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Description

TECHNICAL FIELD

[0001] Embodiments of the subject matter disclosed
herein generally relate to methods and systems for ma-
rine seismic data acquisition and, more particularly, to
mechanisms and techniques for improved azimuth
and/or offset distribution of marine seismic data acquisi-
tion.

BACKGROUND

[0002] Marine seismic data acquisition and processing
techniques are used to generate a profile (image) of a
geophysical structure (subsurface) under the seafloor.
This profile does not necessarily provide an accurate lo-
cation for oil and gas reservoirs, but it may suggest, to
those trained in the field, the presence or absence of oil
and/or gas reservoirs. Thus, providing better image of
the subsurface is an ongoing process.

[0003] For a seismic gathering process, as shown in
Figure 1, a marine seismic data acquisition system 100
includes a survey vessel 102 towing a plurality of stream-
ers 104 (one shown) that may extend over kilometers
behind the vessel. One or more source arrays 106 may
be also towed by the survey vessel 102 or another survey
vessel (not shown) for generating seismic waves 108.
Conventionally, the source arrays 106 are placed in front
of the streamers 104, considering a traveling direction of
the survey vessel 102. The seismicwaves 108 generated
by the source arrays 106 propagate downward and pen-
etrate the seafloor 110, eventually being reflected, by a
reflecting structure 112, 114, 116, 118 at an interface
between different layers of the subsurface, back to the
surface. The reflected seismic waves 120 propagate up-
ward and are detected by detectors 122 provided on the
streamers 104. This process is generally referred to as
"shooting" a particular seafloor 110 area.

[0004] One of the shortcomings of existing technology
relates to the poor azimuth/offset distribution of the data
collection points, i.e., detectors 122, positioned along
streamers of equal length, and the number of streamers
104 attached to the survey vessel 102. Generally, asingle
survey vessel 102 tows approximately ten to sixteen
streamers 104, of uniform length, with detectors 122
equally spaced along the length of each streamer. In this
configuration, the azimuth of the collection points is nar-
row. Narrow azimuth distribution leads to problems as-
sociated with multiple (reflective) removal at locations on
the streamers in close proximity to the source arrays 108.
It should be noted that a survey vessel is limited in the
number of streamers 104 it can tow, regardless of their
length, i.e., adjusting the length of a portion of the stream-
ers 104 to vary detector 122 density does not result in
the ability to tow a greater number of streamers 104.
[0005] Another shortcoming associated with existing
acquisition methods relates to the collected data in rela-
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tion to its intended use, i.e., different streamer collection
configurations lend themselves to different uses of the
data, such as multiple removal, imaging and model build-
ing. Narrow azimuth distribution streamer configurations
are not focused on a specific use of the collected data,
resulting in less than optimal seismic image results.
[0006] Given a certain area 200 that needs to be sur-
veyed, asillustratedin Figure 2, multiple parallel adjacent
straight sail lines 202 are followed by the vessel towing
the streamers so that the ocean surface area 204 tra-
versed overlays the subsurface area of interest. Using
the methods of the prior art, the quality of seismic data
acquired relies on the towing vessel operator’s skill in
accurately traversing the predefined parallel adjacent
straight sail lines 202 and the ability to ensure that each
streamer’s orientation is maintained parallel to and in line
with the linear sail lines. When towing multiple streamers,
this is not an easy job.

[0007] Other methods for traversing the survey area
204 have been proposed. For example, U.S. Patent
4,486,863 (French) discloses a method in which a
streamer towing vessel follows a circular path so that the
streamers follow this circular path. Each of the circle
paths is offset from the next one along an advancing line.
The towing vessel completes a full circle and then leaves
the completed circle to move on to the next circle path.
However, because a streamer will only accept a finite
amount of curvature, a large track distance ratio (i.e., a
large ratio between the actual distance traversed by the
vessel compared to the nominal sail-line distance) will
be produced, which is an inefficient way to collect seismic
data. In addition, this method increases the time taken
to acquire the data, which results in an increase in the
acquisition’s cost.

[0008] Another method is disclosed in U.S. Patent No.
4,965,773. This method gathers and maps seismic data
of a marine region by defining a spiral path using a point
on the region as the origin of the spiral, and towing a
transmitter/receiver streamer along the spiral path to
gather seismic data. One embodiment discloses that the
radial distance between the spiral turns is constant as
given by an Archimedean spiral. This is also an inefficient
way to collect seismic data, and the additional time taken
to acquire the data equates to an increase in acquisition
cost.

[0009] Still another acquisition method is disclosed in
U.S. Patent Publication Number 2008/0285381, which
describes towing a seismic spread including a single
source and a plurality of streamers, with all the streamers
being actively steered to maintain each streamer on a
generally curved advancing path. The radius of the gen-
erally curved advancing path is described as being
around 5,500-7,000 m, resulting in a curved path with a
circumference of around 34,000-44,000 m. Given an av-
erage streamer length of around 6,000m, it can be seen
that the length of each streamer covers only a small arc-
length of the circular path being traversed. This acquisi-
tion method inherently has only a small amount of devi-
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ation from traditional linear 3D acquisition systems, with
the added expense of having to actively steer a plurality
of streamers to keep them from becoming entangled dur-
ing acquisition.

[0010] Accordingly, it would be desirable to provide
systems and methods that avoid the afore-described
problems and drawbacks, and improve the azimuth/off-
set distribution of the collected seismic data.

SUMMARY

[0011] According to an exemplary embodiment, there
is a method for determining a seismic survey configura-
tion of a multi-vessel acquisition system. The method in-
cludes a step of receiving a number that corresponds to
vessels to be used in the multi-vessel acquisition system;
a step of receiving a cross-line distance between firstand
last straight line paths corresponding to first and last ves-
sels, respectively, of the multi-vessel acquisition system;
a step of receiving an inline distance between the first
and last vessels; a step of selecting shapes of undulating
paths for the vessels of the multi-vessel acquisition sys-
tem; a step of receiving a desired azimuth and/or offset
distribution of receivers towed by one or more streamer
vessels of the multi-vessel acquisition system relative to
source vessels of the multi-vessel acquisition system;
and a step of calculating amplitudes (A;), periods (T;) and
phases of the undulating paths.

[0012] According to another exemplary embodiment,
there is a computing device for determining a seismic
survey configuration of a multi-vessel acquisition system.
The computing device includes an interface for receiving
a number that corresponds to vessels to be used in the
muitl-vessel acquisition system, for receiving a cross-line
distance between first and last straight line paths corre-
sponding to first and last vessels, respectively, of the
multi-vessel acquisition system; and for receiving an in-
line distance between the first and last vessels; and a
processor connected to the interface. The processor is
configured to select shapes of undulating paths for the
vessels of the multi-vessel acquisition system, receive a
desired azimuth and/or offset distribution of receivers
towed by one or more streamer vessels of the multi-ves-
sel acquisition system relative to source vessels of the
multi-vessel acquisition system, and calculate ampli-
tudes (A;), periods (T;) and phases of the undulating
paths.

[0013] According to yet another exemplary embodi-
ment, there is a method for determining a seismic survey
configuration of a multi-vessel acquisition system. The
method includes a step of receiving a bin size to be used
in the multi-vessel acquisition system; a step of receiving
anominal fold forthe bin size; a step ofreceiving a desired
azimuth and/or offset distribution of receivers towed by
one or more streamer vessels of the multi-vessel acqui-
sition system relative to source vessels of the multi-ves-
sel acquisition system; and a step of calculating lateral
displacements between undulating paths to be followed
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by the one or more streamer vessels and the source ves-
sels of the multi-vessel acquisition system.

[0014] According to another exemplary embodiment,
there is a computing device for determining a seismic
survey configuration of a multi-vessel acquisition system.
The computing device includes an interface for receiving
a bin size to be used in the multi-vessel acquisition sys-
tem, for receiving a nominal fold for the bin size, and for
receiving a desired azimuth and/or offset distribution of
receivers towed by one or more streamer vessels of the
multi-vessel acquisition systemrelative to source vessels
of the multi-vessel acquisition system; and a processor
connected to the interface and configured to calculate
lateral displacements between undulating paths to be fol-
lowed by the one or more streamer vessels and the
source vessels of the multi-vessel acquisition system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The accompanying drawings, which are incor-
porated in and constitute a part of the specification, illus-
trate one or more embodiments and, together with the
description, explain these embodiments. In the drawings:
[0016] Figure 1 is a schematic illustration of a marine
seismic data acquisition system;

[0017] Figure 2 is a schematic illustration of sail lines
of a marine seismic data acquisition system;

[0018] Figure 3 is a schemaitic illustration of a novel
marine seismic data acquisition system according to an
exemplary embodiment;

[0019] Figure 4 is a schematic illustration of a curved
streamer;

[0020] Figure5is aschematicillustration of a non-con-
ventional source;

[0021] Figure 6 is a rose diagram illustrating azimuth
and offset distribution for a traditional acquisition system;
[0022] Figure 7 is a rose diagram illustrating azimuth
and offset distribution for a novel acquisition system ac-
cording to an exemplary embodiment;

[0023] Figure 8 is a flowchart of a method for deter-
mining amplitudes and periods of undulating paths of
vessels of a marine seismic data acquisition system ac-
cording to an exemplary embodiment;

[0024] Figure 9 is a flowchart of a method for deter-
mining phases of undulating paths of vessels of a marine
seismic data acquisition system according to an exem-
plary embodiment;

[0025] Figure 10 is a map illustrating undulating paths
to be followed by source vessels according to an exem-
plary embodiment;

[0026] Figure 11 is a schematic illustration of a multi-
vessel acquisition system using staggered vessels ac-
cording to an exemplary embodiment; and

[0027] Figure 12 is a schematic illustration of a com-
puting device to implement various methods described
herein according to an exemplary embodiment.
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DETAILED DESCRIPTION

[0028] The following description of the exemplary em-
bodiments refers to the accompanying drawings. The
same reference numbers in different drawings identify
the same or similar elements. The following detailed de-
scription does not limit the invention. Instead, the scope
ofthe invention is defined by the appended claims. Some
of the following embodiments are discussed, for simplic-
ity, with regard to the terminology and structure of two
streamer vessels and two source vessels. However, the
embodiments to be discussed next are not limited to this
configuration, but may be extended to other arrange-
ments thatinclude more or fewer streamer vessels and/or
source vessels. Also, the figures show a particular order
of the streamer and source vessels along a cross-line
direction. This order is exemplary and not intended to
limit the novel embodiments.

[0029] Reference throughout the specification to "one
embodiment” or "an embodiment" means that a particular
feature, structure or characteristic described in connec-
tion with an embodiment is included in at least one em-
bodiment of the subject matter disclosed. Thus, the ap-
pearance of the phrases "in one embodiment" or "in an
embodiment" in various places throughout the specifica-
tion is not necessarily referring to the same embodiment.
Further, the particular features, structures or character-
istics may be combined in any suitable manner in one or
more embodiments.

[0030] According to an exemplary embodiment, both
the streamer vessel and the source vessel follow curved
paths. For example, the streamer vessel and the source
vessel may follow periodic curved paths having ampli-
tudes, periods and phases that may or may not be the
same. The amplitudes, periods and phases may be op-
timized to obtain better azimuth and offset diversity for
the recorded data. However, it is possible that only the
streamer vessel follows the curved path and the source
vessel follows a straight line path, or the other way
around, as long as the azimuth and/or offset distribution
of the collected seismic data is improved relative to the
existing acquisition systems.

[0031] Such an example of a novel acquisition system
is illustrated in Figure 3, in which the acquisition system
300 is shown to include two streamer vessels 302 and
304 and two source vessels 306 and 308. The streamer
vessels 302 and 304 are towing corresponding streamer
spreads 302A and 304A, respectively, and optionally,
one or more seismic sources 302B and 304B, respec-
tively. The source vessels 306 and 308 tow only corre-
sponding seismic sources 306A and 308B.

[0032] Regarding the streamers, it is conventional to
tow them at the same depth below the water surface or
slanted to the water surface. However, a more modern
arrangement is described with reference to Figure 4, in
which the curved streamer 400 includes a body 402 hav-
ing apredetermined length, plural detectors 404 provided
along the body, and plural birds 406 provided along the
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body for maintaining the selected curved profile. The
streamer is configured to flow underwater when towed
so that the plural detectors are distributed along the
curved profile. The curved profile may be described by
a parameterized curve, e.g., a curve described by (i) a
depth z of afirst detector (measured from the water sur-
face 412), (ii) a slope s of a first portion T of the body
with an axis 414 parallel with the water surface 412, and
(iii) a predetermined horizontal distance h. between the
first detector and an end of the curved profile. Note that
the entire streamer does not need to have the curved
profile. In other words, the curved profile should not be
construed to always apply to the streamer’s entire length.
While this situation is possible, the curved profile may be
applied to only a portion 408 of the streamer. In other
words, the streamer may have (i) only a portion 408 with
the curved profile or (ii) a portion 408 with the curved
profile and a portion 410 with a flat profile, with the two
portions attached to each other.

[0033] Regarding the sources, itis conventional to tow
a source array that includes three sub-arrays. Each sub-
array includes a float to which individual source elements
are attached. Thus, all the individual source elements
are located at a same depth. However, a more novel
source array is presented in Figure 5. This source 500
includes one or more sub-arrays. Figure 5 shows a single
sub-array 502 that has a float 506 configured to float at
the water surface 508 or underwater at a predetermined
depth. Plural source points 510a-d are suspended from
the float 506 in a known manner. A first source point 510a
may be suspended closest to the head 506a of the float
506, at a first depth z1. A second source point 510b may
be suspended next, at a second depth z2, different from
z1. A third source point 510c may be suspended next, at
a third depth z3, different from z1 and z2, and so on.
Figure 5 shows, for simplicity, only four source points
510a-d, but an actual implementation may have any de-
sired number of source points. In one application, be-
cause the source points are distributed at different
depths, they are not simultaneously activated. In other
words, the source array is synchronized, i.e., a deeper
source point is activated later in time (e.g., 2 ms for 3 m
depth difference when the speed of sound in water is
1500 m/s) such that corresponding sound signals pro-
duced by the plural source points coalesce, and thus, the
overall sound signal produced by the source array ap-
pears to be a single sound signal.

[0034] The depths z1 to z4 of the source points of the
first sub-array 502 may obey various relationships. Inone
application, the depths of the source points increase from
the head toward the tail of the float, i.e., z1 <z2<z3<z4.
In another application, the depths of the source points
decrease from the head to the tail of the float. In another
application, the source points are slanted, i.e., provided
on an imaginary line 514. In still another application, the
line 514 is a straight line. In yet another application, the
line 514 is a curved line, e.g., part of a parabola, circle,
hyperbola, etc. In one application, the depth of the first
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source point for the sub-array 502 is about 5 m, and the
greatest depth of the last source point is about 8 m. In a
variation of this embodiment, the depth range is between
8.5 and 10.5 m or between 11 and 14 m. In another var-
iation of this embodiment, when the line 514 is straight,
the depths of the source points increase by 0.5 m from
one source point to an adjacent source point. Those
skilled in the art would recognize that these ranges are
exemplary and these numbers may vary from survey to
survey. A common feature of all these embodiments is
that the source points have variable depths so that a sin-
gle sub-array exhibits multiple-level source points.
[0035] Returning to Figure 3, each vessel is shown fol-
lowing an undulating path which is periodicin space, i.e.,
has a shape that repeats itself after a certain length
(wavelength). An undulating path may include other
curved profiles, for example, a path that is periodic in
time, etc. In the embodiment of Figure 3, the streamer
vessel 302 follows undulating path 312, streamer vessel
304 follows undulating path 314, source vessel 306 fol-
lows undulating path 316 and source vessel 308 follows
undulating path 318. Not all the paths have to undulate.
Some paths, as discussed later, may be straight lines.
Paths 312, 314, 316 and 318 may have a periodicity, i.e.,
repeat themselves after a given time interval T (e.g., a
period T). In one application, all the paths have the same
period T. However, in another exemplary embodiment,
each path has its own period T;. In an exemplary embod-
iment, each path is a sinusoid.

[0036] Further, each path may have its own amplitude
A,. However, in one embodiment, all the amplitudes are
equal. Still in another exemplary embodiment, the am-
plitudes are divided into subsets, and each subset has a
same value. A subset may include any number of paths,
from one to the maximum number of paths. The ampli-
tude A, may be defined as the maximum deviation of the
vessel from a straight line path. For example, for vessel
302, the maximum deviation from the straight line path
322 is shown as A;. The amplitudes A, to A, of the re-
maining vessels are also illustrated in Figure 3. Inanother
application, the distance between the maximum devia-
tion of the vessel on one side of the straight line path and
the maximum deviation on the other side is divided by
two to generate the amplitude.

[0037] A third parameter that may be used to charac-
terize the undulating paths 312, 314, 316 and 318 is the
phase. The phase may be measured from a given cross-
line reference 340 (extending along a Y axis) that is sub-
stantially perpendicular on the straight line paths 322,
324, 326 and 328. The phase represents the distance of
a vessel to the reference 340. The phase may be repre-
sented as an angle if the undulating path is a sinusoid.
A position of the vessel or the source measured along
the straight line paths determine the phase ¢; for each
vessel. As with the amplitudes and periods, the phases
may be different from vessel to vessel. In one embodi-
ment, the phases must be different from vessel to vessel
to achieve a better azimuth and/or offset distribution. In
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another application, the sources are shot in a staggered
way, i.e., if the sources are shot simultaneously, a dis-
tance stag 345 (inline distance along inline axis X), be-
tween the first source 304B and the last source 302B
along the straightline paths is maintained during the seis-
mic survey.

[0038] A further parameter of the seismic survey sys-
tem 300 is the cross-line offset 350, i.e., the distance
between the first straight line path 322 and the last
straight line path 324. For a given cross-line offset 350,
the cross-line distance between adjacent straight line
paths may vary from vessel to vessel. In one application,
there is a minimum cross-line distance D1 between two
adjacent straight line paths and a maximum cross-line
distance D2 between another two adjacent straight line
paths. Thus, all cross-line distances fall between D1 and
D2. However, the cross-line distances may be the same
in one application.

[0039] Figure 6 shows a rose plot for a traditional sur-
vey system having two streamer vessels and two source
vessels that follow straight line paths similar to paths 322,
324, 326 and 328 shown in Figure 3. Figure 7 shows a
rose plot for the novel survey system that uses the same
number of source and streamer vessels, but the vessels
follow undulating paths 312, 314, 316 and 318. The cent-
er 600 of the plot represents zero offset, i.e., no distance
between the source and the recording receiver. A point
602 away from the center 600 of the plot indicates the
position (offset) of the receiver relative to the source. If
the receiver and the source have the same azimuth (i.e.,
the same angle relative to a traveling straight line direc-
tion), the two corresponding points 604 and 600, respec-
tively, are plotted on a same line M. However, if the re-
ceiver makes, for example, an azimuth angle of 90 de-
grees, the receiver is plotted along line N, for example,
at point 608. Thus, the distance along a radius in the plot
of Figure 6 shows the offset and the relative angle of a
point, e.g., 608, relative to a reference line M that passes
through the center 600 of the plot to indicate the azimuth
angle of the receiver relative to the source. Improvement
in offset/azimuth distribution of Figure 7 is evident from
comparing the two figures.

[0040] According to an exemplary embodiment, the
novel survey system may use undulating paths that are
sinusoids having the same amplitudes, the same periods,
and different phases. However, it is possible to optimize
these quantities (amplitude, period and phase or other
quantities) based on the number of streamer vessels and
source vessels to further improve the offset/azimuth dis-
tribution as discussed next. Note that various optimiza-
tion methods may be implemented as discussed next.
[0041] According to an exemplary embodiment illus-
trated in Figure 8, a method for optimizing a configuration
of a multi-vessel seismic system is discussed. According
to this exemplary embodiment, the quantities describing
the multi-vessel seismic system are divided into two cat-
egories, parameters and variables. The parameters are
assumed to be fixed at the beginning of the algorithm,
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while the values of the variables are generated by the
algorithm based on the fixed parameters and one or more
mathematical methods. The number of streamer vessels
and the number of source vessels are fixed in step 800.
For example, these numbers are 2 for the embodiment
illustrated in Figure 3. As previously discussed, these
numbers can vary from one to any appropriate number.
The cross-line distance 350 may be fixed in step 802
(optionally, the minimum D1 and the maximum D2 dis-
tances between adjacent straightline paths are alsofixed
in this step) and the stag distance 345 may also be fixed
in step 804. The cross-line distance 350 and the stag-
gered distance 345 may be selected based on experi-
ence, an existing database, depth of target and/or cost
of the survey. Optionally, the bin size of the survey may
be fixed at the beginning of the calculation.

[0042] Having these parameters fixed, an undulating
shape for the trajectories 312, 314, 316 and 318 is se-
lected in step 806. The shape may be the same for all
undulating paths or different. For simplicity, a sinusoidal
shape is selected in step 806. Thus, the variables to be
determined for the sinusoidal shape are the amplitude,
period and the phase (e.g., distance between the ves-
sels). In step 808, the operator may enter the desired
azimuth and/or offset distribution. An example of azimuth
and/or offset distribution was shown in Figure 7. For a
given survey, the client or the operator may come up with
any desired azimuth and/or offset distribution.

[0043] An optimization algorithm may be applied in
step 810 for determining the amplitude and period and
phase forthe undulating paths of the streamerand source
vessels. The optimization algorithm may be any known
algorithm, e.g., a weighted least square method. An ob-
jective function may be defined based on the variables
of the problem (amplitude and period), and the objective
function is minimized or maximized taking into account
the parameters introduced in steps 800 to 804, the shape
of the undulating path, and the desired azimuth and/or
offsetdistribution. The result of the optimization algorithm
is the amplitudes, periods and phases of the vessels’
trajectories. For simplicity, the flowchart in Figure 8
shows single amplitude, single period, and phases thus,
suggesting that all the undulating paths are identical ex-
cept for their phases. However, the algorithm may handle
different amplitudes and periods for the different paths.
Alternatively, the phases may be decided by the operator
at the beginning of the optimization process or they may
be calculated as discussed next.

[0044] According to another exemplary embodiment,
the phases for the undulating paths are calculated as
illustrated in Figure 9. In step 900, a representative bin
size for the desired azimuth and/or offset distribution is
selected. Note that the steps illustrated in Figure 9 may
be performed after the optimization algorithm of Figure
8 has been run and, thus, the output from Figure 8 may
be used as input for the Figure 9 algorithm. Alternatively,
the algorithmillustrated in Figure 9 may be run independ-
ent of the algorithm illustrated in Figure 8. Either way, it
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is considered that the amplitude and period for the un-
dulating paths are known and fixed at this stage. The bin
is defined as, for example, a square or rectangle having
alength along the inline direction (X axis in Figure 3) and
a length along the cross-line direction (Y axis in Figure
3). For example, a bin may be 1 km by 1 km. In step 902,
a passing direction and a nominal fold for the bin size are
selected. The passing direction refers, for example, to
the straight line paths 322 to 328 in Figure 3. In another
application, the passing direction may follow a hexagon.
Other configurations are possible. The nominal fold is
related to the signal-to-noise ratio, and it is a number,
e.g., 100.

[0045] Then, in step 904, the desired azimuth and/or
offset distributions are entered. Based on the information
received in steps 900, 902 and 904, an optimization al-
gorithm is performed in step 906. This optimization algo-
rithm may be similar to that discussed in Figure 8, i.e.,
an objective or cost function is defined and minimized
using one of a variety of mathematical algorithms to de-
termine the phase, lateral displacement and/or number
of passes. Lateral displacementis the cross-line distance
between two adjacent straight line paths 322 to 328. The
number of passes represents the number of times a ves-
sel needs to move back and forth in a given area for
achieving the seismic survey (see, for example, Figure
2). Figure 9 refers to a single phase and a single lateral
displacement, but as already discussed, the algorithm
may produce plural phases and plural lateral displace-
ments, i.e., a phase and a lateral displacement for each
vessel.

[0046] According to an exemplary embodiment, a
more general optimization scheme is disclosed. In gen-
eral, the problem of finding an optimal path with respect
to several optimal criteria can be formulated as a multi-
objective (or multi-criteria), nonlinear and constrained
optimization problem; it consists of finding the vector of
admissible variables x for a set of given parameters that
represent the minimum of the objective function F(x). The
optimization problem can be formulated as follows:

min||F (x)],
X€ES

g (x)<0, i=1,-m

subject to {hi(x) —0, i=1-p

where ||| denotes any L, norm with common choices in-
cluding L4, Ly and L, X = [X4, Xp,., X,,] is @ vector of the
n variables, S is the search space, the sets of functions
hi(x) and g{x) describe possible inequality and equality
constraints, respectively, that need to be satisfied. For
the case of a multi-objective optimization problem, the
function F(x) can be written as:
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F(x) = {f1(x);f2(x); s I (X)};

where f; are individual objective functions.

[0047] In other words, this is a procedure looking for a
compromise balance between the different objectives re-
sulting in a configuration (called a Pareto optimal solu-
tion, which is defined as follows: given an initial allocation
of goods among a set of individuals, a change to a dif-
ferent allocation that makes at least one individual better
off without making any other individual worse off is called
a Pareto improvement) out of an infinite number of alter-
natives. Optimization for a multi-objective problem is
solved by using known mathematical methods. Depend-
ing on the topology/complexity (e.g. linear, uni-modal or
multi-modal) of the cost function F(x), various mathemat-
ical methods can be used, e.g., conjugate gradient, ge-
netic algorithm, simulate annealing, etc.

[0048] For a multi-vessel seismic survey as in the
present case, the optimization problem could be formu-
lated as follows:

a. Assuming known the following parameters:

i. the number of source vessels,

ii. the number of streamer vessels,

iii. nominal bin size

iv. other parameters (e.g., the size of the survey
area, but also other quantities that are survey
dependent)

b. it is desired to find variables characterizing

i. the trajectories of the different vessels (shape
of the vessel paths), and

ii. the spatial distributions of the paths over the
survey area (X-line distance between vessels,
staggered distances, etc.)

iii. number of passes or other quantities that
might be needed for a seismic survey,

c. which optimize the seismic acquisition in terms of
different objectives, including:

i. time/cost of acquisition (number of passes)
ii. coverage (azimuth/offset distribution) per bin
iii. size of the nominal pattern (macro-bin)

iv. uniformity of the macro-bin

v. Spatial density of shot points

vi. Spatial density of CMP

vii. Spatial density of receivers

viii. Or other quantities,

d. Which have to satisfy a set of operational con-
straints, including:
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i. Navigation (minimum turning radius of the ves-
sels, min/max vessel speed)

ii. Safety (minimum allowed distance between
vessels)

iii. Or other constraints.

[0049] Vessels paths can be described by smooth
curves. For instance, the generalized sine curve,

f(x) = Asin(2n/T) x + &),

for which the parameters A, T, and ¢ are the amplitude,
period, and phase (in radians), respectively, may de-
scribe one curve. More generally, periodic undulating
vessel paths can be approximated by twice differentiable
piecewise polynomial curves (e.g., B-splines). Arbitrary
undulating paths, not only defined by amplitude, period
and phase may also be used. Note also, as all non-holo-
nomic vehicles, marine vessels have a minimum turning
radius which has to be considered in the procedure (e.g.,
inserted in the optimization as an external constraint).
Further, note that the algorithm described above may be
modified for each seismic survey, and fewer or more pa-
rameters, variables and constraints may be imposed to
optimize the paths of the vessels participating in the multi-
vessel seismic survey. In one application, one or more
variables may be fixed and moved to the parameters cat-
egory, or one or more constraints (i.e., objectives) may
be made variables or parameters, as the circumstances
require.

[0050] A plurality of parameters may be used as con-
straints for the optimization algorithms used with regard
to Figures 8 and 9. For example, in addition to those
parameters already mentioned above, the following pa-
rameters may be also considered: the cost of the survey,
the type of subsurface, the ocean currents, the velocity
model, the length of the streamers, the number of stream-
ers in a spread, the capability of steering the streamers
(e.g., the presence of birds), the type of sensors used in
the receivers, the type of survey (e.g., 3-dimensional
(3D), 4D, etc.), etc.

[0051] Note that the algorithms illustrated in Figures 8
and 9 may be used to determine the undulating paths for
at least three different situations: (i) for the streamer ves-
sels and the source vessels, (ii) only for the source ves-
sels, and (iii) only for the streamer vessels. For example,
for the situation (ii), it is possible to decide a priori that
the paths for the streamer vessels are straight lines, and
then the algorithms determine the paths only for the
source vessels. The same is true for situation (iii).
[0052] Based on the above algorithms (illustrated in
Figures 8 and 9), the full map for streamer vessels and
source vessels may be calculated. An example is shown
in Figure 10 where, for simplicity, the streamer vessels
were set to follow straight lines 1000 and the source ves-
sels were set to follow periodic paths 1010 calculated
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based on the algorithms discussed above.

[0053] The sources illustrated in Figure 3 can be fired
based on various schemes. One scheme inan exemplary
embodiment can shoot the sources sequentially in a
denser pattern. For example, fire the sources at given
space intervals, i.e., shoot the source 304B, wait for this
source to travel 12.5 meters along the inline direction X,
then shoot source 308A, and so on. It should be noted
in the exemplary embodiment that the value of 12.5 me-
tersis an example and can vary, e.g., based on the speed
of the streamer vessel. In this fashion, the sources are
fired when, for example, they have the same X-axis, or
inline, position during a firing sequence.

[0054] It should further be noted in the exemplary em-
bodiment that a firing sequence includes the sequential
one-time firing of each source. In another exemplary em-
bodiment firing sequence, the sources are fired either
simultaneously or almost simultaneously, with random
time delays between firings. The seismic system 1100
of the exemplary embodiment of Figure 11 has two
streamer vessels 1102, 1104 and three source vessels
1106, 1108 and 1110. It should be noted in the exemplary
embodiment that the streamer vessels 1102, 1104 are
configurable with respect to the number of streamers
1112, 1114 per vessel, the separation distance between
streamer vessel 1102 and streamer vessel 1104 and the
length of the streamers 1112, 1114. Further, it should be
noted in the exemplary embodiment that the streamer
vessels 1102, 1104 are separated cross-line by one or
more source vessels 1106, 1108, 1110, and the leading
edge of the streamer vessels 1102, 1104 are inline offset
from each other by a configurable distance 1116. Further
in the exemplary embodiment, the source vessels 1106,
1108, 1110 are inline offset from the streamer vessels
1102, 1104 and from each other by a configurable inline
distance. Some numerical examples are listed in Figure
11.

[0055] The methods and algorithms discussed above
may be implemented in a computing device 1200 as il-
lustrated in Figure 12. The computing device 1200 may
be a processor, a computer, a server, etc. The computing
device 1200 may include a processor 1202 connected
through abus 1204 to a storage device 1206. The storage
device 1206 may be any type of memory and may store
necessary commands and instructions associated with
the algorithms discussed above. Also connected to the
bus 1204 is an input/output interface 1208 through which
the operator may interact with the algorithms illustrated
in Figures 8 and 9. A communication interface 1210 is
also connected tothe bus 1204 and is configured to trans-
fer information between the processor 1202 and an out-
side network, etc., Internet, operator’s internal network,
etc. The communication interface 1210 may be wired or
wireless. Optionally, the computing device 1200 may in-
clude a screen 1212 for displaying various results gen-
erated by the algorithms discussed above. For example,
the amplitudes, periods and phases of a planned survey
may be displayed, after being calculated with the novel
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algorithms, on the screen 1212.

[0056] The above-disclosed exemplary embodiments
provide a system and a method for improving an azimuth
and/or offset distribution for a seismic survey by using
undulating paths for the source vessels and/or the
streamer vessels. It should be understood that this de-
scription is not intended to limit the invention. On the con-
trary, the exemplary embodiments are intended to cover
alternatives, modifications and equivalents, which are in-
cluded in the spirit and scope of the invention as defined
by the appended claims. Further, in the detailed descrip-
tion of the exemplary embodiments, numerous specific
details are set forth in order to provide a comprehensive
understanding of the claimed invention. However, one
skilled in the art would understand that various embodi-
ments may be practiced without such specific details.
[0057] 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 combi-
nations with or without other features and elements dis-
closed herein.

[0058] This written description uses examples of the
subject matter disclosed to enable any person skilled in
the art to practice the same, including making and using
any devices or systems and performing any incorporated
methods. The patentable scope of the subject matter is
defined by the claims, and may include other examples
that occur to those skilled in the art. Such other examples
are intended to be within the scope of the claims.

Claims

1. A method for determining a seismic survey configu-
ration of a multi-vessel acquisition system (300), the
method comprising:

receiving (800) a number that corresponds to
vessels to be used in the multi-vessel acquisition
system (300);

receiving (802) a cross-line distance (350) be-
tween first and last straight line paths (322, 324)
corresponding to first and last vessels (302,
304), respectively, of the multi-vessel acquisi-
tion system (300);

receiving (804) an inline distance (345) between
the first and last vessels (302, 304);

selecting (806) shapes of undulating paths for
the vessels of the multi-vessel acquisition sys-
tem (300);

receiving (808) a desired azimuth and/or offset
distribution of receivers towed by one or more
streamer vessels of the multi-vessel acquisition
system (300) relative to source vessels of the
multi-vessel acquisition system (300); and
calculating (810) amplitudes (A;), periods (T;)
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and phases of the undulating paths.

The method of Claim 1, wherein the shapes of the
undulating paths are sinusoids.

The method of Claim 1, wherein the shapes of the
undulating paths are identical and described by a
sinusoid.

The method of Claim 3, wherein all the amplitudes
are identical and all the periods are identical.

The method of Claim 1, wherein the step of calcu-
lating comprises:

applying an optimization algorithm to calculate
the amplitudes, periods and phases.

The method of Claim 1, wherein the amplitudes and
the periods are different from vessel to vessel.

The method of Claim 1, further comprising:

applying a Pareto improvement for determining
the amplitudes, periods and phases.

The method of Claim 1, wherein each undulating
path has a different phase.

The method of Claim 1, further comprising:

driving source vessels along undulating paths
sandwiched between undulating paths of two
streamer vessels.

The method of Claim 1, further comprising:

selecting straight line paths for streamer ves-
sels.

The method of Claim 1, further comprising:

using the calculated amplitudes and periods to
determine lateral displacements of the vessels;
selecting a bin size for the seismic survey;
selecting a nominal fold; and

calculating the lateral displacements based on
the amplitudes, periods, phases, bin size, and
nominal fold.

The method of Claim 11, further comprising:

calculating a number of passes for the vessels
to be performed during the seismic survey.

A computing device (1200) for determining a seismic
survey configuration of a multi-vessel acquisition
system (300), the computing device (1200) compris-
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ing:

an interface (1208) for receiving (800) a number
that corresponds to vessels to be used in the
multi-vessel acquisition system (300), for receiv-
ing (802) a cross-line distance (350) between
first and last straight line paths (322, 324) cor-
responding to first and last vessels (302, 304),
respectively, of the multi-vessel acquisition sys-
tem (300); and for receiving (804) an inline dis-
tance (345) between the first and last vessels
(302, 304); and

a processor (1202) connected to the interface
(1208) and configured to,

select (806) shapes of undulating paths for the
vessels of the multi-vessel acquisition system
(300),

receive (808) a desired azimuth and/or offset
distribution of receivers towed by one or more
streamer vessels of the multi-vessel acquisition
system (300) relative to source vessels of the
multi-vessel acquisition system (300), and
calculate (810) amplitudes (A;), periods (T;) and
phases of the undulating paths.

14. A method for determining a seismic survey configu-

ration of a multi-vessel acquisition system (300), the
method comprising:

receiving (900) a bin size to be used in the multi-
vessel acquisition system (300);

receiving (902) a nominal fold for the bin size;
receiving (904) a desired azimuth and/or offset
distribution of receivers towed by one or more
streamer vessels of the multi-vessel acquisition
system (300) relative to source vessels of the
multi-vessel acquisition system (300); and
calculating (906) lateral displacements between
undulating paths to be followed by the one or
more streamer vessels and the source vessels
of the multi-vessel acquisition system (300).

15. A computing device (1200) for determining a seismic

survey configuration of a multi-vessel acquisition
system (300), the computing device (1200) compris-
ing:

an interface (1208) for receiving (900) a bin size
to be used in the multi-vessel acquisition system
(300), for receiving (902) a nominal fold for the
bin size, and for receiving (904) a desired azi-
muth and/or offset distribution of receivers
towed by one or more streamer vessels of the
multi-vessel acquisition system (300) relative to
source vessels of the multi-vessel acquisition
system (300); and

a processor (1202) connected to the interface
(1208) and configured to calculate (906) lateral
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displacements between undulating paths to be
followed by the one or more streamer vessels
and the source vessels of the multi-vessel ac-
quisition system (300).
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Figure 6
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Figure 8
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Figure 9
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Figure 11
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Figure 12
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