the vertical direction nor along the cross-line direc-
tion. The raw measurements from the plural receivers may
or may not have been rotated in a plane perpendicular to the
streamer at the location of the receiver prior to being
received for processing. Further complications are intro-
duced when the streamer is slanted or has a curved profile
because the vertical orientation of the receivers is not
vertical. A method for correctly handling input data that is
not ideally aligned with the y and z directions is discussed
in the paragraphs related to equations (22) to (28).

[0047] It is known that receiver ghost troughs in hydro-
phone data correspond to peaks on vertical particle velocity
receiver data. In the formulation represented by equation (5),
a single surface datum tau-p model is derived to satisty both
hydrophone and vertical particle velocity receiver data. As
peaks in vertical particle velocity receiver data correspond to
troughs in hydrophone data, the dual modelling approach of
equation (5) can be more robust than working with either
hydrophone or vertical particle velocity measurements in
isolation. Once the surface datum tau-p model of up-going
energy has been found, it may be used to output up-going or
down-going energy at any datum and offset. This result leads
to several options for the 2-D case, a selection of which is
given below:

[0048] 1) Output up-going (primary) data at the
streamer datum. The up-going may be subsequently
subtracted from original pressure data to leave down-
going (ghost) energy only.

[0049] 2) Output down-going data at the streamer
datum. The down-going may be subsequently sub-
tracted from original pressure data to leave up-going
energy only.

[0050] 3) Output up-going or down-going data at sea
surface datum.

[0051] 4) Output up-going or down-going data at a new
horizontal datum. This allows wavefield separated data
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to be provided at the start of the processing sequence,
so that the data can be processed with conventional
algorithms.

[0052] 5) Output up-going or down-going data at a new
variable depth datum.

[0053] 6) Output up-going and down-going data at a
new datum. For example, this can be useful for time-
lapse studies.

[0054] 7) It is also possible to apply deghosting and
redatuming in two independent steps. First deghost the
data (leaving it at the original depths), then redatum it
as a separate operation.

[0055] 8) Instead of outputting up-going and down-
going wave-fields, it is possible to output particle
motion data at any X-z location with any orientation.
This allows the output of particle motion data on or
between the streamers that is substantially free of
down-going (ghost) or up-going (primary) energy. The
particle motion data may or may not be compensated
for obliquity.

[0056] The above options can be used to output data at the
same offsets as input data, or at new offsets. These are only
a set of options, and those skilled in the art could easily
imagine other options based on the above-discussed con-
cepts.

[0057] One of the above-discussed options has been
implemented for exemplary purposes using equation (5) and
is illustrated in FIGS. 4A-D. Input hydrophone and input
vertical particle velocity data (i.e., recorded data d) is shown
in FIGS. 4A and 4B, and the output up-going and down-
going wave-fields are shown in FIGS. 4C and 4D. To obtain
the output down-going wave-fields (i.e., the ghost), a modi-
fied L' transform is applied to model p, where, for example,
the modified L' transform may be:

e—Zmifr,,
U= e-a.
c0s O, (27 Tu)

Note that modified L' transform (which in this case is
determined by setting the ghost terms to be zero), when
applied to model p, generates up-going wave-fields d' in the
time-space domain, and this data d' may be subtracted from
the original seismic data d to obtain down-going (or surface
ghost) wave-fields. If the up-going fields are wanted, the
modified L' transform may have the following form:

_g ity
= ) (6-0),
cos Ole P Ta)

to generate down-going energy which may be subtracted
from hydrophone data. Due to preferential signal-to-noise
levels, wave-field separation is often performed by subtrac-
tion of an up-going or a down-going dataset from the
pressure recording. In this case, only the hydrophone terms
in the above equation would be required. Other forms for the
modified [' matrix may be used, depending on the desired
output data, e.g., new output positions x' and 7z may be
selected to reconstruct wave-fields at other positions than the
original data. The term “wave-field reconstruction” is under-
stood herein to include not only wavefield separation, but
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also re-datuming and/or interpolation or any other operation
that changes the seismic data’s spatial coordinates.

[0058] In the hydrophone data in FIG. 4A, up-going
primary energy 400 is observed as a positive peak, and
down-going ghost 402 is seen as a negative trough (the ghost
observes a polarity reversal on reflection at the sea surface).
In the vertical particle velocity data in FIG. 4B, up-going
primary energy 406 is also positive polarity; while ghost 408
has still experienced a polarity reversal, it is now traveling
downward. This “double reverse in polarity” means the
ghost energy 408 is now also observed as a peak. Results
illustrated in FIGS. 4C and 4D show how up-going wave-
field 410 and down-going wave-field 412 have been accu-
rately separated by using one or more L' transforms.
[0059] The above example shows wave-field reconstruc-
tion using hydrophone and vertical particle velocity data
(i.e., the 2D case). However, it is possible to extend matrix
L of equation (5) to the 3D case, which may also use, for
example, the horizontal particle velocity data, e.g., the
particle velocity component perpendicular to the streamers
to extend the previous example to wave-field separation and
interpolation perpendicular to the streamers. The horizontal
particle velocity information perpendicular to the streamer
(also called cross-line particle velocity component) helps
constrain the p,, direction of model p to go beyond the point
of natural aliasing that would be observed with hydrophone-
only data. In this case, model p becomes a tau-p,-p, model
which reverse transforms with transform L to simultane-
ously satisfy hydrophone (h), vertical particle velocity (v,)
and horizontal particle velocity perpendicular to the stream-
ers (v,). It is also possible to extend the formulation for v,
measurements (particle velocity along the streamer direc-
tion, i.e., inline particle velocity component) if available. In
this case, each element in the tau-p,-p, model vector relates
to slownesses in the x (parallel to the streamer) and y
(perpendicular to the streamer) directions.

[0060] For example, for this case, the primary (up-going)
and ghost (down-going) time delays for 3D wave propaga-
tion are defined as follows:

T, (00, m) =R+ AR, m))s(m)- A, m) M

T, m) =)= Ak, m))-s(m)+Av(m, m) ®)

where h(n), Ah(n,m) and s(m) are now vector quantities
relating to offset-x/-y, delta-offset-x/-y, and slowness-x/-y,
respectively. The dot product may be evaluated as:

(h)+AR(n,m))
S(m)=( )+ AR (1)) S )+ () + AR ()3, (m) ©

(h)-Ab(n,m))
S = (1)~ AR (1)) M)+ (1)~ Al (1)s,(m). 10)

The terms in equations (7), (8), (9) and (10) may be defined
based on ray geometry relating to FIG. 5A as follows:

sina(m) = v,,s(m) 1

Ah(n, m) = z(n)tan(m) 12

2 + Ak, )P (13)

Vip

At(n, m) =

where v,, is the water velocity, a(m) is the vector incidence
angle, z(n) is the depth of a given receiver, and At(n,m) is
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the delta of the time delay. The At(n,m) quantity may be
considered as the time between the up-going ray passing
through the receiver and reaching the sea surface. This time
is the same as the time between the down-going ray leaving
the sea surface and reaching the receiver as a ghost. This
term is the 3D equivalent of the 2D terms in equations (3)
and (4) which is described in more detail in the 776
application.

[0061] Each trace will have its own delay based on the
trace’s individual offset-x, offset-y and depth (i.e., its coor-
dinates in the space domain). Note that because each trace
has its own offset-x, offset-y and depth, the [ matrix also
depends on the offset-x, offset-y and depth of the traces.
Thus, as will be discussed later, an interpolation step may be
built in to the L' matrix by selecting new offset-x and offset-y
for the output traces. Note that the interpolation step may be
performed in-between the streamers, i.e., at any z relative to
the z position of the streamers. In other words, the output
traces noted above may be output in the same plane as the
streamers or above or below this plane. In the interpolation
step, it is also possible to output some receivers above and
some receivers below the streamers. A re-datuming step may
also be built in to the I' matrix in order to output at new
receiver depths. In this way, it would be possible to achieve,
with the ' matrix, not only wavefield separation and/or
interpolation, but also redatuming. Both redatuming and
interpolation may be described by the “wave-field recon-
struction” term. Thus, in the following, the term wave-field
reconstruction includes wavefield separation (e.g., deghost-
ing), interpolation, or redatuming or combination thereof.
These capabilities of the L' matrix are discussed later. The
new transfer matrix L can be built from elements 1,,_, and

1, ; defined as follows:

1, g=e 2uu_g=2mifd (14

1, =€ XS upg2mifid (15)
where 1,,_; is used for the hydrophone and horizontal particle
velocity terms, and 1, , is used for vertical particle velocity
data. By including obliquity terms we may define the 3D
vector particle motion as follows:

sinf(m) cos Sm) L q(n, m) 16
vin, m) = [ sinO(m) sin B(m) L,_q(n, m) ]
cos 8(m) L, q(n, m)
sin@(m) = £v,|s (m)| an
oy = 2 (18)
$x(m)

where 0 is the angle between the ray 510 and the vertical 512
and beta is the angle between the surface projection 511 of
the ray 510 (in the up-going surface offset-x/-y 506 and the
x-axis 514 as shown in FIG. 5A. The acquisition system 500
illustrated in FIG. 5A includes a streamer 502 and a single
receiver 504 for simplicity. Receiver 504 is located at a
given depth relative to surface 506, and, as discussed later,
it may be any type of receiver, e.g., single or multi-compo-
nent.
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[0062] Based on this 3D particle velocity, the matrix L can
be adapted for 3D ray propagation as follows:

h (19)
hy
hy
P1
vy ly-a
vy | = [ cos O(m) Ly q(n, m) ] Pz i
VN sinf(m) sin B(m) g (n, m) b3
Pu
Y1
VY2
N

[0063] The top third of the L. matrix and the top third of
column vector data d in equation (19) relate to hydrophone
measurements, the middle third of L and d relates to vertical
particle velocity receiver data (V_;), and the bottom third
relates to horizontal particle velocity data (V,,) perpendicu-
lar to the streamers. While this example uses the same
number of hydrophone, v,, and v, components, other
examples may have a different number of measurements for
each component. Thus, the expressions “top third,” “middle
third,” and “bottom third” used herein should be understood
in a liberal way, i.e., to include more or less than one third
of the elements of the matrix or column vector data. Multi-
component measurements may just be available for a limited
range of offsets (e.g., near offsets) and hydrophone only
measurements thereafter. Some streamers may contain
multi-component receivers, other streamers may be contain
hydrophone only receivers. As before, model p is found to
simultaneously satisfy hydrophone and particle velocity
data, i.e., as illustrated in FIG. 5B, when transform L is
applied to model p, original seismic data d is obtained. In the
case that hydrophone and particle velocity data have differ-
ent bandwidths, a frequency dependent filter may be built
into the equation as follows:

hy 20)
hy
hy

P1
vy ly-a(n, m)

P2
P3

Fycos 0 (m) lyq(n, m)

VIN FysinO(m) sin S(m) ly—q(n, m)
vy
VY2

N

This allows the derivation of a single model, p, which
satisfies hydrophone data at all frequencies but is required to
only satisfy particle velocity data in a restricted frequency
range, e.g., for higher frequencies, e.g., above 30 Hz. While
equation (20) uses a constant F , in other examples this
quantity may be permitted to vary for each frequency and
also from trace to trace depending on noise characteristic
variations. In one application, different quantities may be
used for the v, and v,, components.

[0064] However, as also illustrated in FIG. 5B, after model
p is found, another transform L' may be applied to model p
to obtain primary only, or ghost only or another combination
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of'data d' as already discussed above. New data d' may be at
the same datum as the original data, i.e., z=7', or at the same
exact positions, i.e., x=x', y=y' and z=7', or it may be
interpolated, i.e., X or y or both may be different from x' and
y', or it may be reconstructed at completely another position,
i.e., X, y and z are different from x', y' and 7', respectively.
New transform L' may contain up-going and down-going
terms or also include other operations, i.e., deghosting, etc.
In this document, the terms up-going and primary are used
interchangeably. The same is true for terms down-going and
ghost.

[0065] A synthetic dataset has been generated with pres-
sure and particle motion (velocity) components as illustrated
in FIGS. 6 A-C. The dataset consisted of 8 streamers with 75
m separation each and 12.5 m channel spacing. Other
numbers may be used. FIGS. 6A-C show input data, and
FIG. 6D shows data output with up-going energy only. Lines
600 in FIGS. 4A-D show the streamer’s depth variation
(along axis 602) with source-receiver offset (along axis 604).
The presence of energy on the v, component (FIG. 6C)
indicates a cross-line component to the particle motion. By
including this or other components in the equation, better 3D
deghosting may be achieved.

[0066] The v, component is also useful for interpolation.
In particular, properties of the v, component are beneficial
for reducing aliasing. FIGS. 7A-C show input synthetic data,
and FIG. 7D shows results for common channel panels
(streamers 1 to 8 for channel 1, followed by streamers 1 to
8 for channel 21, etc. as illustrated in FIG. 7E) when
equation (19) is used.

[0067] It may be seen in FIG. 7F that the polarity of the v,
component changes for positive and negative y-offsets (X
axis in the figure), as expected. The input data in FIGS.
7A-C is displayed at 75 m spacing, but the output up-going
dataset in FIG. 7D has been output with 37.5 m streamer
spacing. This can be seen from the finer trace spacing on the
output. Even though the input data is observed to be aliased,
the output is nicely reconstructed.

[0068] Thus, according to an embodiment, there is a
method for processing input seismic data d that includes a
step of receiving input seismic data d recorded in a first
domain by seismic receivers that travel in water, with input
seismic data d including primary and surface ghost wave-
fields; a step of generating a model p in a second domain to
describe input seismic data d; and a step of processing model
p to obtain a seismic dataset indicative of ghost wave-fields
and substantially free of primary wave-fields.

[0069] Input seismic data d includes only pressure mea-
surements, or only particle motion measurements, or both
pressure and particle motion measurements. The first
domain may be a time-space domain, while the second
domain may be one of a Radon domain (hyperbolic, para-
bolic, etc), frequency-wave number domain, tau-p domain,
rank reduction, singular value decomposition (SVD), and
curvelet domain. In one application, the step of generating a
model p includes solving an inverse problem based on linear
operator [, and the input seismic data d, and applying an L'
transform to the model p to obtain a seismic dataset indica-
tive of ghost wave-fields, with the L' transform combining
primary attenuation and interpolation. The L' transform may
be applied after a denoising step is applied to model p. In one
application, an amount of noise is reduced by controlling
sparseness weights when the model domain is derived. The
sparseness weights may also be derived to mitigate aliasing,
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which may be especially useful if only hydrophone or only
particle velocity data is input. The sparseness weights may
be derived initially at low frequencies (e.g., at values less
than 10 Hz) and used to constrain the model at high
frequencies. The sparseness weights may be updated during
several iterations, e.g., 0-10 Hz model is used to constrain a
0-20 Hz model which is used to constrain a 0-40 Hz model,
etc. The sparseness weights may be derived from the enve-
lope of the tau-p model at each iteration. Processing in the
model domain may also include muting, scaling, resam-
pling, removing cross-talk or interference noise, re-datum-
ing and vector rotation, as will be discussed later.

[0070] The seismic dataset indicative of ghost wave-fields
may be generated at positions in-between the receivers, i.e.,
having any output z relative to the zs of the receivers and/or
streamers. The positions may be at a different datum than the
receivers, or the positions are designed to match positions of
receivers from another seismic survey, or the positions are
equidistant from input streamers on which the receivers are
distributed, or the positions are on a regular grid.

[0071] In one application, the seismic dataset indicative of
ghost wave-fields may be subtracted from input seismic data
d to obtain data d' to be used to generate a final image of a
surveyed subsurface, or the seismic dataset indicative of
ghost wave-fields is directly used to generate a final image
of a surveyed subsurface.

[0072] According to another embodiment, there is a
method for processing input seismic data d. The method
includes a step of receiving input seismic data d recorded, in
a first domain, by seismic receivers that travel in water, with
the input seismic data d including pressure and particle
motion measurements; a step of generating a model p in a
second domain to describe input seismic data d; and a step
of processing model p to output a seismic dataset with
attenuated noise. The step of processing may include remov-
ing cross-talk noise in model p by muting, wherein cross-
talk noise is generated when two or more seismic sources
generate seismic waves at the same time. The method may
also include further removing cross-talk noise based on the
non-coherent nature of model p in the second domain. An
amount of noise may be reduced by controlling sparseness
weights when an L transform is applied. In one application,
the second domain is a common channel domain, and the
first domain is a time-space domain. In another application,
the second domain is one of a radon domain, frequency-
wave number domain, rank reduction, SVD, tau-p domain,
and curvelet domain. For example, the data in the second
domain may be sorted into the common-p/shot domain in
which the timing of the noise may vary. Erratic/impulsive
denoise methods may be used to mitigate the noise based on
the inconsistent timing of the noise.

[0073] The step of generating a model p may include
solving a linear problem based on input data and an operator
L, followed by an L' transform to obtain seismic dataset with
attenuated noise, wherein the L' transform combines
deghosting and interpolation. The L' transform may also
include resampling, and/or redatuming and/or vector rota-
tion. In one application, the seismic dataset with attenuated
noise is used to generate a final image of a surveyed
subsurface.

[0074] The above-discussed embodiments did not take
into account the orientation of the receivers, which may
change as the streamers are towed in water. In other words,
the receivers were assumed to be oriented parallel to the
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shooting direction, i.e., extending along the inline direction.
However, often this is not the case because streamer 800,
when towed by vessel 802, may make a feather angle 804
with traveling direction X (i.e., inline direction), as illus-
trated in FIG. 8 and, thus, a receiver may be oriented in
various ways relative to the streamers.

[0075] To account for this, it may be necessary to modify
the obliquity terms relating to the v, component on a
trace-by-trace basis, based on the orientation of each
receiver. In the following formulation, angle d(n) represents
the orientation of the streamer to the transform orientation
(px-py) at the location of a given receiver 810 (which, for
simplicity’s sake here, is defined as the nominal shooting
direction). This is equivalent to the angle between the
orientation of the v, receiver and the model p, direction.
Thus, the modified form of the L matrix that takes receiver
orientation into account is given by:

h1 2D
)

hy

vy ly-a(n, m) %

vy | = cos 0(m) Lyaq(n, m) P2 .

VIN sinO(m) sin(B(m) + () ly—q(n, m) ps

- Pm

V¥

¥y

[0076] While this embodiment is discussed in the context
of particle velocity measurements in directions vertical and
perpendicular (i.e., along a cross-line direction) to the
streamer, the equations can be modified for particle velocity
receivers oriented in any direction. For example, due to a
streamer twisting while towed in water, accelerometers
along the streamer may be oriented in any direction. In
addition, with a variable-depth streamer, it may be important
to accurately model the orientation of the “vertical compo-
nent” which may not be strictly vertical, but rather perpen-
dicular to the streamer.

[0077] Although the data may be preprocessed to reorient
the recordings to a vertical and streamer-perpendicular ori-
entation, it is possible to leave the data at the original
orientation and design [ matrix elements based on the
orientation of each individual receiver. While the discussion
here relates to a hydrophone plus two other components, it
is possible to modify the equations to any number of particle
velocity measurements oriented in any direction. The ori-
entation of each receiver can be different.

[0078] According to an embodiment, a method for pro-
cessing input seismic data d includes a step of receiving the
input seismic data d recorded, in a first domain, by seismic
receivers that travel in water, with the input seismic data d
including pressure and particle motion measurements; a step
of generating a model p in a second domain to describe the
input seismic data d, with model p taking into account an
obliquity of incoming wave-fields; and a step of processing
model p to output a particle motion dataset corrected for
obliquity. The method may include wave-field reconstruc-
tion of incoming wave-fields based on pressure and particle
motion measurements and model p.

[0079] Inone application, incoming wave-fields are recon-
structed at new receiver positions. The particle motion
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dataset corrected for obliquity includes surface ghost wave-
fields, or is substantially free of surface ghost wave-fields. In
one embodiment, the first domain is time-offset/x-offset/y-
depth and the second domain is tau-slowness/x-slowness/y,
where offset/x is a distance between a source generating
input seismic data d and a corresponding receiver along an
inline direction, and offset/y is a distance between the source
and corresponding receiver along a cross-line direction,
which is substantially perpendicular on the inline direction.
[0080] In one application, the output particle motion data-
set corrected for obliquity is not interpolated. In another
application, a component of the particle motion dataset
corrected for obliquity is summed with pressure data in the
first domain to obtain wave-field separation. Similar to other
methods discussed herein, an L' transform may be applied to
obtain the particle motion dataset corrected for obliquity,
wherein the L' transform combines the obliquity and wave-
field reconstruction. The L' transform may include other
operations as already discussed.

[0081] According to another embodiment, there is a
method for processing input seismic data d that includes
receiving the input seismic data d recorded, in a first domain,
by seismic receivers that travel in water, with input seismic
data d including pressure and particle motion measurements;
generating a model p in a second domain to describe input
seismic data d; and processing model p to output a seismic
dataset with attenuated noise. The processing step may
include removing cross-talk noise in model p by muting,
wherein cross-talk noise is generated when two or more
seismic sources generate seismic waves at the same time.
[0082] According to still another embodiment, it is pos-
sible to derive a single fixed datum model which, when
reverse-transformed, simultaneously models all available
particle velocity and hydrophone measurements (in this case
hydrophone, vertical v, particle velocity receiver, and v
horizontal particle velocity receiver perpendicular to the
streamers; inline v, may be added) at the recording depths
and offset-x/offset-y positions.

[0083] Once the tau-px-py model has been found (no
matter which formulation or which components have been
used), it can be used to output up-going data, down-going
data, or a combination of the two at any spatial position,
where the term “spatial position” means X (inline position),
y (cross-line position), and z (receiver depth) coordinates.
Note that the term “output” includes one or more of wave-
field regularization, interpolation, deghosting, denoising,
redatuming, resampling, etc. Each individual output trace
can have its own X, y, z location (e.g., general floating
datum). This location may be at the position of the original
receivers, in between the original receivers, for example,
interpolation at a new streamer location, at any receiver
depth, or a combination of in between the streamers at
different depths. This method can be used to output up-going
energy at the surface or other horizontal datum, which may
be subsequently processed with conventional processing
algorithms. The method can also be used to output down-
going energy at the surface or any other datum, and again,
this may be processed with conventional algorithms.
[0084] The interpolation aspect of this method can be used
to de-alias the cross-line sampling of a dataset, or to map on
to the exact receiver x-y-z coordinates of another dataset,
towed streamer, OBS, or land dataset. The data may be
output for up-going, down-going or a combination of the
two. The output positions of all traces can be at any x-y-z
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coordinate within the original streamer spread or outside the
spread (extrapolation). Up-going and down-going datasets
may be output at different datums if required.

[0085] In another embodiment, the [ matrix discussed
above may be used for time-lapse studies where one or more
vintage datasets consist of measurements at different spatial
coordinates and/or receiver depths than new acquisition
measurements. Once the model p has been found, it may be
used to output data at the exact x-y coordinates and depths
of any prior vintage (baseline) dataset or other positions.
This allows accurate comparison of vintage datasets and
reconstructed monitor datasets. Up-going, down-going or a
combination of both may be used for this purpose. For
example, a base hydrophone-only dataset will contain pri-
mary and ghost data, and interpolation or deghosting of this
base dataset may not be possible. In this case, it can be of
interest to output the monitor data (the later-in-time survey
data) at the x-y-z recording coordinates of the baseline,
including primary and ghost. With multiple datasets, it may
be of interest to interpolate all vintages on to a common
sampling that includes positions not occupied by any data-
set. The positions could be designed so that the interpolation
distance on average is minimum, i.e., the positions are
selected as close as possible to the input data positions
because the interpolation quality at positions further away is
expected to degrade.

[0086] According to another embodiment, different x/y
offsets and depths may be used for up-going and down-
going datasets, for example, to improve illumination or to
match wave-field propagation to a vintage dataset or data-
sets.

[0087] The scheme may be used to output particle velocity
data onto a second set of traces to help interpolation, e.g., if
a first base dataset includes only hydrophone data and a
monitor dataset includes multi-component data, it is possible
to interpolate the monitor dataset to the positions of the base
and then use the base hydrophone combined with interpo-
lated monitor particle velocity for interpolation of the base
hydrophone data. One example is the use of a monitor
hydrophone/particle motion dataset for outputting particle
velocity measurements on a vintage dataset. Interpolated
particle velocity measurements combined with original pres-
sure measurements from the vintage data can be used for
interpolation of the vintage dataset. Alternatively, particle
motion data may be extrapolated within a shot gather from
near offsets (where accelerometer measurements are avail-
able) to far offsets (where accelerometers were not
installed).

[0088] The methods discussed in the previous embodi-
ments can be generalized to a method that derives a fixed
datum model to satisty any number of particle velocity data
with any 3D orientation, along with a different number of
hydrophone measurements. Measurements of hydrophone
and particle motion need not be co-located in space or depth.
Individual particle motion receivers need not be consistently
oriented.

[0089] In this regard, consider N hydrophone measure-
ments and O particle velocity measurements. Hydrophone
and particle velocity measurements each have their unique
coordinates (X, y, and z (depth)). First, refer to equations (16)
to (18) describing the particle velocity vector based on a
known model:
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sinf(m)cos B(m) L—a(n, m) (22)
v(n, m) = | sin@(m)sin S(m) l—q(n, m)

cos 0(m) Lyva(n, m)

using the angle definitions introduced in FIG. 5A.

[0090] The three particle velocity components can then be
re-oriented to the orientation of each individual receiver.
Receiver orientation may vary from shot to shot, and even
during the recording time of a trace. One way to re-orient the
receiver is to take the resolved component of the wave-field
vector through use of the dot product. This possibility is now
discussed in more detail. However, other ways may be
imagined by those skilled in the art.

[0091] If v, is a vector having components (v,, v,, V,)
representing the three particle motion components for a
given receiver, and unit vector a(lal=1) represents the
receiver orientation relative to the transform orientation (p,,
p, as in FIG. 8), the following may describe the resolved
component of the wave-field along the receiver orientation:

av=lalyl cos o. (23)
The following notation may be introduced:
=yl cos © 24)

in which case r may be rewritten as:

_ I _ a-y (25)
cCoso = — = ——
vl lallyl
a-y
,e (26)
lal
xVx + AyVy +azV; X))
= =V + QyVy + a;V;,

lal

where o is the angle between wave-field vector v and
receiver orientation a. Wave-field vectors v vary with p, and
p,» and the receiver orientation a varies with the shot and
time for each receiver. As noted above, other re-orientation
schemes can be used.

[0092] Based on equation (27), the final matrix formula-
tion may be given by:

Iy (28)
hy
Iy

I\ p1
Vi

11 P2
vy | =

” P3
V3

Yo A\ Pm
V4
Vs
vo

where the top part of the L matrix and the top part of data
vector d (receivers 1 to N) relate to hydrophone measure-
ments, and the following rows for [ matrix and data vector
d relate to particle velocity data (receivers 1 to O). Model
vector p contains M values. In one embodiment, M values
include slownesses in the x and y directions, although other
model domains may be used as discussed later.
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[0093] The transform L. from the coordinate system of
model p to the receivers’ coordinate system (e.g., time-space
domain) may vary for each receiver and with time. This
means the orientation of the receivers can vary from shot to
shot, but also during recording of an individual trace. The L'
transform may be designed or coded based on equation (27),
for each receiver, to rotate the particle motion receivers (i.e.,
their recording) to be aligned with the y-axis, z axis, or any
preferred axis. This step of vector rotation may be applied to
any of the embodiments discussed herein. In this way, the
input particle motion measurements may be received with
arbitrary orientation, being allowed to vary for each receiver
and are not substantially orientated in two or fewer direc-
tions. Output particle motion measurements may be formed
such that they may also take any arbitrary orientation. The
orientation of the output particle motion receivers may be
the same as the input particle motion receivers or may be
different to the input particle motion receivers. The term
receiver orientation should relate to the orientation of the
streamer data received by the processing algorithm. This
orientation may be different to the orientation of the original
receiver if the data has previously being re-orientated.
Several individual receivers may be summed to form a
receiver group. The receiver data input to the algorithm may
relate to individual receivers or receiver groups. In other
words, there is a method for processing input seismic data d
that includes a step of receiving the input seismic data d
recorded in a first domain by seismic receivers that travel in
water, the input seismic data d including pressure and
particle motion measurements, a step of generating a model
p in a second domain to describe the input seismic data d,
and a step of processing the model p to obtain an output
seismic dataset, the output seismic dataset including wave-
field reconstruction of the pressure wave-fields and/or par-
ticle motion wave-fields based on the model p. The particle
motion measurement’s orientations may vary from receiver
to receiver. In one application, the particle motion measure-
ment’s orientations vary between groups of receivers. In
another application, part of all the orientations are not along
predetermined directions, e.g., y and z directions.

[0094] The above-discussed transforms may be adapted to
work under different conditions. For example, through reci-
procity, any of the above methods can be modified to work
in the common receiver domain where there is a sufficient
sampling of shots. This can be of use for land or OBS
datasets where there is a need to redatum, deghost, reghost,
etc.

[0095] The 3D algorithms introduced above may be used
for many things, some examples are given below:

[0096] 1) Output up-going (primary) data at the streamer
datum. The primary may be subsequently subtracted from
original pressure data to leave down-going energy only.

[0097] 2) Output down-going (ghost) data at the
streamer datum. The ghost may be subsequently sub-
tracted from original pressure data to leave up-going
energy only.

[0098] 3) Output up-going or down-going data at sur-
face datum.

[0099] 4) Output up-going or down-going data at a new
horizontal datum. This allows deghosted data to be
provided at the start of the processing sequence, so that

the data can be processed with conventional algo-
rithms.
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[0100] 5) Output up-going or down-going data at a new
variable depth datum.

[0101] 6) Output up-going and down-going data at a
new datum. For example, this can be useful for time-
lapse studies.

[0102] 7) It is also possible to apply deghosting and
redatuming in two independent steps. First deghost the
data (leaving it at the original depths), then redatum it
as a separate operation.

[0103] 8) Instead of outputting up-going and down-
going wave-fields, it is possible to output particle
motion data at any x-y-z location with any orientation.
This allows the output of particle motion data on or
between the streamers that is substantially free of
down-going (ghost) or up-going (primary) energy. The
output particle motion data at or between the streamers
may or may not be corrected for obliquity. This data
may be processed in parallel with pressure data and
combined post-migration with a joint deconvolution-
type deghosting approach. Alternatively, it may be
summed with pressure data to achieve wavefield sepa-
ration.

[0104] 9) In addition, particularly with the use of sparse
inversion, this procedure can be used for joint interpo-
lation, deghost and denoise.

[0105] 10) The tau-p,-p, model can be used to separate
cross-talk noise (with simultaneous shooting) or inter-
ference noise based on model parameter ranges.
[0106] a. In simultaneous shooting, the wave-field

from two sources is recorded;

[0107] b. Where the sources are at different spatial
positions, there may be a difference in the angle at
which the wave-field approaches the receivers;

[0108] c. When this is the case, the wave-fields may
be denoised by muting the noise in the tau-px-py
domain. If the separation is not perfect, the noise
may be further separated based on the non-coherent
nature of the data in a given domain, for example, the
common p/shot domain;

[0109] d. Subsequently, a reverse tau-px-py trans-
form may be used to separate energy from the
different sources in combination with any other items
listed here, or to come back to the original coordi-
nates.

[0110] 11) It is possible to make use of the model
domain p for demultiple purposes, after which data
(any combination of the above) may be output on the
input sampling or elsewhere, with or without free
surface ghost. One example is the application of mul-
tiple attenuation using tau-px-py deconvolution in the
model space. In the tau-px-py domain (model domain
p) the multiples may be identified based on velocity
discrimination and/or periodicity. Multiples are peri-
odic in model domain p. Thus, recorded data d may be
transformed to the model, autocorrelation functions
may be calculated for each trace, a lag is determined
based on autocorrelations for, e.g., predictive decon-
volution, the deconvolution is applied to select the
multiples, and the multiples are then transformed back
to the time-space model where they are removed from
original data d. Normally, sampling restrictions mean
that tau-p deconvolution is applied in 2D in either shot
or receiver domain (or both). The results may be
sub-optimal due to the data exhibiting 3D wave field

10
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propagation in reality. The use of particle motion
measurements to make a 3D (tau-p,-p,) model p can
thus lead to improved demultiple.

[0111] 12) Any combination of the above-noted
embodiments or parts of them may also be envisioned
by one skilled in the art.

The above options can be used to output data at the same
offsets as input data, or at new offsets. These are only a set
of options, and those skilled in the art could easily imagine
other options based on the above-discussed concepts.

[0112] It can be also possible to extend the above methods
to work on shot and receiver deghosting and redatuming
simultaneously. This could be considered as an algorithm
with 7D input; i.e., source at positions S(X,y,z) and receivers
at positions R(x,y,z). Receivers can include a mixture of
hydrophones and particle motions sensors (as will be
described later), with each particle motion sensor having its
own orientation a,(x,y,z) as before. This arrangement could
lead to a 5D surface consistent model tau-p,-py,-p,.p,,
where p,, and p,, are source slownesses in the x and y
directions, and p,, and p,,, are receiver slownesses in the x
and y directions. Where sufficient sampling of the source is
not available, it would be possible to reduce the number of
dimensions to S(x,z) and R(x,y,z), where the sources are
positioned along a 2D line. Sparseness constraints can be
used to help with interpolation beyond aliasing. In addition,
sparseness can be used to denoise. Further, this algorithm or
any of the methods discussed herein may be combined with
source interpolation for obtaining wavefield reconstruction
on the receiver side.

[0113] In addition, source directivity compensation may
be added in to the above formulation by including a resig-
nature operation as a function of source takeoff slowness.
The resignature operation may include source airgun array
effects as well as the source ghost. Assumptions relating to
source and receiver takeoff slownesses may be made based
on ray tracing, which may be in 1D (e.g., normal moveout
(NMO)) and use a complex velocity model.

[0114] Input data for any of the above methods may be in
any pre-stack domain, for example shot, receiver, midpoint,
conversion point or cross-spread. The intention is that any of
the above implementations would be made on a computer.
While much of the previous embodiments discussed use
multi-component measurements, it should be noted that
where signal-to-noise ratio and sampling allows, the scheme
(s) may be used with fewer data, e.g., hydrophone data only
or particle motion data only. In particular, this may require
more demands on sparseness constraints, e.g., beginning by
solving the equations for a low frequency bandwidth which
is not aliased, and using the model to derive sparseness
weights for the higher frequency model solution. Also, it
may be possible to use as input pressure and particle motion
data and to generate an output that includes only pressure
wave-fields or only particle motion wave-fields, as now
discussed.

[0115] One embodiment may include using hydrophone
only data to construct an estimate of particle motion data.
The estimate of particle motion data may or may not be
corrected for obliquity. The estimate of particle motion data
may or may not include wavefield separation. The estimate
of particle motion data may be subtracted from recorded
particle motion data to leave a residual. This residual particle
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motion data may then be denoised following which the
estimated particle motion data is added to the resulting
denoised data.

[0116] For example, in one embodiment there is a method
for processing input seismic data d that includes a step of
receiving input seismic data d recorded in a first domain by
seismic receivers that travel in water, with the input seismic
data d including pressure and particle motion measurements
representative of primary and surface ghost wave-fields; a
step of generating a model p in a second domain to describe
input seismic data d, wherein there is a mathematical trans-
form [ which, when applied to model p, results in input
seismic data d; and a step of processing with a mathematical
transform L' the model p to obtain, in the first domain, a
seismic dataset indicative of pressure wave-fields and hav-
ing a characteristic imparted by transform L', wherein math-
ematical transform L' is different from mathematical trans-
form L.

[0117] The L' transform may be obtained in various ways,
for example, by selecting one or more parameters in the L.
transform to be zero. In one application, the L' transform has
more terms than the L transform. The characteristic is related
to the pressure wave-fields being interpolated among
receiver positions and being free of primary wave-fields, or
to the pressure wave-fields being deghosted and interpolated
among receiver positions, or to the pressure wave-fields
being interpolated among receiver positions based on rotated
particle motion measurements, or to the pressure wave-fields
being interpolated along streamers including the seismic
receivers, or to the pressure wave-fields being calculated at
anew datum relative to a datum of the seismic receivers. The
pressure wave-fields may be spatially resampled at another
new datum. In one application, the characteristic is related to
the pressure wave-fields being deghosted and calculated at a
new datum relative to a datum of the seismic receivers.
[0118] The method may also include denoising the model
p prior to applying the L' transform. In one application, the
characteristic is related to the pressure wave-fields being
interpolated at positions designed to match positions of
receivers from another seismic survey. The positions may be
equidistant from input streamers on which receivers are
distributed, or they may be on a regular grid. The first
domain may be a time-space domain, and the second domain
may be one of a radon, tau-p, frequency-wave number, SVD,
rank reduction, tau-p and curvelet domain.

[0119] According to another embodiment, it is possible to
implement a method for processing input seismic data d that
outputs only particle motion or only hydrophone recordings.
The method includes a step of receiving input seismic data
d recorded in a first domain by seismic receivers that travel
in water, with the input seismic data d including pressure and
particle motion measurements; a step of generating a model
p in a second domain to describe input seismic data d,
wherein there is a mathematical transform L which, when
applied to model p, results in input seismic data d; and a step
of processing with a mathematical transform L' the model p
to obtain, in the first domain, a seismic dataset indicative of
particle motion wave-fields. Mathematical transform L' is
different from mathematical transform L. In one application,
the step of generating a model is based on an L transform
which incorporates a differentiation in time or space. This
differentiation step converts particle velocity data to particle
acceleration, or particle displacement data to particle veloc-
ity data, or particle velocity data to pressure gradient data,

Jan. 12, 2017

etc. The differentiation may be applied in the time domain or
the frequency domain and may be a differentiation in time or
in space. In another application, the step of generating a
model is based on an L transform which includes a fre-
quency filter term to account for different signal to noise
ratios for pressure and particle motion data.

[0120] In one application, the seismic dataset indicative of
particle motion wave-fields is interpolated among receiver
positions and is free of surface ghost wave-fields. The L
transform may include vector rotation corrections for par-
ticle motion measurements which allows each particle
motion receiver to take its own unique orientation. The
seismic dataset indicative of particle motion wave-fields
may be calculated at a new datum relative to a datum of the
seismic receivers, or the seismic dataset indicative of par-
ticle motion wave-fields is spatially resampled at another
new datum. In one application, the seismic dataset indicative
of particle motion wave-fields is deghosted and calculated at
a new datum relative to a datum of the seismic receivers.
[0121] In one application, the method includes a step of
denoising model p prior to applying the L' transform. The
seismic dataset indicative of particle motion wave-fields
may be interpolated at positions designed to match positions
of receivers from another seismic survey. The positions may
be equidistant from input streamers on which receivers are
distributed, or may be on a regular grid. In one application,
the seismic dataset indicative of particle motion wave-fields
is used for generating a final image of a surveyed subsurface.
[0122] Another embodiment that takes advantage of the L.
matrices discussed above relates to the use of multicompo-
nent measurements for combined deghosting and redatum-
ing. Fewer component measurements may be used where
S/N ratio and sampling allow, e.g., hydrophone only or
particle motion only. The strategy described next is aimed at
improving spatial image resolution in the image domain
(after migration).

[0123] For illustrating the combined deghosting and reda-
tuming, FIG. 9 shows an acquisition system 900 that
includes streamers 902 with 100 m separation traveling into
the page. For a given cross-line slowness propagation direc-
tion, there is a lateral shift Ah with which rays 906 reach the
sea surface 908 relative to the streamers, and this separation
is given by:

- Ah 29
sinf = vp = ———
VAR + 2
e P @0)
V1-v2p?

where p is the slowness (s/m) of a given wavefront and v is
the water velocity.

[0124] Even though there is a lateral shift Ah, it should be
noted that the spatial sampling of the up-going energy
(receivers below the sea surface) is the same at the sea
surface as it is at the streamers’ level (in this case 100 m).
Considering now the sampling of the ghost wave-field, the
concept of “mirror-receivers” may be used to position mir-
ror-streamers 910 having receivers above the sea surface
908 above the actual receivers streamers as illustrated in
FIG. 9, which shows that the surface spatial shift of rays 912
for down-going (ghost) data has opposite polarity to that of

up-going (primary) rays 906.
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[0125] Based on this observation, according to an embodi-
ment, it is possible to increase effective spatial sampling
without interpolating data in between the streamers. For
example, consider the case in which single or multicompo-
nent data is available. This data may be used to jointly
deghost and redatum to a plurality of different depths, thus
increasing the amount of data. If, for example, it is desired
to increase six-fold the spatial resolution for a given dip, it
is possible to choose six horizontal datums 1000-1010 for
the output data as shown in FIG. 10. While FIG. 10
illustrates this concept with receivers below (associated with
the primaries) and above (associated with the ghosts) the sea
surface, the same can be achieved with receivers only below
the surface as shown in FIG. 11.

[0126] The previous illustrative example describes picto-
rially how spatial resolution may be improved by redatum-
ing the data to a plurality of recording depths. In one
embodiment, this redatuming is combined with deghosting.
Thus, ghost receiver data should be prepared to have the
same polarity as receivers below the water surface. How-
ever, in practical situations, it may be attractive to recon-
struct receivers above the ocean bottom, especially in the
case of shallow water depths or where there is a strong water
velocity variation.

[0127] Next, some practicalities of this concept are con-
sidered based on an example. Consider a survey with
maximum cross-line dip (slowness) of 0.0005 s/m, and an
increase from 100 m sampling to 12.5 m sampling in spatial
resolution is desired. Rearranging equation (30) as noted
below in equations (31) to (33), it can be seen that the
increase in spatial resolution may be achieved through a
depth increment of 11 m as follows:

AhV 1 —v2p? 3D
R
12.5/1 = 15002 x 0.00052 (32)
°= 1500%0.0005
7=11.02 m 33)

i.e., the deghosted virtual streamers’ output is calculated at
Om, 11 m,22m,33 m, 44 m, 55 m, 66 m and 77 m. In other
words, for fixed streamer spacing, the virtual streamer depth
sampling is a function of water velocity, required horizontal
resolution (Ah) and maximum slowness (p). Curve 1200 of
the graph illustrated in FIG. 12 describes this relationship.

[0128] Curve 1200 seems unfavorable for low slownesses
because the depth increment increases rapidly. However, it
should be noted that effective spatial sampling for low
frequencies need not be as fine as for high frequencies. By
definition, energy with vertical propagation does not vary
laterally. This concept may be defined by spatial aliasing and
the Fresnel zone.

[0129] The frequency at which data spatially aliases may
be given by the following equation:

v 1 (34)

v
Jmax = 2Axsind 2Axvp = 2Axp
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where v=water velocity (m/s), Ax=spatial sampling, e.g.,
streamer spacing (m); and p=slowness (s/m). Rearranging
equation (34) for delta-x, the spatial sampling is found as a
function of slowness:

aee L (35)
= 2pfmax’
[0130] For 100 Hz maximum frequency, the spatial sam-

pling required to avoid aliasing and the streamer depth-
increment may be calculated as shown in Table 1.

TABLE 1
Spatial Depth

Slowness sampling increment

(s/m) (m) (m)
0.0006 8.333333 4.315348
0.00055 9.090909 6.487211
0.0005 10 9.089282
0.00045 11.11111 12.44497
0.0004 12.5 17.01727
0.00035 14.28571 23.5902
0.0003 16.66667 33.63464
0.00025 20 50.21793
0.0002 25 80.67466
0.00015 33.33333 146.4034

1E-04 50 334.1174
SE-05 100 1347.646

[0131] Note that, in practice, effective spatial sampling for
migration may often be finer than this by a factor of 2 for a
pair of sources (flip and flop sources used routinely with
dual-source single vessel acquisition). However, in practice
it is necessary to go down to a depth of about 150 m.

[0132] While FIG. 10 shows consistent spatial sampling
for a given slowness, for other slownesses with the same
depths this will not be the case, as illustrated in FIG. 13. In
this case can be seen a fine spatial sampling 1302 followed
by a gap 1304. As long as the gap is smaller than the aliasing
condition for the given dip, the resolution will still be
sufficient. While it is possible to continue the fine receiver
depth sampling deeper (almost to have a “curtain streamer”)
to fill the surface sampling, it can be more efficient to have
a varying streamer depth sampling because the sampling
gets coarser with depth.

[0133] In this respect, FIGS. 14A-G illustrate (vertical
axis corresponds to depth, and horizontal axis corresponds
to inline direction) left-hand side dots aligned vertically that
relate to mirror streamer positions for streamer 1, and
right-hand side dots that relate to streamer positions for
streamer 2. Streamer depths are as follows: 0 m, 5 m, 10 m,
15m, 20 m, 25 m, 35 m, 45 m, 55 m, 70 m, 90 m, 150 m.
Surface projections of different plane waves recorded by the
receivers illustrated in FIGS. 14A-G show that the surface
spatial sampling will be sufficient for the spatial resolution
required for all plane waves, based on aliasing figures
quoted in Table 1.

[0134] Another alternative is to have two “curtain stream-
ers” at either edge of the streamer spread. Although this
solution may seem to relate to a degradation of spatial
resolution, however, based on the schemes discussed herein,
it may be appreciated that a similar spatial resolution may be
obtained.
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[0135] For a densely spatially sampled dataset on a hori-
zontal datum, it is well known that by transforming the data
into the tau-px-py domain and applying phase shifts for each
slowness trace, the input datum may be moved to another
fixed level, i.e.,

[0136] 1. Receive data in the (t,x,y) domain;
[0137] 2. Transform it to the (tau,p,.p,) domain;
[0138] 3. Apply phase (time) shifts for each slowness

trace (i.e., same or different shifts trace by trace); and
[0139] 4. Reverse transform the data to the (t,x,y)
domain.
[0140] For a single curtain receiver, a similar process may
be implemented, i.e.:

[0141] 1. Receive data in the (t,y,z) domain;
[0142] 2. Transform it into the (tau,p,.p,) domain;
[0143] 3. Apply phase (time) shifts for each slowness

trace (i.e., same or different shifts trace by trace); and
[0144] 4. Reverse transform to the (t,y,z) domain.

[0145] In the first case, data at different receiver depths is
generated using the (tau,p,.,p,) domain, while in the second
case data is generated at different y-positions (i.e., lateral
sampling) using the (tau,p,,p,) domain. Therefore, instead of
spatially interpolating data and performing the migration, it
is possible to extrapolate the data to different receiver depths
and then migrate it. In other words, it is possible to receive
input seismic data while in tow, use the input seismic data
to generate data at a plurality of different receiver depths,
and then image the subsurface. The input data may include
hydrophone data, or particle velocity data, or both. In one
application, the data at different receiver depths is substan-
tially free of free surface ghosts (down-going energy) or is
substantially free of primary energy (up-going energy).
Receivers may be below or above the free surface, they may
be provided at receiver depths that are regularly or not
spaced in depth, and/or the receiver depths may be designed
to optimize spatial resolution at the sea surface or along
subsurface structures of interest. Models in p,, p,, and p,
may be linked through the inverse square of the water
velocity through equation: v=>=p_ *+p,>+p.>.
[0146] The following comments relate to the design and
use of the [ matrix discussed above. Particle velocity data
may be obtained from individual sensors, or summed (aver-
age or weighed sum) to form a receiver group. Particle
velocity data may have been acquired directly or may be
computed from accelerometer sensors (for example, by
integration). Other types of particle motion sensor may be
available. While the above embodiments relate to modeling
of particle velocity data, a differentiation step may be
included in the matrix formulations to work directly with
accelerometer data. The differentiation could be applied in
the time or the frequency domain. Receivers generate a
marine streamer dataset that is achieved in a narrow, wide or
multi-azimuth, coil shooting or any configuration towed
with constant or variable depth (e.g., slant streamer, Broad-
Seis profile, over-under streamers), and the seismic data is
generated with an air gun, marine vibrator, or other source
element. Source elements may be fired according to any
known scheme, e.g., continuously, simultaneously, flip-tlop,
etc. Receivers may also be used in ocean bottom survey
(nodes, cables, or other with air gun, marine vibrator or other
source), land dataset (dynamite, vibrator or other source), or
a combination of two or more dataset types. The data may
have been calibrated before applying the processes dis-
cussed herein, or calibration scalars may be included in the
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matrix formulations noted in the embodiments. Water veloc-
ity terms may be constant or allowed to vary with depth.
Variation with depth can be of use for OBS datasets where
there is a water velocity gradient. The methods may be used
for one-sided or split-spread acquisition.

[0147] Equations described herein may be solved in the
time domain or a spectral domain (e.g., frequency, Laplace,
z-transform, etc.), wavelet domain (e.g., curvelet or other).
Model p may be found through any inversion method, e.g.,
conjugate gradients, LU decomposition, Cholesky factoriza-
tion, etc. Model p may be derived to represent all traces in
the input shot, or may work on a subset of data from the
input shot, for example, spatial windows of a given number
of channels. Sparseness weights may be used in the inver-
sion to improve results, for example, where there is poor
signal-to-noise ratio or to overcome aliasing; e.g. iteratively
reweighted least squares beginning with low frequencies and
working up to higher frequencies. Other model domains
may be used, for example, frequency-wavenumber (FK),
parabolic Radon, hyperbolic Radon, etc. In fact, any fixed
datum model domain may be defined as long as it can be
reverse transformed, redatumed and reghosted for both
hydrophone and particle velocity sensor data. Alternatively,
an iterative approach similar to the anti-leakage tau-p trans-
form can be used which also exhibits sparseness properties.
No matter how the model is formed, it needs to simultane-
ously reproduce the hydrophone and particle velocity mea-
surements through application of an operator, e.g., L.
[0148] Due to differing signal to noise ratio of hydrophone
and particle velocity data, it may be necessary to define the
inversion so as to satisfy the hydrophone data for a broader
bandwidth than the particle velocity data. This may be
implemented by including a frequency dependent scaling
term into the matrix or bandpass filtering the model and data
for different conjugate gradient passes either by multiplica-
tion in the frequency domain or convolution by a bandpass
filter in the time domain. For example, application of L may
include a bandpass filter so that when applied the bandwidth
of particle velocity components is 25 Hz to 250 Hz, whereas
the bandpass filter for hydrophone data is 2 Hz to 250 Hz.
Conjugate gradient inversion begins by computing L'Td from
d, and continues by combining frequency filtering into L.
The bandwidth of LTd will automatically be adjusted and be
consistent for the later applications of I and LT in the
conjugate gradient flow.

[0149] It can also be possible to process hydrophone and
particle motion data independently. The separate results may
be combined afterwards, for example, by selecting different
temporal frequency ranges based on signal-to-noise ratio
data. At low frequencies, particle velocity data may be too
noisy to be of value. Therefore, it may be necessary to use
a pressure-only solution for low frequencies, and make use
of a combined hydrophone-particle velocity solution for
higher frequencies.

[0150] A generalized weighting scheme can be imple-
mented to vary weighting between any component (hydro-
phone or particle motion) depending on the receiver, time
and frequency and/or wavenumber. This weighting refers to
how well the model represents the data. Typically, acceler-
ometer data is integrated to calculate particle velocity mea-
surements. Instead of integrating accelerometer data before
wave-field separation, it is also possible to build a differen-
tiation operator into the inversion scheme. In the time
domain, the application of operator I would then include
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redatum, reghost and differentiation. As an alternative to the
described modeling approach, other forms of wave-field
extrapolation may be used, which may include Kirchhoff,
beam, wave-equation (one-way or two-way, RTM, etc).

[0151] The embodiments discussed above with regard to
determining the L. matrix have focused on illustrating how
the mathematics works and how the various steps, e.g.,
deghosting, datuming, interpolation, denoising, etc. are
achieved by modifying the [ matrix. The next embodiments
describe possible implementations of these steps according
to methods that are now discussed.

[0152] According to one embodiment, it is possible to
design the L matrix so that joint interpolation, deghosting
and/or denoising is achieved using multicomponent
streamer measurements. The method may include, as illus-
trated in FIG. 15, a step 1500 of receiving particle motion
data and pressure data from seismic receivers towed by a
vessel. The receivers may be part of a plurality of streamers,
ocean bottom cable or autonomous underwater vehicles. The
pressure and particle motion data includes surface ghosts.
The method also includes a step 1502 of processing particle
motion data and pressure data to generate a data set indica-
tive of a denoised pressure wavefield, at positions between
the streamers and substantially free of surface ghosts. To
achieve this processing step, the model p is determined,
then, in the model domain, the noise is muted and then an L'
matrix is applied to reverse transform the data, deghost and
interpolate. Prior or after the step of muting the noise, the
model p may be used for wavefield separation. The L' matrix
is designed to produce new offset-x and offset-y positions to
take care of the interpolation, and also to remove surface
ghosts. Thus, the data d' obtained in the time domain as a
result of the L' matrix, which may include only surface
ghosts, is subtracted from original data d to obtain only
primaries.

[0153] In one application, if the accelerometer data is
noisy, which tends to be inherent particularly at low fre-
quencies, instead of first denoising the data in the p model,
followed by interpolation and deghosting with matrix L', the
whole process may be integrated into the L' matrix thanks to
the use of sparseness weights.

[0154] According to another embodiment, joint interpola-
tion and deghosting using multicomponent streamer mea-
surements may be implemented without a denoising step as
discussed in the embodiment of FIG. 15. Thus, for this
method, as illustrated in FIG. 16, there is a step 1600 of
receiving particle motion data and pressure data from seis-
mic receivers that are towed, and the pressure and particle
motion data includes surface ghosts. A next step 1602
processes particle motion data and pressure data to generate
a data set representative of particle motion at positions
between the streamers (i.e., interpolation) and substantially
free of surface ghosts (i.e., deghosting). This method differs
from the previous method in the sense that the step of
denoising in the p model is skipped, and the output data set
represents particle motion instead of pressure data.

[0155] Note that there can be general benefit of processing
particle motion data rather than pressure data because par-
ticle motion data provides information about the orientation
of the wave-field that can be useful for demultiple, interfer-
ence noise removal, etc. Further, each particle motion com-
ponent (for example, vx, vy, vz) at different points in the
processing sequence may be processed independently or

Jan. 12, 2017

jointly. After migration, the data may be combined to
simulate a pressure wave-field.

[0156] According to still another embodiment, it is pos-
sible to perform joint interpolation and deghosting using
multicomponent streamer measurements. The method
includes a step of receiving particle motion data and pres-
sure data as in the previous methods, and a step of process-
ing particle motion data and pressure data to generate a data
set representative of a pressure wave-field at positions
between the streamers (interpolation) and substantially free
of up-going primary energy. The difference with the previ-
ous method is that instead of particle motion data, pressure
data is calculated so that it is free of primaries and not of
ghosts, i.e., the calculated pressure data includes ghosts and
not primaries. Note that working with down-going (ghost)
data can produce similar results to working with up-going
(primary) data. In some environments, better imaging can be
achieved using mirror migration of ghost energy rather than
regular migration of primary energy. The output data may be
at the same datum as the input or a new datum, i.e.,
combining removing up-going energy, redatuming, and
interpolation.

[0157] According to yet another embodiment illustrated in
FIG. 17, output seismic data may be generated that includes
vector rotation and obliquity correction using multicompo-
nent streamer measurements. More specifically, as illus-
trated in the figure, in step 1700, particle motion data and
pressure data is received as in the previous embodiments. In
step 1702, particle motion data and pressure data are pro-
cessed to perform interpolation of the pressure wave-field
and/or vector rotation with or without obliquity correction
(see equation (6) and associated description and also FIG. 8
and associated description). The processing step determines
a model p based on input hydrophone and particle velocity
data d as before, e.g., tau-p,-p, model. However, instead of
using this model p for combined interpolation and deghost-
ing, it may be used only for interpolation/regularization of
pressure and particle velocity data. Particle velocity data
may be at a different orientation relative to input data and,
thus, the particle velocity data may or may not be compen-
sated for obliquity correction.

[0158] In one application, output data may not be inter-
polated. In this case, particle motion data may or may not be
corrected for obliquity. The output V_ measurements may
subsequently be summed with pressure data in the data
space d to perform wave-field separation through P-V_
summation. Wavefield separation through P-V_ summation
is known in the field and, thus, this process is omitted herein.
[0159] Alternatively, the summation may be made post- or
during migration. In still another application, pressure P and
particle velocity V, data may be processed through migra-
tion. Four migrations may be used: migration and mirror
migration for both P and Vz data. Following these steps, a
(quadruple) joint deconvolution or modeling approach could
be used to estimate the reflectivity (ghost-free data). The
joint deconvolution or modeling approach generates a single
reflectivity model that simultaneously satisfies all four data-
sets.

[0160] According to still another embodiment, collected
data may be processed to obtain only deghosted data, i.e., no
interpolation step. According to this method, there is a step
of receiving particle motion data and pressure data as in the
previous methods, and a step of processing particle motion
data and pressure data to generate a data set representative
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of'a pressure wave-field at positions along the streamers, and
the pressure wave-field is substantially free of surface
ghosts. The output data set may include traces at the
positions of the receivers along streamers or between the
receivers, or both.

[0161] According to yet another embodiment, there is a
method for elimination of cross-talk noise (if a simultaneous
shooting scheme is used) or interference noise from another
survey. The method includes a step of receiving particle
motion data and pressure data as discussed with regard to
previous methods, a step of processing particle motion data
and pressure data to remove simultaneous shooting cross-
talk noise or interference noise, and a step of outputting
pressure and particle velocity data along the streamers, free
of ghosts. The processing step may take place in the model
domain and may uses traditional algorithms for identifying
cross-talk noise or interference noise.

[0162] According to yet another embodiment, it is pos-
sible to have a method that receives the same data as in
previous methods, then processes particle motion data and
pressure data to generate a data set representative of a
pressure wave-field at a new first datum, and then spatially
resamples the data indicative of particle motion and pressure
data at a second new datum. Redatum data may include
surface ghosts, or it may be substantially free of surface
ghosts, or it may be substantially free of up-going (primary)
energy.

[0163] According to another embodiment, there is a
method that combines deghosting with spatial resampling.
For example, the method includes a step of receiving particle
motion data and pressure data as in the previous methods
and a step of processing particle motion data and pressure
data to generate a data set representative of a pressure
wave-field substantially free of surface ghosts at new spatial
positions. New spatial positions may be at a new depth, or
at a new depth and resampled in lateral position.

[0164] According to yet another embodiment, there is a
method for processing input seismic data d that includes a
step of receiving input seismic data d recorded in a first
domain by seismic receivers that travel in water, with the
input seismic data d including primary and surface ghost
wave-fields, wherein the input seismic data includes both
pressure and particle motion measurements; a step of gen-
erating a model p in a second domain to describe input
seismic data d; and a step of processing model p to obtain
multiples in the second domain, wherein the multiples are
representative of primary wave-fields reflected at the water
free surface or in the earth (internal multiples). The method
may further include transforming the multiples back to the
first domain, and subtracting the multiples from input seis-
mic data d to obtain final data d' based on which a final
image of the earth is generated. In one application, the step
of processing involves applying a convolution in the second
domain to estimate multiples energy.

[0165] The above-discussed procedures and methods may
be implemented in a computing device as illustrated in FIG.
18. Hardware, firmware, software or a combination thereof
may be used to perform the various steps and operations
described herein. Computing device 1800 of FIG. 18 is an
exemplary computing structure that may be used in connec-
tion with such a system.

[0166] Exemplary computing device 1800 suitable for
performing the activities described in the exemplary
embodiments may include a server 1801. Such a server 1801
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may include a central processor (CPU) 1802 coupled to a
random access memory (RAM) 1804 and to a read-only
memory (ROM) 1806. ROM 1806 may also be other types
of storage media to store programs, such as programmable
ROM (PROM), erasable PROM (EPROM), etc. Processor
1802 may communicate with other internal and external
components through input/output (I/O) circuitry 1808 and
bussing 1810 to provide control signals and the like. Pro-
cessor 1802 carries out a variety of functions as are known
in the art, as dictated by software and/or firmware instruc-
tions.

[0167] Server 1801 may also include one or more data
storage devices, including hard drives 1812, CD-ROM
drives 1814 and other hardware capable of reading and/or
storing information, such as DVD, etc. In one embodiment,
software for carrying out the above-discussed steps may be
stored and distributed on a CD-ROM or DVD 1816, a USB
storage device 1818 or other form of media capable of
portably storing information. These storage media may be
inserted into, and read by, devices such as CD-ROM drive
1814, disk drive 1812, etc. Server 1801 may be coupled to
a display 1820, which may be any type of known display or
presentation screen, such as LCD, plasma display, cathode
ray tube (CRT), etc. A user input interface 1822 is provided,
including one or more user interface mechanisms such as a
mouse, keyboard, microphone, touchpad, touch screen,
voice-recognition system, etc.

[0168] Server 1801 may be coupled to other devices, such
as sources, detectors, etc. The server may be part of a larger
network configuration as in a global area network (GAN)
such as the Internet 1828, which allows ultimate connection
to various landline and/or mobile computing devices.

[0169] The above embodiments have presented various
algorithms for processing input seismic data d. Those
embodiments are now summarized for a better understand-
ing of the claimed methods. Literal references are provided
for each embodiment and numeral references are provided
for the various features associated with a given embodiment.
The following embodiments are just exemplary and not
intended to limit the invention. The features for the embodi-
ments are listed with a corresponding numeral reference and
each feature may work with any other feature of a respective
embodiment. Note that all these features are disclosed above
and the following section only organizes these features in an
easy to follow way. All the features listed next may be
implemented into a computing device such that these cal-
culations are automatically performed. Thus, the processor
of a computing device may be configured to execute any of
the following features, in combination or not. However, the
following list of features is not intended to be exhaustive and
other combinations of these features are contemplated.

Embodiment A

[0170] 1. According to this embodiment, also illustrated in
FIG. 19, there is a method for processing input seismic data
d, and includes a step 1900 of receiving the input seismic
data d recorded in a first domain by seismic receivers that
travel in water, the input seismic data d including up-going
and down-going wave-fields; a step 1902 of generating a
model p in a second domain to describe the input seismic
data d; and a step 1904 of processing the model p to obtain
an output seismic dataset indicative of the down-going
wave-field and substantially free of the up-going wave-field.
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[0171] 2. The input seismic data d includes only pressure
measurements.
[0172] 3. The input seismic data d includes only particle

motion measurements.

[0173] 4. The input seismic data d includes both pressure
and particle motion measurements.

[0174] 5. The output seismic dataset is indicative of pres-
sure measurements and/or particle motion measurements.
[0175] 6. The first domain is a time-space domain.
[0176] 7. The second domain is one of a radon domain,
frequency-wave number domain, tau-p domain, parabolic
domain, shifted hyperbola domain, singular value decom-
position, rank reduction and curvelet domain.

[0177] 8. The step of processing the model p comprises:
[0178] applying an L' transform to the model p to obtain
the output seismic dataset.

[0179] 9. The step of processing also includes removing
random, coherent or impulsive noise.

[0180] 10. The coherent noise is cross-talk noise, interfer-
ence noise or multiple energy.

[0181] 11. The impulsive noise is cross-talk noise or
interference noise.

[0182] 12. An amount of noise is reduced by scaling or
filtering energy associated with the model p prior to or
during the application of the L' transform.

[0183] 13. The L' transform also includes a receiver rota-
tion or obliquity correction.

[0184] 14. The output seismic dataset indicative of the
down-going wave-field is generated at input positions.
[0185] 15. The seismic dataset indicative of the down-
going wave-field is subtracted from the input seismic data d
to obtain data d' to be used for generating a final image of
a surveyed subsurface.

[0186] 16. The output seismic dataset indicative of the
down-going wave-field is generated at positions different
from the input seismic data.

[0187] 17. The positions are in-between the receivers.
[0188] 18. The positions are at different depths than the
input seismic data.

[0189] 19. The different depths are at the sea surface.
[0190] 20. The positions are selected to match positions of
receivers from another seismic survey.

[0191] 21. The positions are equidistant from streamers on
which the receivers are distributed.

[0192] 22. The positions are distributed on a regular grid.
[0193] 23. The seismic dataset indicative of the down-
going wave-field is directly used for generating a final image
of a surveyed subsurface.

[0194] 24. The step of processing the model p comprises:
[0195] generating a seismic dataset indicative of the up-
going wave-field and subtracting the up-going data from the
input data to generate an output dataset substantially free of
up-going energy.

Embodiment B

[0196] 1. According to this embodiment, also illustrated in
FIG. 20, there is a method for processing input seismic data
d, the method comprising a step 2000 of receiving the input
seismic data d recorded, at a first datum, in a first domain,
by seismic receivers that travel in water, the input seismic
data d including up-going and down-going wave-fields, a
step 2002 of generating a model p in a second domain to
describe the input seismic data d, and a step 2004 of

Jan. 12, 2017

processing the model p to obtain an output seismic dataset
at a second datum, different from the first datum.

[0197] 2. The output seismic data is substantially free of
the down-going wave-field.

[0198] 3. The output seismic data is substantially free of
the up-going wave-field.

[0199] 4. The output seismic data contains both the up-
going wave-field and down-going wave-field.

[0200] 5. The input seismic data d includes particle motion
measurements.
[0201] 6. The input seismic data d includes pressure and

particle motion measurements.

[0202] 7. The first datum is constant.

[0203] 8. The first datum varies along an inline direction.
[0204] 9. The first datum slants along an inline direction.
[0205] 10. The first datum varies along an inline direction

based on a curved shape.

[0206] 11. The curved shape is a sinusoidal shape.
[0207] 12. The first datum varies along a cross-line direc-
tion.

[0208] 13. The second datum is constant.

[0209] 14. The second datum varies along an inline direc-
tion.

[0210] 15. The second datum slants along an inline direc-
tion.

[0211] 16. The second datum varies along an inline direc-

tion based on a curved shape.

[0212] 17. The curved shape is a sinusoidal shape.
[0213] 18. The second datum varies along a cross-line
direction.

[0214] 19. The second datum is at the water surface level.
[0215] 20. Plural output seismic datasets are generated at

plural receiver depths.

[0216] 21. The plural receiver depths are selected to
maximize spatial resolution.

[0217] 22. The output seismic dataset is generated at
positions different from positions of the input seismic data.
[0218] 23. The output positions are selected to match
positions of receivers from another seismic survey.

[0219] 24. The output positions are equidistant from
streamers on which the receivers are distributed.

[0220] 25. The output positions are distributed on a regular
grid.
[0221] 26. The output seismic dataset is used for gener-

ating a final image of a surveyed subsurface.

[0222] 27. The first domain is a time-space domain.
[0223] 28. The second domain is one of a radon domain,
frequency-wave number domain, tau-p domain, parabolic
domain, singular value decomposition domain, rank reduc-
tion domain, shifted hyperbola domain and curvelet domain.
[0224] 29. The step of processing the model p comprises:
[0225] applying an L' transform to the model p to obtain
a seismic dataset at the second datum.

[0226] 30. An amount of noise is reduced by filtering or
scaling energy associated with the p model before or when
the L' transform is applied.

[0227] 31. The L' transform also includes resampling.
[0228] 32. The output seismic dataset is indicative of
pressure measurements or particle motion measurements.
[0229] 33. The L' transform also includes a receiver rota-
tion or obliquity correction.
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Embodiment C

[0230] 1. According to this embodiment, also illustrated in
FIG. 21, there is a method for processing input seismic data
d, the method including a step 2100 of receiving the input
seismic data d recorded, in a first domain, by seismic
receivers that travel in water, a step 2102 of generating a
model p in a second domain to describe the input seismic
data d, and a step 2104 of processing the model p to generate
an output particle motion dataset.

[0231] 2. The input seismic data d includes only pressure
measurements.
[0232] 3. The input seismic data d includes only particle

motion measurements.

[0233] 4. The input seismic data d includes both pressure
and particle motion measurements.

[0234] 5. The output particle motion dataset is not cor-
rected for obliquity.

[0235] 6. The output particle motion dataset is corrected
for obliquity.
[0236] 7. The obliquity is defined by an angle between a

respective wave-field propagation direction and a receiver
orientation.

[0237] 8. The receiver orientation is defined by an angle
relative to gravity.

[0238] 9. The receiver orientation is defined by an angle
relative to the nominal shooting direction.

[0239] 10. The output particle motion data is re-orientated.
[0240] 11. The processing step comprises:
[0241] wave-field reconstruction of the pressure wave-

fields based on the model p.

[0242] 12. The pressure wave-fields are reconstructed at
the same positions as the input seismic data, d.

[0243] 13. Incoming wave-fields are reconstructed at new
receiver positions.

[0244] 14. The new positions are at different depths to the
input data.

[0245] 15. The new positions are in-between the stream-
ers.

[0246] 16. The output particle motion dataset includes

both an up-going wave-field and a down-going wave-field.
[0247] 17. The output particle motion dataset is substan-
tially free of the down-going wave-field.

[0248] 18. The output particle motion dataset is substan-
tially free of the up-going wave-field.

[0249] 19. The first domain is time-offset/x-offset/y and
the second domain is tau-slowness/x-slowness/y, where off-
set/x is a distance between a source generating the input
seismic data d and a corresponding receiver along a first
direction and offset/y is a distance between the source and
the corresponding receiver along a second direction, which
is substantially perpendicular on the first direction.

[0250] 20. The output particle motion dataset is combined
with pressure data in the first domain to obtain wave-field
separation.

[0251] 21. The output particle motion dataset is summed
with hydrophone data in the first domain to obtain wave-
field separation.

[0252] 22. The output particle motion dataset is subtracted
from hydrophone data in the first domain to obtain wave-
field separation.

[0253] 23. The first domain is a time-space domain and the
second domain is one of a radon domain, frequency-wave
number domain, tau-p domain, parabolic domain, hyper-
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bolic domain, singular value decomposition domain, rank
reduction domain and curvelet domain.

[0254] 24. The step of generating a model p comprises:
[0255] computing the model p by solving an inverse
problem based on an L transform; and

[0256] applying an L' transform to the model p to obtain
the output particle motion dataset, wherein the L' transform
combines the obliquity and wave-field reconstruction.
[0257] 25. The step of processing the model includes
removing noise.

[0258] 26. The step of removing noise includes removing
coherent, impulsive or random noise.

[0259] 27. The noise relates to multiple, cross-talk, or
interference noise.

[0260] 28. An amount of noise is reduced by scaling/
filtering the model p or controlling weights when the L'
transform is applied.

[0261] 29. The output particle motion dataset is used for
generating a final image of a surveyed subsurface.

[0262] 30. The output particle motion dataset is subtracted
from recorded particle motion data and the remaining energy
is denoised.

Embodiment D

[0263] 1. According to this embodiment, also illustrated in
FIG. 22, there is a method for processing input seismic data
d, the method including a step 2200 of receiving the input
seismic data d recorded, in a first domain, by seismic
receivers that travel in water, the input seismic data d
including pressure and particle motion measurements, a step
2202 of generating a model p in a second domain to describe
the input seismic data d; and a step 2204 of processing the
model p to generate an output seismic dataset with attenu-
ated noise.

[0264] 2. The noise is coherent, impulsive or random.
[0265] 3. The noise relates to cross-talk noise, interference
noise or multiple noise.

[0266] 4. The cross-talk noise relates to energy coming
from a second vessel involved in the same seismic acquisi-
tion.

[0267] 5. The interference noise relates to a vessel not
involved in the same seismic acquisition.

[0268] 6. The step of processing comprises:

[0269] removing noise in the model p by scaling.

[0270] 7. The method further comprises:

[0271] removing the noise based on the non-coherent

nature of the model p in the second domain.

[0272] 8. An amount of noise is reduced by controlling
sparseness weights when an L transform is applied.

[0273] 9. The first domain is a time-space domain.
[0274] 10. The second domain is one of a radon domain,
frequency-wave number domain, tau-p domain, parabolic
domain, hyperbolic domain, singular value decomposition
domain, rank reduction domain, slowness-shotpoint domain
and curvelet domain.

[0275] 11. The step of generating a model p comprises:
[0276] computing the model p by solving an inverse
problem based on an L transform; and

[0277] applying an L' transform to the model p to obtain
the output seismic dataset with attenuated noise.

[0278] 12. The L' transform applies model masking or
scaling or filtering to energy associated with the model p.
[0279] 13. The L' transform also includes receiver rotation
or obliquity correction.
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[0280] 14. The output seismic dataset is at the same
positions as the input data.

[0281] 15. The output seismic dataset is at different posi-
tions to input data.

[0282] 16. The output seismic dataset is obtained after
applying a step of wavefield separation.

[0283] 17. The output seismic dataset contains up-going
and down-going wavefields.

[0284] 18. The output seismic dataset is indicative of a
pressure measurement.

[0285] 19. The output seismic dataset is indicative of a
particle motion measurement.

[0286] 20. The output seismic dataset with attenuated
noise is used for generating a final image of a surveyed
subsurface.

Embodiment E

[0287] 1. According to this embodiment, also illustrated in
FIG. 23, there is a method for processing input seismic data
d, the method including a step 2300 of receiving the input
seismic data d recorded by seismic receivers that travel in
water, the input seismic data d including particle motion
measurements, a step 2302 of receiving receiver orientation
data that is indicative of seismic receiver orientations, a step
2304 of associating the particle motion measurements with
the receiver orientation data, and a step 2306 of generating
an output seismic data based on the association of the
particle motion measurements with the receiver orientation
data. The seismic receiver orientations vary in time and the
output seismic data includes a wavefield reconstruction of
the input dataset.

[0288] 2. The input seismic data further includes pressure
measurements.
[0289] 3. The output seismic data is related to pressure or

particle motion measurements.

[0290] 4. The wavefield reconstruction generates up-going
wave-fields.
[0291] 5. The wavefield reconstruction generates down-

going wave-fields.

[0292] 6. The wavefield reconstruction generates up-going
and down-going wave-fields.

[0293] 7. The wavefield reconstruction of the input data is
at the same positions as the input data.

[0294] 8. The wavefield reconstruction reconstructs the
wave-fields at desired positions that are different from
positions relating to input seismic data d.

[0295] 9. The desired positions are at different depths to
the input receivers.

[0296] 10. The desired positions are in-between the
receivers.
[0297] 11. The desired positions are selected to match

positions of receivers from another seismic survey.
[0298] 12. The desired positions are equidistant from
streamers on which the receivers are distributed.

[0299] 13. The desired positions are distributed on a
regular grid.
[0300] 14. The seismic receiver orientations vary from

receiver to receiver along a streamer and the receiver ori-
entation data includes orientation information about each
receiver.

[0301] 15. The seismic receiver orientations vary from a
group of receivers to another group of receivers along a
streamer and the receiver orientation data includes orienta-
tion information about the group of receivers.
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[0302] 16. Receiver data and the receiver orientation data
has been preprocessed with an initial receiver orientation
rotation.

[0303] 17. The receiver orientation data is constant for
each trace.
[0304] 18. The receiver orientation data varies during the

recording of each trace.

[0305] 19. The seismic receiver orientations are distrib-
uted along more than a vertical direction and a cross-line
direction.

[0306] 20. The seismic receiver orientations are substan-
tially perpendicular to the streamer.

[0307] 21. The input seismic data d is recorded in a
time-space domain.

[0308] 22. The method further comprises:

[0309] generating a model p to describe the input seismic
data d; and

[0310] applying an L' transform to the model p to obtain

the output seismic data.

[0311] 23. The model p is generated in one of a radon
domain, frequency-wave number domain, tau-p domain,
parabolic domain, shifted hyperbola domain, singular value
decomposition, rank reduction and curvelet domain.
[0312] 24. The step of applying an L' transform also
includes removing random, coherent or impulsive noise.
[0313] 25. The coherent noise is cross-talk noise, interfer-
ence noise or multiple energy.

[0314] 26. The impulsive noise is cross-talk noise or
interference noise.

[0315] 27. An amount of noise is reduced by scaling or
filtering energy associated with the model p prior to or
during the application of the L' transform.

[0316] 28. The L' transform also includes a receiver rota-
tion or obliquity correction.

[0317] 29. The output seismic data is subtracted from the
input seismic data d to obtain data d' to be used for
generating an image of a surveyed subsurface.

[0318] 30. The output seismic data is directly used for
generating an image of a surveyed subsurface.

Embodiment F

[0319] 1. According to this embodiment, also illustrated in
FIG. 24, there is a method for processing input seismic data
d, the method including a step 2400 of receiving the input
seismic data d recorded in a first domain by seismic receiv-
ers that travel in water, wherein the input seismic data
includes both pressure and particle motion measurements, a
step 2402 of generating a model p in a second domain to
describe the input seismic data d, and a step 2404 of
processing the model p to separate multiples and primaries
in the second domain, wherein the multiples is multiple
energy reflected at the free surface or rock interface layers
in the subsurface.

[0320] 2. The step of processing involves scaling down
energy which is not multiple energy.

[0321] 3. The step of processing involves scaling down
energy which is multiple energy.

[0322] 4. The step of processing involves applying decon-
volution in the second domain to separate primary and
multiples energy.

[0323] 5. The step of processing involves applying a
convolution in the second domain to estimate multiples
energy.
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[0324] 6. The method further comprises:

[0325] transforming the multiples back to the first domain;
and

[0326] subtracting the multiples from the input seismic

data d to obtain final data d' based on which a final image of
the earth is generated.

[0327] 7. The method further comprises:

[0328] subtracting the multiples from data in the second
domain; and

[0329] applying an operator L' to transform the data free of

multiples from the second domain back to the first domain.
[0330] 8. The first domain is a time-space domain.
[0331] 9. The second domain is one of a radon domain,
frequency-wave number domain, tau-p domain, parabolic
domain, hyperbolic domain, singular value decomposition
domain, rank reduction domain and curvelet domain.
[0332] 10. The step of generating a model p comprises:
[0333] computing the model p by solving an inverse
problem based on an L transform;

[0334] separating the primaries and the multiples in the
second domain; and

[0335] applying an L' transform to the model p to obtain
the multiples or the primaries in the first domain.

[0336] 11.The L' transform includes wavefield separation.
[0337] 12. The multiples or the primaries are generated at
the same positions as the input data.

[0338] 13. The multiples or the primaries are generated at
positions different to the input data.

[0339] 14. The multiples or the primaries are generated at
positions to match positions of receivers from another
seismic survey.

[0340] 15. The positions are equidistant from input
streamers on which the receivers are distributed.

[0341] 16. The positions are distributed on a regular grid.
[0342] 17.The positions are at different depths to the input
data.
[0343] 18. The positions are in-between the streamers.
[0344] 19. The output data is indicative of pressure mea-
surements.
[0345] 20. The output data is indicative of particle motion
measurements.
[0346] 21. The output data is corrected for obliquity.
[0347] 22. The output data is re-oriented.

Embodiment G
[0348] 1. According to this embodiment, also illustrated in

FIG. 25, there is a method for processing input seismic data
d, the method including a step 2500 of receiving the input
seismic data d recorded in a first domain by seismic receiv-
ers that travel in water, the input seismic data d including
pressure and particle motion measurements, a step 2502 of
generating a model p in a second domain to describe the
input seismic data d, wherein the model p is obtained by
solving an inverse problem based on an L transform, and a
step 2504 of processing with a mathematical transform L'
the model p to obtain, in the first domain, an output seismic
data having a characteristic imparted by the transform L'.
The mathematical transform L' is different from the math-
ematical transform L.

[0349] 2. The input seismic data includes up-going and
down-going wave-fields.

[0350] 3. The input seismic data includes only an up-going
wave-field.
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[0351] 4. The input seismic data includes only a down-
going wave-field.

[0352] 5. The output seismic dataset is indicative of pres-
sure measurements.

[0353] 6. The output seismic dataset is indicative of par-
ticle motion measurements with or without obliquity cor-
rection.

[0354] 7. The characteristic is related to pressure wave-
fields and/or particle motion wave-fields being interpolated
among receiver positions and being substantially free of the
up-going wave-fields.

[0355] 8. The characteristic is related to pressure wave-
fields and/or particle motion wave-fields substantially free of
the down-going wave-field and interpolated among receiver
positions.

[0356] 9. The characteristic is related to pressure wave-
fields and/or particle motion wave-fields being interpolated
along streamers including the seismic receivers.

[0357] 10. The interpolated data is indicative of hydro-
phone and particle motion data is summed to perform
wavefield separation.

[0358] 11. The characteristic is related to pressure wave-
fields and/or particle motion wave-fields being calculated at
a new datum relative to a datum of the seismic receivers.
[0359] 12. Pressure wave-fields and/or particle motion
wave-fields are spatially resampled at another new datum.
[0360] 13. The characteristic is related to pressure wave-
fields and/or particle motion wave-fields being wave-field
separated and calculated at a new datum relative to a datum
of the seismic receivers.

[0361] 14. The method further comprises:

[0362] denoising the model p prior to applying the L'
transform.

[0363] 15. The characteristic is related to pressure wave-

fields and/or particle motion wave-fields being interpolated
at positions in-between the input seismic receivers.

[0364] 16. The characteristic is related to pressure wave-
fields and/or particle motion wave-fields being interpolated
at positions selected to match positions of receivers from
another seismic survey.

[0365] 17. The positions are equidistant from input
streamers on which the receivers are distributed.

[0366] 18. The positions are distributed on a regular grid.
[0367] 19. The first domain is a time-space domain and the
second domain is one of a radon domain, frequency-wave
number domain, tau-p domain, parabolic domain, hyper-
bolic domain, singular value decomposition domain, rank
reduction domain and curvelet domain.

[0368] 20. The seismic dataset indicative of up-going and
down-going wave-fields is used for generating a final image
of a surveyed subsurface.

Embodiment H

[0369] 1. According to this embodiment, also illustrated in
FIG. 26, there is a method for processing input seismic data
d, the method including a step 2600 of receiving the input
seismic data d recorded in a first domain by seismic receiv-
ers that travel in water, a step 2602 of generating a model p
in a second domain, at a datum different from the input
seismic data d, to describe the input seismic data d, and a
step 2604 of processing the model p to obtain an output
seismic dataset indicative of a pressure wave-field.
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[0370] 2. The input seismic data d includes only pressure
measurements or pressure and particle motion measure-
ments.

[0371] 3. The output seismic dataset is indicative of a
pressure measurement or a particle motion measurement.
[0372] 4. The first domain is a time-space domain.
[0373] 5. The second domain is one of a radon domain,
frequency-wave number domain, tau-p domain, parabolic
domain, shifted hyperbola domain, singular value decom-
position domain, rank reduction domain and curvelet
domain.

[0374] 6. The step of processing the model p comprises:
[0375] applying an L' transform to the model p to obtain
the output seismic dataset.

[0376] 7. The L' transform does not include vector rotation
or obliquity correction.

[0377] 8. The L' transform also includes vector rotation or
obliquity correction.

[0378] 9. The step of processing the model p comprises:
[0379] applying an L' transform to the model p to obtain
an output dataset containing up-going and down-going
energy.

[0380] 10. The step of processing the model p comprises:
[0381] applying an L' transform to the model p to obtain
an output dataset substantially free of down-going energy.
[0382] 11. The step of processing the model p comprises:
[0383] applying an L' transform to the model p to obtain
an output dataset substantially free of up-going energy.
[0384] 12. The step of processing also includes removing
random, coherent or impulsive noise.

[0385] 13. The coherent noise is cross-talk noise, interfer-
ence noise or multiple energy.

[0386] 14. The impulsive noise is cross-talk noise or
interference noise.

[0387] 15. An amount of noise is reduced by scaling or
filtering prior to or during the application of the L' transform.
[0388] 16. The output seismic dataset indicative of the
pressure wave-field is generated at the same positions as the
input seismic data.

[0389] 17. The output seismic dataset indicative of the
pressure wave-field is generated at positions different from
the input seismic data.

[0390] 18. The positions are at different depths than the
input seismic data.

[0391] 19. The positions are designed to match positions
of receivers from another seismic survey.

[0392] 20. The positions are equidistant from input
streamers on which the receivers are distributed.

[0393] 21. The positions are on a regular grid.

[0394] 22. The output seismic dataset indicative of the
pressure wave-field is subtracted from the input seismic data
d to obtain data d' to be used for generating a final image of
a surveyed subsurface.

[0395] 23. The output seismic dataset indicative of the
pressure wave-field is added to the input seismic data d to
obtain data d' to be used for generating a final image of a
surveyed subsurface.

[0396] 24. The seismic dataset indicative of the pressure
wave-field is directly used for generating a final image of a
surveyed subsurface.

[0397] 25. The step of generating a model is based on an
L transform which incorporates a differentiation in time or
space.
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[0398] 26. The step of generating a model is based on an
L transform which includes a frequency filter term to
account for different signal to noise ratios for pressure and
particle motion data.

[0399] 27. Measurements of the particle motion receivers
are substantially orientated vertically with gravity.

[0400] The disclosed exemplary embodiments provide a
computing device, software instructions and a method for
seismic data processing. It should be understood that this
description is not intended to limit the invention. On the
contrary, the exemplary embodiments are intended to cover
alternatives, modifications and equivalents, which are
included in the spirit and scope of the invention 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 under-
standing of the claimed invention. However, one skilled in
the art would understand that various embodiments may be
practiced without such specific details.

[0401] 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.

[0402] This written description uses examples of the sub-
ject 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 meth-
ods. The patentable scope of the subject matter is defined by
the claims, and may include other examples that occur to
those skilled in the art. Such other examples are intended to
be within the scope of the claims.

What is claimed is:

1. A method for processing input seismic data d, the
method comprising:

receiving the input seismic data d recorded, in a first

domain, by seismic receivers that travel in water;
generating a model p in a second domain to describe the
input seismic data d; and

processing with a processor the model p to generate an

output particle motion dataset.

2. The method of claim 1, wherein the input seismic data
d includes only pressure measurements.

3. The method of claim 1, wherein the input seismic data
d includes only particle motion measurements.

4. The method of claim 1, wherein the input seismic data
d includes both pressure and particle motion measurements.

5. The method of claim 1, wherein the output particle
motion dataset is not corrected for obliquity.

6. The method of claim 1, wherein the output particle
motion dataset is corrected for obliquity.

7. The method of claim 6, wherein the obliquity is defined
by an angle between a respective wave-field propagation
direction and a receiver orientation.

8. The method of claim 7, wherein the receiver orientation
is defined by an angle relative to gravity.

9. The method of claim 7, wherein the receiver orientation
is defined by an angle relative to the nominal shooting
direction.

10. The method of claim 1 where the output particle
motion data is re-orientated.

11. The method of claim 1, wherein the processing step
comprises:
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wave-field reconstruction of the pressure wave-fields
based on the model p.

12. The method of claim 1, wherein pressure wave-fields
are reconstructed at the same positions as the input seismic
data, d.

13. The method of claim 1, wherein incoming wave-fields
are reconstructed at new receiver positions.

14. The method of claim 13, wherein the new positions
are at different depths to the input data and the new positions
are in-between the streamers.

15. The method of claim 1, wherein the output particle
motion dataset includes both an up-going wave-field and a
down-going wave-field.

16. The method of claim 1, wherein the output particle
motion dataset is substantially free of the down-going wave-
field.

17. The method of claim 1, wherein the output particle
motion dataset is substantially free of the up-going wave-
field.

18. The method of claim 1, wherein the output particle
motion dataset is used for generating a final image of a
surveyed subsurface.
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19. A computing device for processing input seismic data
d, the device comprising:

an interface configured to receive the input seismic data d

recorded, in a first domain, by seismic receivers that
travel in water; and

a processor connected to the interface, the processor being

configured to,

generate a model p in a second domain to describe the

input seismic data d; and

process the model p to generate an output particle motion

dataset.

20. A non-transitory computer readable medium including
computer executable instructions, wherein the instructions,
when executed by a processor, implement instructions for
processing input seismic data d, the instructions comprising:

receiving the input seismic data d recorded, in a first

domain, by seismic receivers that travel in water;
generating a model p in a second domain to describe the
input seismic data d; and

processing the model p to generate an output particle

motion dataset.



