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FIG. 1

(57) Abstract: A method of processing seismic survey data includes: receiving seismic signatures emitted from a plurality of seismic
sources during a frequency sweep as the sources are moved over a shot point; receiving a seismic trace generated by a seismic re-
ceiver, the seismic trace representing seismic signals resulting at least in part from the seismic signatures reflecting from an earth
formation; performing an inversion of the seismic trace with the seismic signatures to separate the seismic trace into individual seis-
mic signals, each of the individual seismic signals associated with a respective seismic source, wherein the inversion includes trans-
forming the seismic trace to a frequency domain and generating frequency domain signals for multiple frequency bands in the fre-
quency sweep; and during the inversion, applying a receiver motion correction to the frequency domain signals, and applying a Dop -
pler correction to the frequency domain signals to correct for Doppler effects due to source motion.
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MARINE VIBRATOR DOPPLER CORRECTION

FIELD OF THE INVENTION

[0001] This invention relates to systems and processes for scismic data
acquisition and processing. In another aspect, the invention concerns processing
seismic data acquired by a marine survey for analysis of earth formations. In another
aspect, the invention concerns correcting seismic data for movement of seismic

sources and/or seismic receivers.

BACKGROUND OF THE INVENTION

[0002] Seismic reflection surveying is a technique that involves sending
acoustic pulses into a subterrancan formation and measuring reflected signals to
image subsurface areas. Identification and imaging of subsurface areas is useful for
hydrocarbon exploration.

[0003] Marine seismic surveys are conducted using marine seismic sources
and recorders, e.g., using vessels that include or tow seismic sources and receivers. In
some surveys, sweeps are conducted over various locations of an earth surface, during
which variable frequency seismic signals are emitted from the sources as the sources
travel over each location. Seismic energy reflected from a formation is detected and
seismic data is analyzed to estimate properties of the formation. Analysis of such data
is complicated data smear effects that are introduced into the data due to movement of
the sources and/or receivers.

SUMMARY OF THE INVENTION

[0004] An embodiment of a method of acquiring and processing marine
seismic survey data. This method includes: receiving source data from a plurality of
seismic sources, the source data representing seismic signatures emitted from the
plurality of seismic sources during a survey time period during which a plurality of
frequency sweeps are emitted as the sources are moved over a shot point. The method
also includes receiving seismic data including seismic traces generated by a plurality
of seismic receivers, the seismic traces representing seismic signals detected at the
seismic receivers and resulting at least in part from the seismic signatures reflecting
from an earth formation, and collecting a subset of the seismic data, the subset

representing seismic signals detected at an assumed spatially invariant position during
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the survey time period. The method further includes performing an inversion of the
subset with the seismic signatures to separate the subset into individual seismic
signals, where each of the individual seismic signals are associated with a respective
seismic source. The inversion includes transforming the seismic trace from a time
domain to a frequency domain and generating frequency domain signals for multiple
frequency bands in the frequency sweep. The method still further includes, during the
inversion, applying a receiver motion correction to the frequency domain signals to
correct for motion of the seismic receiver, and applying a Doppler correction to the
frequency domain signals to correct for Doppler effects due to motion of the seismic
sources.

[0005] Another embodiment is a system for acquiring and processing marine
seismic survey data that includes a processing device configured to execute a seismic
data processing program stored on a machine-readable medium. The processing
device is configured to perform: receiving source data from a plurality of seismic
sources, the source data representing seismic signatures emitted from the plurality of
seismic sources during a survey time period during which a plurality of frequency
sweeps are emitted as the sources are moved over a shot point. Seismic data
including seismic traces generated by a plurality of seismic receivers is received, the
seismic traces representing seismic signals detected at the seismic receivers and
resulting at least in part from the seismic signatures reflecting from an earth
formation. The processing device is also configured to collecting a subset of the
seismic data, the subset representing seismic signals detected at an assumed spatially
invariant position during the survey time period, and perform an inversion of the
subset with the seismic signatures to separate the subset into individual seismic
signals, each of the individual seismic signals associated with a respective seismic
source, where the inversion includes transforming the subset from a time domain to a
frequency domain and generating frequency domain signals for multiple frequency
bands in the frequency sweep. The processing device is further configured to, during
the inversion, apply a receiver motion correction to the frequency domain signals to
correct for motion of the seismic receiver, and applying a Doppler correction to the
frequency domain signals to correct for Doppler effects due to motion of the seismic
sources.

[0006] A further embodiment of a method of acquiring and processing seismic

survey data includes: towing a plurality of seismic sources and a plurality of seismic
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receivers by a marine vessel, and emitting a seismic signature from each of the
plurality of seismic sources as the plurality of seismic sources are moved over a shot
point at an earth formation, each of the seismic signatures having a frequency that
varies over a selected period of time. The method also includes detecting seismic
signals by the plurality of seismic receivers, the seismic signals resulting at least in
part from the seismic signatures reflecting from the earth formation, and transmitting
seismic traces representing the seismic signals to a processing device. The method
further includes receiving, by the processing device, source data representing the
seismic signatures and seismic data including the seismic traces, and collecting a
subset of the seismic data, the subset representing seismic signals detected at an
assumed spatially invariant position during the survey time period. The method still
further includes performing an inversion of the subset with the seismic signatures to
separate the subset into individual seismic signals, each of the individual seismic
signals associated with a respective seismic source. Performing the inversion includes
transforming the subset and the seismic signatures from a time domain to a frequency
domain, convolving the transformed subset with the frequency domain seismic
signatures and generating a frequency domain earth reflectivity model for each
seismic source, the earth reflectivity model including a plurality of frequency slices
corresponding to frequency bands within the frequency sweep. Performing the
inversion also includes correcting the frequency domain earth reflectivity model by
applying a Doppler correction function to each of the plurality of frequency slices,
and applying a motion correction function to each of the plurality of frequency slices,
and transforming the corrected frequency domain earth reflectivity model to the time
domain to construct the time domain seismic signals associated with each seismic

source.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The invention, together with further advantages thercof, may best be
understood by reference to the following description taken in conjunction with the

accompanying figures by way of example and not by way of limitation, in which:

[0008] FIG. 1 depicts an embodiment of a marine seismic data acquisition
system;
[0009] FIG. 2 is a flow chart illustrating an embodiment of a method of

acquiring and processing seismic data; and
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[0010] FIG. 3 depicts an embodiment of a data processing and storage system

for receiving and processing seismic data.
DETAILED DESCRIPTION OF THE INVENTION

[0011] Apparatuses, systems and methods are provided for acquiring seismic
data in, for example, a marine environment, and processing such data to evaluate earth
formations. An embodiment of a seismic acquisition system includes a plurality of
seismic sources (also referred to as a source array) and one or more seismic receivers
configured to be towed by a marine vessel. The seismic sources are actuated by
emitting seismic signals having frequencies that vary over a selected time period
(referred to as a frequency sweep). The signals reflect from various subterranean
locations and are detected by the one or more receivers on the streamer cable or
receiving equipment.

[0012] In an embodiment of a data processing method, the seismic signatures
emitted from the sources are collected and received by one or more recorders in the
recording system. At the same time, the recording system is receiving seismic data in
the form of a composite signal, made up of signals emitted from the sources, reflected
from subsurface and subterranean locations, and detected by each of a plurality of
receivers. When the source array is located at a first location or first “source point”,
the sources are actuated to begin a first sweep, and the signatures and composite
signal are received. At this first source point, the first source in the array is located at
a specific physical position on the earth. As the vessel moves forward, the sources
and receivers are also moving so at the next source point, the source array is now
located such that when it begins actuation, the second seismic source is located in the
physical position on the earth where the first seismic source was located at the first
source point. The process continues for all of the seismic sources in the array.

[0013] In order to ensure that proper inversion can be performed on the
received data, the individual seismic sources are configured to maintain the same
phase, amplitude and frequencies swept from source actuation to the next source
acquisition. Although the overall source array should emit the same signature at each
source point, each of the individual seismic sources in the array emits a signature that
is unique in terms of phase, frequency and amplitude relative the other individual

sources. For example, each source operates over a variable phase, phase and
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frequency or phase, frequency and amplitude (or any combination of the above)
sweep. The variations associated with each source must meet the criteria of sufficient
uniqueness to allow proper separation during the inversion process.

[0014] Also while the vessel is moving forward, the receivers are also moving
through the water. In one embodiment, in order to collect or process the seismic data
into an invertible form, a subset of the seismic data is selected. The subset represents
signals detected for each source point at an assumed spatially invariant position. A
receiver position is selected (e.g., the position of the first receiver at the first shot
point), and the subset is generated by collecting only the data from a receiver assumed
to be located at the selected position at each source point. In this way, an assumed to
be spatially invariant set of receivers is subset out of the seismic receiver data set. For
example, at the first source point, a sorting algorithm shortens the receiver cable or
receiving apparatus by the length of the source array in the far end, so in the sorting
algorithm these channels are dropped off the end of the cable for the first source point.
As the vessel moves forward to the second source point, the first receiver is dropped
and one less than the length of the source array is dropped off the far end of the
cables. This process proceeds until the all of the seismic sources have passed the
source point. An invertible data set is thus created that meets the requirements of
ZenSeis® or HFVS or similar phased based inversion approaches in that the recievers
and the source point locations are relatively spatially invariant prior to inversion. This
invertible data can now be input into an inversion process where the inversion is
performed to separate the composite signal into individual signals, each of which
represent seismic signals from a different source.

[0015] An embodiment of the inversion process includes transforming the
signatures and the composite signal from the time domain to the frequency domain
and convolving the signatures and the composite signals, and separating the signal
into individual frequency bands. During the inversion process, each frequency band
is further processed to correct for motion of the receiver during the frequency sweep,
as well as the Doppler Effect due to motion of the sources over the shot point during
the sweep. The mathematics for each of these corrections is well understood by those
skilled in the art and will not be derived here.

[0016] FIG. 1 illustrates an embodiment of a marine seismic measurement
system 10. The system 10 includes a marine vessel 12 configured to tow one or more

streamers 14, each of which are connected to one or more seismic sources 16 and
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seismic receivers 18. The seismic sources 16 may be any type of source capable of
emitting acoustic energy sufficient to propagate through a body of water 20 and into a
region of an earth formation 22. Exemplary seismic sources include air guns and/or
marine vibrators, or similar sweepable marine type seismic sources. The seismic
receivers 18 may include a suitable device capable of recording seismic signals
reflected from the formation 22, such as hydrophones, accelerometers and others.
[0017] Multiple source/receiver combinations are used 1o pencrate sCismic
data, which may be combined to create a near continuous profile of the subsurface.
For example, source | shown in FIG, | is actuated and measured by rocetver 1, source
2 s actuated and messured by receiver 2, and so on. The seismic survey may be a
two-dimensional (213} survey in which the reconding locations are generally faid out
along a single straight bine, or a three dimensional (3D} survey in which the recording
locations are distributed across the surface sbove the formation i a systerpatic
pattern,

[0018] The aystemn 10 is wilived in performing @ sgismic swrvey o provide
information regarding the formation. In one embodiment, a survey s performed by
towing the sources 16 and the receivers behind the vessel V2. Seisnue data s gathered
by performing a series of “swoops” over multiple locations on the formation surface.
For each series of sweeps, a location or “shot point” 24 is selected. The sowrces 15
are actuated or swept at a shot point by cach emitting a seismic signal over a period of
free as the souree moves over the shot point 24, The seisoue signal {also reforred 1o
a6 3 signature) has a varying or swept frequency over the time period. The recetvers
14 detect the seismic signals that have reflected from various depths in the formation,
and transmit or store the reflected signals for processing. Multiple sweeps {e.g,
corresponding to the number of sources and/or recetvers towed by the vessel) may be
performed over a shot point dering acquisition of a particelar line or sequence.

{80319 Ome type of vibratory seismic data acquisition is referred to as high
fidelity vibratory seismic (HFVS) or ZenSeis® surveyving, In these methods, nultiple
{(i.e., two or more} seismic vibralors are operated simultancously, thereby creating a
complex source signal using varions combinations of phase, frequency and amphitnde
encoding.  In these applications, i is desirable 1o separate the condributions of cach
individual vibrator from the recorded composite signal in a multi-vibwator survey, To
that ond, the sweep signals of each vibwator can be varied in such a way as to malke
later separation feasible. One approach to this variation is {0 ase “phase oncoding”
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which, in simplest terms, involves the application of a constant phase shift to cach
vibrator's signal. That is, cach vibrator generatcs an identical signal but the phase of
cach ts shitied by 2 predetermined amount with respect 1o the others. Conuvponly i
HFVE, these signals are orthogonal, such that cach vibrator is encoding n some
combination of §, 8¢, 180, 27¢ degree rotations. ZenSeis®, on the other hand, uses
generally non-orthogonal encodings that are optimoally  detormined 1o achieve
maxinum separgtion and are commonly phsse encodings that are prime mumbers.
Since the deswred goal 18 maximum separation during the inversion process, it is
desirable 1o create the most wmgueness around the seismic sowrces, 80 by using
variable frequency and amphitude 1 addition to the varied phase one can increase the
overgfl uniqueness and improve the precision of separation during the inversion
PITOCESE,

{B026] Tn one embodiment, the sweep omitied by each individoal sowrce
rerpains the same at each source point, Le., the sweoep emitied from a source at ong
source point is the same as that emitied from that same source at every other source
point during 8 particular line or seqoence.  In land type ZenSeis® or HFVS
operations, the sources do not yoove from sweoep to sweep and rotate through a set of
phase cocodings, However, in the maring environment the sources nwst move of they
would be tangled, so the phase, amplitude frequency or any combination of them
caunot change from sweep 1o sweep., I as an example the phase were 1o rotate from
sweep 1o swoep for a particular seispue source, the data would not he cleandy
invertible as the sources would lack uniqueness for clean separation. The dats could
be run through the inversion process, but the encrgy from cach sweep of the von-
cleanly separated seismowe source would be distrthuied 1o the receiver traces of all of
the different source points that were included in the inversion. Thus the dats would
come out of the inversion step looking like normal seismic data with a multi-trace mix
apphed. Depending on how wmany olements in the source array, this may be an
“acceptable” sohution but # 15 not the optimal solution that could be achioved with the
same hardware by meking the attributes forming the uniqueness of the source
fovariant as i is rooved from source point to souree point.

106211 Ermbodimpends described herein, that include the steps of properly
setting up the sources to be wvariant, and property collecting the data for inversion,

are important for obtaining a clean imversion.  In other cmbodiments these
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reguirements could be relaxed with a progressive degradation in the separation of the
fraces and an imtroduction of more multi-trace sroearing of the shot record traces.
[0022] FIG. 2 is a flowchart depicting an exemplary method 30 of acquiring
and/or processing seismic data. The method 30 may be performed on any suitable
processor, processing device and/or network. For example, the method may be
performed using suitable processing devices on the vessel 12 and/or other devices
located onshore or at any desired location. The method 30 includes one or more
stages 31-35, which may be performed in the order described. In other embodiment,
one or more of the stages may be performed in a different order. In addition, some of
the stages may be performed concurrently or simultaneously.

[0023] In the first stage 31, seismic data acquisition is performed. A marine
vibrator or other seismic source (or a plurality of such sources) is towed or moved
over a selected earth surface location (also referred to as a shot point). In one
embodiment, a plurality of vibrators or sources (also referred to as a source array) are
actuated and swept through a desired band of vibration frequencies over a selected
time period as the vibrators move over the selected shot point using the appropriate
phase, amplitude and frequency variations to achieve maximum separability. In one
embodiment, the number of seismic receivers is at least equal to the number of
seismic sources in order to make the data invertible. In other embodiments, one or
more seismic receivers record seismic waves that have reflected from various depths
and locations in an earth formation around the shot point. Seismic data generated by
the receiver or receivers in response to detecting the reflected waves (referred to
herein as reflected or recorded signals) are stored and/or transmitted (e.g., via
transmission cable in a streamer) to a storage location or processing device.

[0024] The signals emitted by the sources are referred to as “sweeps”, as the
vibratory frequency of each emitted signal is swept from a starting frequency to an
ending frequency over a time period (typically several seconds). Although many
sweep pations may be used, & common pattomn is a “Hoear” sweep which s designed
to vary between two frequency himits (eg., between 5 Hz and 150 Hz) over 3
proedetermined period of time. The amplitude of the sweep signal roight etther be
fixed or frequency dependent, deponding on a2 number of factors, ke the need fo
improve the mvertinlity or unigueness of the data,

{G025] In one embodiment, as the sources and receivers are moved through a
body of water, a series of periodic seismic sweeps are performed at difforent
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locations,  An inttial encoding {e.g., phase encoding) is set for cach seismic source
and not varied for the rest of the acquisition of that particular line or sequence. An
moinal sweep is commnenced by siowmltancousty or asyochronously exciting a plurality
of the seismic sources to fransmit encoded wave cnergy indo the water. Subsequent
sweeps are repeated at the appropriate distance apart until the line o sequence is
coropleted and then the data is collected for moversion.  In owe oxample, the
acquisition i performed as a ZenSeis® or HFVE survey, in which fwo or more {e.g.,
foury seismic vibrators are operated simohtancously using the same pilot signal, but
with cach phase of the generator signal used to drive cach vibrator being phase shified
by & predetermined constant amourd, o, relative to the others,

HEIRAY Data is gathercd for the sources and the receivers via one or more
seismic recorders.  The source data representing the source signals is gathered by,
for example, measuring the pilot signals sent to the sources or by making actual
measurements of the signals emitted from each source. The source data can be
gathered by, for example, a recorder located proximate to cach source. The receiver
data {also reforred to as seismic data) is gathered by recording the seismic signals
detected by cach receiver. The gathered source and receiver data may be fransmitied
for real-time processing and/or recorded for later processing,

160277 In one embodiment, the data is gathered using a system that includes
an equal number of seismic sources and receivers. In order to achieve maximum
separation, the seismic sources are separated by a distance (in the direction that the
sources and receivers are moved during acquisition), such that each source is
separated from an adjacent source by the same distance. The receivers are also
separated such that each receiver is separated from adjacent receivers by the same
distance as the distance between adjacent sources. The separation of the sources is
thus equal to the separation of the receivers. In this way, the seismic data collected is
naturally invertible without requiring pre-interpolation.

{B325] For example, as the vessel moves forward, the sources are
simultaneously actuated to emit a seismic signal (the first actuation or first sweep)
over a shot point. When the first sweep is performed, a first source and a first
receiver are located at specific physical positions relative to the shot point. The
vessel, sources and receivers continue moving forward, so at the time of the second

sweep, the source array is now located such that when it begins the second sweep, a
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second seismic source is located in the physical position on the earth where the first
seismic source was located.

{00291 At the second actuation, for the proper inversion of the data, the
sources emit the same composite seismic signal. That is, each source maintains the
same phase, amplitude and frequencies swept from the beginning of the first
actuation. There is no “phase rotation” or variation in the operation of a seismic
source from source point to source point. Thus, at each progressive sweep, the source
array is actuated and operated with the same parameters as the prior sweep. The
process continues for all of the seismic sources in the array.

{3034 Although the sweep from each full source array is the same from
actuation to actuation, each source within the array operates a sweep that is different
and unique relative to the other sources. Each source in the array operates over a
variable phase, phase and frequency or phase, frequency and amplitude (or any
combination of the above) sweep. In one embodiment, these variations must meet the
criteria of sufficient uniqueness to allow proper separation during the inversion
process. If they are not sufficiently unique, then the signal will bleed between source
points and a smearing will occur post inversion trace data. Exemplary variations and
methods for generating unique signals or sweeps are described in U.S. Patent
Publication No. 2012/0039150, which is commonly assigned, the contents of which
are incorporated herein by reference.

[0031] In the second stage 32, the seismic data is collected and/or processed
into an invertible form, which allows the seismic data to be inverted without pre-
interpolation. An appropriate subset of the seismic data is selected for inversion.
This subset includes signals measured by a receiver at each shot point, along with
positional data indicating the positions of the sources and receivers at each sweep.
The subset is selected so that for each sweep, the subset represents only the receiver
that is located at a selected location. This selected location is assumed to be spatially
invariant, i.e., the selected location is assumed to be the same for each sweep and
source point.

{3321 During acquisition, the vessel and the receivers are moving through the
water. To be invertible, an assumed to be spatially invariant set of receivers is subset
out of the seismic receiver data set. For each actuation or sweep, a composite signal
including the sweeps from the sources is measured by the receiver array, thus

gencrating a data set representing signals detected by all of the receivers at that
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sweep. A sorting algorithm is employed that selects a subset of the data set that
represents only the signal detected by the receiver that is located at the selected
spatially invariant position.

{06337 For each source point, the receiver that is located at the spatially
invariant position is selected, and data from the receiver channels located in front of
and/or behind the selected receiver channel are removed from the data. Thus, for each
source point, only signals detected at the spatially invariant position are considered.
EEIRE S For example, for the first shot point, the receiver cable or apparatus is
computationally shortened by the length of the source array in the far end, so that the
receiver channels located behind the first receiver are dropped off the end of the cable
for the first source point. As the vessel moves forward to the second source point, the
first receiver is dropped and one less than the Iength of the source array is dropped off
the far end of the cables. This process proceeds until the all of the seismic sources
have passed the source point. The data collected by this method forms an invertible
data set because the data set represents the same number of sweeps and sources, and a
consistent number of receivers that are generally spatially invariant at a particular
point on the earth. This data can now be input into an inversion process where the
inversion is performed to separate the composite signal into individual signals, each
of which represent seismic signals from a different source.

[0035] In the third stage 33, the composite signal from the sweep is separated
by inversion with the seismic source signatures, i.e., the encoded signals. The data
received by the acquisition described above includes the signatures from each source
and the signals measured by each receiver. The source signatures and the receiver
data are typically represented as time-varying amplitude signals referred to as traces.
A receiver trace is the data set for a receiver that results from the combined operation
of all vibrators operating during a single sweep.

[0036] Inversion is performed on each receiver trace to separate the signals
detected from each source. The inversion process results in individual traces
associated with each source, representing the contribution from each source to the
signal measured by a receiver. Inversion includes transforming the time domain
signals to frequency (F-K) domain by a Fourier transform or other suitable operator.
[0037] Each source signature is used as a base function, and the frequency

domain receiver signals are processed with the base functions to generate
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representative signals for each source. The result is inversely transformed back to the
time domain to reconstruct the signal measured by a receiver for each source.

[0038] For example, data for a HFVS survey is recorded from a sweep of
multiple sources over a shot point, e.g., two or more seismic vibrators are operated
simultaneously using the same pilot signal, but with each pilot signal for a respective
vibrator being phase shifted by a predetermined constant amount, ¢, relative to the
other vibrators activated during the sweep. The data recorded during the survey by a
receiver, during a number & of sweeps, can be represented mathematically according

to the following convolutional model:

where difr) 18 3 colurnn vector that contains the recorded data for sweep 7, =1k, (e,
the data trace that resulted from the combined operation of all # vibrators during the
ith sweep), sy is the generally unknown earth retlectivity model at vibrator j, gt

reprosents the signal {sigogture) generated by vibrator 7 during sweep 7, and {oircle

around {*}} represents the convohition opergior.

{60387 For a plurality {e.g., four} of vibrators and at leasi a same mumber & of
sweeps, the matris diry) would bave & colommns and several thousand rows, the length
of cach row depending on the length of time recorded and the sarople rate. For
example, if & 27 second recording period is used at a sample rate of 1 o8, &%) would
preferably have 27 000 rows, one row for sach time sample. Note also that gy} will
be dependent on the phase encoding or, more generally, the functional torm of the
sweep signal that has been selected. Also note that, in one embodiment, there are
more sweeps than vibrators s as 10 form an over determined system.

jB040] What i ultimately of interest is the earth reflectivity wodel M at cach
vibrator mt). The following description s an oxaraple of the caleulation of the
model 3,

341 ] Lt the matrix 4 be defined as follows:
d={d{ (DK Y,

that is, ¢ has as s column vectors the ohsorved data from the & different swoeps.
Then, let £ be the column-wise complex Fourier transform of 4, t.e., cach column of 4

has been replaced by its complex Fourter transform matrix 7. OF course, the Fourter
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transform 18 one of any number of orthonormal transformations that might be ueed at
this step. For example, Walsh franstorms, geneval wavelet transforms, ete., could be
sed imstoad, Further, fot the mamix & be the 3-dimensional mamix that is formed

from the sweep signals as follows:

N O o Oy %
VEu gai) L@ty
N N
Voa it gl L paith )
R R [RINCRY adpith
g =3
bs N N
VN RH WO
N e | N
NP Lo g lih

te., iz a 3-dimensional matrix that is of dimension {&.#,L), where L is the length of
cach swoep signal.

{30421 G 15 the discrefe Fourter transfrrn of g, he, g has been Fourer
transformed in the £ (te., “time”y direction. In the frequency domain, the
convolutional equation can then be represented in matrix form as:

DIF=GUAMH,

which expresses the interchangesbility between time domain convolution and
frequeney domain muliiplication. Noete that () s a row vesior of I3, whergin the
row corresponds to samples at Fourter frequency £, and thus D has dimension (L4}
Sirpilarly, Gof} 18 a & by # omairix that is created by taking a horizontal shice of & at
Fourier frequency £ Finally, the unkoown matrix A(F s columu vector of length o
(nummber of vibrators) and represents a frequency shee myf) of the Fourer
gransformed reflectivity model data for cach vibrator,

{0043] in one embodiment, a8 a vext siep, the gevoralized least-squares
solution for A4 is calculated at cach frequency fand can be representad in matrix form
as:

(=000,

Waote that the dependence on the freguency f has been dropped for purposes of
notational convenience in the previcus cquation and bereatier. One way to caloulate
this least-sqpare solution is to use singular valoe decomposition (“8VD”) to factor &
at cach freguency:

oo A
G=L8V",

so that the geperabized least-squares solution for M 1s:

13
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=GR GY G D=y D,

where & 15 a matrin of cigenvectors that span the data space, ¥V is a matrix of
cigenvectors that span the model space, 5 15 an s by # diagonal matrix whose non-zero

clernents are called cigonvalues, and & I8 3 conjugatio ranspose operator.

{8441 A 1s calculated at each frequency or frequency band according to the
previous equation.  An wnverse transtform i then apphied fo reconstruct the time-
domain sigoals associated with each vibrator, t.e., miy7;. A potential problem with just
inverting the data at this point is that the motion of the receivers and sources during
the time that the sources were firing has not been corrected for.

[0045] In the fourth stage 34, during the inversion process and prior to
transforming the frequency-domain data to the time domain, the frequency domain
data is corrected for receiver motion, and for source motion effects including Doppler
shift effects. As discussed above, each frequency band can be dealt with
independently and each trace is dealt with independently. In addition, because the
sweep frequency at each time point during a sweep is known, the precise location of
the sources and receivers at each frequency is known so that the geometry of the
source-receiver pathways is resolved at each frequency. Thus, the movement of the
receivers and the sources can be accounted for by correcting for the receiver motion
and Doppler shift by applying suitable equations or functions to individual frequency
bands during the inversion process. Such equations may be empirically or
heuristically derived to correct for spatial smear due to the Doppler Effect and for the
movement of the receivers during a sweep. Exemplary methods of correction of
Doppler Shift and receiver motion correction are described in US Patent Nos.
6,151,556 and 4,809,235, the contents of which are incorporated herein by reference
in their entirety.

[0046] In one embodiment, the individual frequency bands (e.g., frequency
slices of the frequency domain earth reflectivity model) are corrected for spatial smear
due to Doppler shift, i.e., the difference in frequency between a received and
transmitted signal due to movement of the transmitter and/or receiver during the
sweep.

[0047] In one embodiment, for a set of data in a frequency band, an operator is
applied to correct for phase dispersion resulting from Doppler shifting of the

transmitted signals, by computing a phase correcting operator in the F-K domain, and
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applying the operator to the set of data. For example, the phase correcting operator is
convolved with the frequency band signals (e.g., M(f))

[0048] In this embodiment, the operator is a function of vessel speed (i.e.,
source and receiver speed) and time dip of the seismic signal. The operator is
computed in the frequency or F-K domain, and then convolved with the individual
frequency bands.

[0049] In addition to Doppler correction, the frequency domain signals are
corrected for receiver motion. A suitable operator or equation is applied to each
frequency band during the inversion to correct for movement of the receiver during a
sweep.

{0581 In one embodiment, the receiver motion, or spatial shift, is corrected in
the F-K domain by multiplying the individual frequency bands M(f) by an operator
representing the spatial shift of the receiver. For example, the spatial shift in the time
domain may be represented by a delta function g={#y -1, 13, where iy is the position of
the receiver when the sweep begins, and u. is the recetver speed. The Fourier
fransform of the delta funchion & 18 oN-2aku,7), where 7 represents the square root of -
b {an mmaginary munber), & roprosenis the spatial frequency {also reforred 1o as the
wavenumber and w s 3 known constant, Convolution in the tire and space domains
is squivalent to muoltiphcation in the frequency doman, Thus, the delta function &
calculated to countorbalance the spatial shift caused by the receiver motion can be
represented in the frequency domain as the product of the Fourier trausforms of the

shot record and e°(-Znfu, 1)
P(ﬁk).e—iznkurr

where P60 & is the two-dumensional Fourier transform of the data trace and is a

tunction of fomporal frequency Fand spatial frequency &

[0051] For correction of receiver motion and Doppler shifl, the operators or
equations are applied to cach frequency band individually,  Thus, this stage s
repeated for sach separated frequency band.

[0052] It is noted that the above corrections are exemplary, and that
corrections are not limited to the ernhodirsents described herein. Any mathematical
operations or functions that can be applied in the frequency domain to correct the

individual source signals during inversion may be used.
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[0053] In the fifth stage 35, after the receiver signals have been corrected and
separated, additional processing is performed on the signals. Exemplary processing
techniques include common midpoint (CMP) stacking and migration. The data is
analyzed and interpreted to derive information about the formation.

[0054] FIG. 3 refers to an embodiment of a seismic data processing system 40
that is configured to perform the methods described herein. The system 40 includes a
processing device or unit 42 such as a computer (e.g., desktop or laptop). The
processing unit 42 includes a processor 44 and a memory 46 that stores suitable
algorithms, software and/or programs 48 for processing seismic data and/or analyzing
subterranean formations. The processing unit 42 may be located at or with a seismic
data acquisition system, e.g., located on the vessel 12, or located remotely. The
processing unit 42 may be in communication with the sources 16 and receivers 18 to
receive and process data in real time, or may access seismic data from a storage
location. For example, the processing unit 42 may be connected to a host 50, which
includes suitable processors, storage, input/output interfaces and other components for
storing, transmitting and receiving seismic data, which can be received and stored
from multiple surveys at multiple locations. The processing unit 42 and the host 50
are not limited to the configurations described herein, and may include any suitable
device or network including various processors, memory and communications
devices.

[0055] Seismic data that is processed by the processing unit 42 may be
received from various databases or other storage devices 52, which can be internal or
external to the host and/or processing unit. In addition, the host 50 and/or the
processing unit 42 may be connected via the internet or other network 54 to various
external sources 56 of data, e.g., databases or acquisition systems.

[0056] The embodiments described herein provide numerous advantages. The
embodiments described herein provide accurate corrections to signals from marine
vibrators or other moving seismic data acquisition systems. Acquisition techniques in
which the sources and receivers are moving during a sweep provide operational
efficiency, but have disadvantages due to such motion. The embodiments described
herein allow for band limited corrections during inversion to correct for such motion,
and thus address these disadvantages in a computationally efficient and time efficient

manner.
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[0057] Some prior art techniques utilize correction algorithms to correct for
source and receiver motion. However, such techniques do not include processing or
conditioning receiver data to allow for efficient inversion. For example, prior art
techniques do not include collection of appropriate subsets of data from multiple
sources to generate fixed station shot records, and thus require potentially complex
interpolation calculations.

[0058] Embodiments described herein address such disadvantages by
providing a method for selecting appropriate subsets for inversion from acquired
seismic data. Such subsets represent data measured at an assumed spatially invariant
position during an acquisition line or sequence, and allow for effective inversion
without requiring pre-interpolation or other pre-processing.

[0059] Generally, some of the teachings herein are reduced to an algorithm
that is stored on machine-readable media. The algorithm is implemented by the
computer processing system and provides operators with desired output.

[0060] In support of the teachings herein, various analysis components may be
used, including digital and/or analog systems. The digital and/or analog systems may
be included, for example, in a processing device or system such as those described
herein, e.g., the processing system 40 and/or processing device 42. The digital and/or
analog systems may include components such as a processor, analog to digital
converter, digital to analog converter, storage media, memory, input, output,
communications link (wired, wireless, pulsed mud, optical or other), user interfaces,
software programs, signal processors (digital or analog) and other such components
(such as resistors, capacitors, inductors and others) to provide for operation and
analyses of the apparatus and methods disclosed herein in any of several manners
well-appreciated in the art. It is considered that these teachings may be, but need not
be, implemented in conjunction with a set of computer executable instructions stored
on a computer readable medium, including memory (ROMs, RAMs), optical (CD-
ROMs), or magnetic (disks, hard drives), or any other type that when executed causes
a computer to implement the method of the present invention. These instructions may
provide for equipment operation, control, data collection and analysis and other
functions deemed relevant by a system designer, owner, user or other such personnel,
in addition to the functions described in this disclosure.

[0061] Elements of the embodiments have been introduced with either the

192

articles “a” or “an.

2

The articles are intended to mean that there are one or more of
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the elements. The terms “including” and “having” and their derivatives are intended
to be inclusive such that there may be additional elements other than the elements
listed. The term “or” when used with a list of at least two items is intended to mean
any item or combination of items.

[0062] It will be recognized that the various components or technologies may
provide certain necessary or beneficial functionality or features. Accordingly, these
functions and features as may be needed in support of the appended claims and
variations thereof, are recognized as being inherently included as a part of the
teachings herein and a part of the invention disclosed.

[0063] While the invention has been described with reference to exemplary
embodiments, it will be understood that various changes may be made and
equivalents may be substituted for elements thercof without departing from the scope
of the invention. In addition, many modifications will be appreciated to adapt a
particular instrument, situation or material to the teachings of the invention without
departing from the essential scope thereof. Therefore, it is intended that the invention
not be limited to the particular embodiment disclosed as the best mode contemplated
for carrying out this invention, but that the invention will include all embodiments

falling within the scope of the appended claims.
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CLAIMS
What is claimed is:

1. A method of acquiring and processing marine seismic survey data, the method

comprising:

receiving source data from a plurality of seismic sources, the source data
representing seismic signatures emitted from the plurality of seismic sources during a
survey time period during which a plurality of frequency sweeps are emitted as the

sources are moved over a shot point;

receiving seismic data including seismic traces generated by a plurality of
seismic receivers, the seismic traces representing seismic signals detected at the
seismic receivers and resulting at least in part from the seismic signatures reflecting

from an earth formation;

collecting a subset of the seismic data, the subset representing seismic signals

detected at an assumed spatially invariant position during the survey time period;

performing an inversion of the subset with the seismic signatures to separate
the subset into individual seismic signals, each of the individual seismic signals
associated with a respective seismic source, wherein the inversion includes
transforming the subset from a time domain to a frequency domain and generating

frequency domain signals for multiple frequency bands in the frequency sweep; and

during the inversion, applying a receiver motion correction to the frequency
domain signals to correct for motion of the seismic receiver, and applying a Doppler
correction to the frequency domain signals to correct for Doppler effects due to

motion of the seismic sources.

2. The method of claim 1, further comprising transforming the frequency signals

to the time domain and constructing the individual seismic signals.

3. The method of claim 1, wherein the seismic signatures are emitted and the
seismic signals are detected while the plurality of seismic sources are towed over the

shot point by a marine vessel.
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4. The method of claim 3, wherein the plurality of seismic sources are actuated at
each frequency sweep to simultaneously emit the seismic signatures during the

frequency sweep.

5. The method of claim 1, wherein collecting the subset includes collecting data
from a sweep for a receiver of the plurality of seismic receivers, the receiver located
at the assumed spatially invariant position at the time of the sweep, and excluding
data from other seismic receivers not located at the assumed spatially invariant

position at the time of the sweep.

6. The method of claim 1, wherein collection of the subset, the inversion,
receiver motion correction and Doppler correction are performed in real-time during a

marine seismic survey.

7. The method of claim 1, wherein performing the inversion includes
transforming the seismic signatures of the subset to frequency domain source signals,
and performing a convolution of the transformed seismic trace with the frequency

domain source signals.

8. The method of claim 7, wherein performing the convolution includes
generating a frequency domain earth reflectivity model for each seismic source, the
earth reflectivity model including a plurality of frequency slices corresponding to

frequency bands within the frequency sweep.

9. The method of claim 8, wherein applying the Doppler correction includes
applying a Doppler correction function to each of the plurality of frequency slices, the
Doppler correction function based on the speed of the seismic sources and the seismic

receiver and the time dip of the seismic signals.

10. The method of claim 8, wherein applying the receiver motion correction
includes applying a motion correction function to each of the plurality of frequency
slices, the motion correction function based on the spatial shift of the seismic receiver

during the frequency sweep.

11. A system for acquiring and processing marine seismic survey data, the system

comprising:
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a processing device configured to execute a seismic data processing program

stored on a machine-readable medium, the processing device configured to perform:

receiving source data from a plurality of seismic sources, the source data
representing seismic signatures emitted from the plurality of seismic sources during a
survey time period during which a plurality of frequency sweeps are emitted as the

sources are moved over a shot point;

receiving seismic data including seismic traces generated by a plurality of
seismic receivers, the seismic traces representing seismic signals detected at the
seismic receivers and resulting at least in part from the seismic signatures reflecting

from an earth formation;

collecting a subset of the seismic data, the subset representing seismic signals

detected at an assumed spatially invariant position during the survey time period;

performing an inversion of the subset with the seismic signatures to separate
the subset into individual seismic signals, each of the individual seismic signals
associated with a respective seismic source, wherein the inversion includes
transforming the subset from a time domain to a frequency domain and generating

frequency domain signals for multiple frequency bands in the frequency sweep; and

during the inversion, applying a receiver motion correction to the frequency
domain signals to correct for motion of the seismic receiver, and applying a Doppler
correction to the frequency domain signals to correct for Doppler effects due to

motion of the seismic sources.

12. The system of claim 11, wherein the processing device is further configured to
perform: transforming the frequency signals to the time domain and constructing the

individual seismic signals.

13. The system of claim 11, wherein the seismic signatures are emitted and the
seismic signals are detected while the plurality of seismic sources are towed over the

shot point by a marine vessel.

14. The system of claim 11, wherein the plurality of seismic sources are actuated

to simultancously emit the seismic signatures during the frequency sweep.
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15. The system of claim 14, wherein collecting the subset includes collecting data
from a sweep for a receiver of the plurality of seismic receivers, the receiver located
at the assumed spatially invariant position at the time of the sweep, and excluding
data from other seismic receivers not located at the assumed spatially invariant

position at the time of the sweep.

16. The system of claim 11, wherein performing the inversion includes
transforming the seismic signatures of the subset to frequency domain source signals,
and performing a convolution of the transformed seismic trace with the frequency

domain source signals.

17. The system of claim 16, wherein performing the convolution includes
generating a frequency domain earth reflectivity model for each seismic source, the
earth reflectivity model including a plurality of frequency slices corresponding to

frequency bands within the frequency sweep.

18. The system of claim 17, wherein applying the Doppler correction includes
applying a Doppler correction function to each of the plurality of frequency slices, the
Doppler correction function based on the speed of the seismic sources and the seismic

receiver and the time dip of the seismic signals.

19. The system of claim 17, wherein applying the receiver motion correction
includes applying a motion correction function to each of the plurality of frequency
slices, the motion correction function based on the spatial shift of the seismic receiver

during the frequency sweep.

20. A method of acquiring and processing seismic survey data, the method

comprising:

towing a plurality of seismic sources and a plurality of seismic receivers by a

marine vessel;

emitting a seismic signature from each of the plurality of seismic sources as
the plurality of seismic sources are moved over a shot point at an ecarth formation,
each of the seismic signatures having a frequency that varies over a selected period of

time;
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detecting seismic signals by the plurality of seismic receivers, the seismic
signals resulting at least in part from the seismic signatures reflecting from the earth
formation, and transmitting seismic traces representing the seismic signals to a

processing device;

receiving, by the processing device, source data representing the seismic

signatures and seismic data including the seismic traces;

collecting, by the processing device, a subset of the seismic data, the subset
representing seismic signals detected at an assumed spatially invariant position during

the survey time period; and

performing an inversion of the subset with the seismic signatures to separate
the subset into individual seismic signals, each of the individual seismic signals
associated with a respective seismic source, wherein performing the inversion

includes:

transforming the subset and the seismic signatures from a time domain to a

frequency domain,

convolving the transformed subset with the frequency domain seismic
signatures and generating a frequency domain earth reflectivity model for each
seismic source, the earth reflectivity model including a plurality of frequency slices

corresponding to frequency bands within the frequency sweep,

correcting the frequency domain earth reflectivity model by applying a
Doppler correction function to each of the plurality of frequency slices, and applying

a motion correction function to each of the plurality of frequency slices, and

transforming the corrected frequency domain earth reflectivity model to the
time domain to construct the time domain seismic signals associated with each

seismic source.
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