WO 2017/172374 PCT/US2017/022759

DETERMINING DISPLACEMENT BETWEEN SEISMIC IMAGES
USING OPTICAL FLOW

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority, under 35 U.S.C. §119(e), of Provisional

Application No. 62/316,428 filed March 31, 2016, incorporated herein by this reference.

BACKGROUND

[0002] The present disclosure relates generally to identifying changes within a subsurface
region of the Earth over a period of time using seismic survey results. The present
disclosure also relates generally to aligning seismic images that represent the same area

of subsurface during a seismic survey.

[0003] This section is intended to introduce the reader to various aspects of art that may
be related to various aspects of the present disclosure, which are described and/or claimed
below. This discussion is believed to be helpful in providing the reader with background
information to facilitate a better understanding of the various aspects of the present
disclosure. Accordingly, it should be understood that these statements are to be read in

this light, and not as admissions of prior art.

[0004] A seismic survey includes generating an image or map of a subsurface region of
the Earth by sending sound energy down into the ground and recording the reflected
sound energy that returns from the geological layers within the subsurface region.
During a seismic survey, an energy source is placed at various locations on or above the
surface region of the Earth, which may include hydrocarbon deposits. Each time the

source is activated, the source generates a seismic (e.g., sound wave) signal that travels



downward through the Earth, is reflected, and, upon its return, is recorded using one or more
receivers disposed on or above the subsurface region of the Earth. The seismic data recorded by
the receivers may then be used to create an image or profile of the corresponding subsurface

region.

[0005] Over time, as hydrocarbons are being extracted from the subsurface region of the Earth,
the location, saturation, and other characteristics of the hydrocarbon reservoir and (e.g.,
overburden) within the subsurface region may change. As such, it may be useful to determine
how the image or map of the subsurface region changes over time, such that the operations
related to extracting the hydrocarbons may be modified to more efficiently extract the

hydrocarbons from the subsurface region of the Earth.

SUMMARY
[0006] A summary of certain embodiments disclosed herein is set forth below. It should be
understood that these aspects are presented merely to provide the reader with a brief summary of
these certain embodiments and that these aspects are not intended to limit the scope of this
disclosure. Indeed, this disclosure may encompass a variety of aspects that may not be set forth

below.

[0006a] According to a first aspect of the present invention, there is provided a method for
aligning a plurality of seismic images associated with a subsurface region of the Earth, including:
receiving, via a processor, the plurality of seismic images acquired via one or more seismic
surveys, wherein the plurality of seismic images represents the subsurface region of the Earth;
determining, via the processor, a first respective relative shift volume between a first seismic
image of the plurality of seismic images and a second seismic image of the plurality of seismic
images, a second respective relative shift volume between the first seismic image and a third
seismic image of the plurality of seismic images, and a third respective relative shift volume
between the second seismic image of the plurality of seismic images and the third seismic image

of the plurality of seismic images; determining a first shift volume associated with the first
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seismic image and a second shift volume associated with the second seismic image based on the
first, second, and third respective relative shift volumes, wherein the first shift volume indicates
position differences in space between seismic events; and applying, via the processor, the first
shift volume to the first seismic image and the second shift volume to the second seismic image
to generate a first shifted seismic image and a second shifted seismic image, respectively,
wherein the first and second shifted seismic images are aligned with each other and indicate one

or more properties of hydrocarbon deposits within the subsurface region of the Earth.

[0006b] According to a second aspect of the present invention, there is provided a non-transitory
computer-readable medium, including computer-executable instructions configured to cause a
processor to: (a) receive a plurality of seismic images acquired via a plurality of seismic sensors,
wherein the plurality of seismic images represents a subsurface region of the Earth; (b) receive a
number K of index images; (c) assign one of the plurality of seismic images as a pilot image; (d)
determine a first respective relative shift volume between the pilot image and each seismic image
of the plurality of seismic images within the number K of index images to the pilot image; (e)
repeat blocks (c) and (d) for each remaining seismic image of the plurality of seismic images as
the pilot image, thereby determining a plurality of relative shift volumes; (f) determine N number
of shift volumes based on the plurality of relative shift volumes, wherein the N number
corresponds to a number of the plurality of seismic images received, and wherein each respective
shift volume of the N number of shift volumes corresponds to a respective seismic image of the
plurality of seismic images, and at least one shift volume indicates position differences in space
between seismic events; and (g) apply each respective shift volume of the N number of shift
volumes to the respective seismic image of the plurality of seismic images, thereby generating a
plurality of shifted seismic images, wherein each of the plurality of shifted seismic images are
aligned with each other and indicate one or more properties of hydrocarbon deposits within the

subsurface region of the Earth.

[0006¢] According to a third aspect of the present invention, there is provided a method for
drilling into a subsurface region of the Earth, including: analyzing a plurality of shifted seismic
images associated with the subsurface region, wherein each of the plurality of shifted seismic
images is aligned with each other; and performing one or more drilling operations or one or more
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production operations into the subsurface region based on an analysis of the plurality of shifted
seismic images, wherein the plurality of shifted seismic images is determined by: receiving, via a
processor, a plurality of seismic images acquired in one or more seismic surveys, wherein the
plurality of seismic images represents the subsurface region of the Earth; determining, via the
processor, a first respective relative shift volume between a first seismic image of the plurality of
seismic images and a second seismic image of the plurality of seismic images, a second
respective relative shift volume between the first seismic image and a third seismic image of the
plurality of seismic images, and a third respective relative shift volume between the second
seismic image of the plurality of seismic images and the third seismic image of the plurality of
seismic images; determining a first shift volume associated with the first seismic image and a
second shift volume associated with the second seismic image based on the first, second, and
third respective relative shift volumes, wherein the first shift volume indicates position
differences in space between seismic events; and applying, via the processor, the first shift
volume to the first seismic image and the second shift volume to the second seismic image to
generate a first shifted seismic image and a second shifted seismic image, respectively, of the

plurality of shifted seismic images.

[0006d] According to a fourth aspect of the present invention, there is provided a method for
aligning a plurality of seismic images associated with a subsurface region of the Earth, including:
receiving, via a processor, the plurality of seismic images acquired via one or more seismic
surveys, wherein the plurality of seismic images represents the subsurface region of the Earth;
determining, via the processor, a first respective relative shift volume between a first seismic
image of the plurality of seismic images and a second seismic image of the plurality of seismic
images, a second respective relative shift volume between the first seismic image and a third
seismic image of the plurality of seismic images, and a third respective relative shift volume
between the second seismic image of the plurality of seismic images and the third seismic image
of the plurality of seismic images; determining a first shift volume associated with the first
seismic image and a second shift volume associated with the second seismic image based on the
first, second, and third respective relative shift volumes, wherein the first shift volume indicates
position differences in space between seismic events; and applying, via the processor, the first

shift volume to the first seismic image and the second shift volume to the second seismic image
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to generate a first shifted seismic image and a second shifted seismic image, respectively,
wherein the first and second shifted seismic images are aligned with each other and indicate one

or more properties of hydrocarbon deposits within the subsurface region of the Earth.

[0006e] According to a fifth aspect of the present invention, there is provided a non-transitory
computer-readable medium, including computer-executable instructions configured to cause a
processor to: (a) receive a plurality of seismic images acquired via a plurality of seismic sensors,
wherein the plurality of seismic images represents a subsurface region of the Earth; (b) receive a
number K of index images; (c) assign one of the plurality of seismic images as a pilot image; (d)
determine a first respective relative shift volume between the pilot image and each seismic image
of the plurality of seismic images within the number K of index images to the pilot image; (e)
repeat blocks (c) and (d) for each remaining seismic image of the plurality of seismic images as
the pilot image, thereby determining a plurality of relative shift volumes; (f) determine N
number of shift volumes based on the plurality of relative shift volumes, wherein the N number
corresponds to a number of the plurality of seismic images received, and wherein each respective
shift volume of the N number of shift volumes corresponds to a respective seismic image of the
plurality of seismic images, and at least one shift volume indicates position differences in space
between seismic events; and (g) apply each respective shift volume of the N number of shift
volumes to the respective seismic image of the plurality of seismic images, thereby generating a
plurality of shifted seismic images, wherein each of the plurality of shifted seismic images are
aligned with each other and indicate one or more properties of hydrocarbon deposits within the

subsurface region of the Earth.

[0007] Seismic data processing, such as seismic data registration, may involve determining a
multi-dimensional displacement volume (which may be a shift solution indicative of position
differences between corresponding events in two seismic images or datasets). Generally, the two
seismic images may be acquired at two different times, but it should be noted that the seismic
data registration techniques may also be performed using two seismic images acquired at the

same time in order to align them (or to resolve
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differences) between the two images that should represent the same subsurface region of
the Earth to improve the signal-to-noise ratio. In such cases the images represent the
same subsurface but are created using different combinations of seismic sources and

receivers.

[0008] In certain embodiments, to determine a multi-dimensional displacement volume
between two seismic images, a computing system may initially receive two seismic
images that represent the same subsurface region of the Earth at different times. Using
each seismic image, the computing system may downscale (e.g., smaller size and lower
resolution) the first seismic image (A) and the second seismic image (B) to generate a
first scaled image (A;) and a second scaled image (B,), respectively based on a Gaussian
pyramid. By comparing two downscaled images, the computing system may better
handle large shifts and better overcome cycle-skipping issues that may not be achieved at

the original scale.

[0009] After generating the two scaled images, the computing system may determine an
initial scaled shift or displacement volume (D,) (e.g., one shift vector at each voxel) of
the first scaled image (A;) and the second scaled image (B) by comparing the two scaled
images. D is called a “scaled” displacement volume because it is in the same downscale
and has the same size and resolution of A; and By which are lower than A and B. The
scaled displacement volume (D;) may represent how the seismic events or geological
formations (e.g., geological layers or reflectors in terms of space) have changed between
the two scaled images. In certain embodiments, the scaled displacement volume (D)
may be determined using an optical flow algorithm, such as the Lucas-Kanade (LK)

algorithm, the Horn-Schunck (HS) algorithm, or the like.
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[0010] Upon determining the initial scaled displacement volume D, the computing
system may use an optical flow algorithm to iteratively refine the scaled displacement
volume (D)) by further continuously comparing the first scaled image A, and the warped
second scaled image (B;’) produced by applying the scaled displacement volume (D) to

the second scaled image (B,) and updating the scaled displacement volume (D).

[0011] Upon determining the scaled displacement volume (D) between the two scaled
images, the computing system may generate a displacement volume (Dy) based on the
scaled displacement volume (D) and a scaling function. This scaling function may be
defined by a Gaussian pyramid that is used to generate the first and second scaled images
based on the first and second seismic images. The process creates the displacement
volume (Do) in the original scale and its size and resolution the same of the first seismic
image (A) and the second seismic image (B). That is, the computing system may upscale
the scaled displacement volume (D;) according to the scaling function used to generate

the first and second scaled images from the first and second seismic images.

[0012] Upon determining the displacement volume (Dy), the computing system may use
an optical flow algorithm to iteratively refine the displacement volume (Do) by further
continuously comparing the first seismic image (A) and the warped second image (B”)
produced by applying the displacement volume (Dy) to the second seismic image (B) and
updating the displacement volume (Dy). The displacement volume (Dy) may represent the
multi-dimensional displacement volume (which may be a shift solution indicative of
position differences between corresponding seismic events depicted in the two seismic

images). That is, the displacement volume (Dy) may represent how the subsurface region
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of the Earth has changed between the time when the first seismic image was acquired and

when the second seismic image was acquired.

[0013] The computing system may then apply the displacement volume (Do) to the
second seismic image (B) to generate a third seismic image (B’), which corresponds to a
warped version of the second seismic image (B). As such, the seismic events depicted in
the third seismic image (B’) may be aligned with the seismic events depicted in the first
seismic image (A). In certain embodiments, the computing system may then compare
the third seismic image (B’) to the first seismic image (A) to calculate a difference
seismic image between the third seismic image (B’) and the first seismic image (A). The
displacement volume between the first and second images and/or the difference image
between the first and third images may indicate changes in amplitude, reflectivity,
velocity, density, and other properties regarding the reservoir or/and its overburden of the
subsurface region of the Earth between when the first seismic image (A) was acquired
and when the second seismic image (B) was acquired. These changes may not be readily
discernible by virtue of an examination or analysis of the first or second seismic image

(B) alone.

[0014] Although the foregoing discussion regarding the determination of the
displacement vector volume is described by downscaling the two seismic images one
time, it should be noted that, in certain embodiments, the computing system may not
downscale seismic images. In this case, the computing system may first determine the

initial multi-dimensional displacement volume (D) between the first seismic image (A)



WO 2017/172374 PCT/US2017/022759

and the second seismic image (B), then iteratively refine the displacement volume (D),

both using an optical flow algorithm.

[0015] Although the foregoing discussion regarding the determination of the
displacement volume is described by downscaling the two seismic images one time, it
should be noted that, in certain embodiments, the computing system may downscale each
seismic image a number of times (L) to solve for even larger shifts between two input
images. In this case, the computing system may generate scaled versions of the first and
second seismic images by downscaling each image a number (L) of times. Using the
resulting first scaled image (Ar) and the second scaled image (By) at the scale L. where
their size and resolution are the lowest, the computing system may determine an initial
scaled displacement volume (Dy) at the same scale L between the first scaled image (Ar)

and the second scaled image (BL).

[0016] Upon determining the initial scaled displacement volume (D), the computing
system may use an optical flow algorithm to iteratively refine the scaled displacement
volume (D) by further continuously comparing the first scaled image (Ar) and the
warped second scaled image (B’L) produced by applying the scaled displacement volume
(Dv) to the second scaled image (Br) and updating the scaled displacement volume (Dy).
That is, the computing system may then apply the scaled displacement volume (D) to a
scale L version of the second seismic image (Br). As such, the computing system may
generate a warped version of the L scale version of the second seismic image (B’).
Using the warped second seismic image (B’L), the computing system may again

determine a displacement volume (ADy) between the L scale version of the first seismic
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image (Ar) and the warped second seismic image (B’r) according to the procedure
described above. The computing system may then update the scaled displacement
volume Dt according to D.=D_+AD.. The process of refining D. can go on for a few

iterations or the whole refining process can be skipped by a user’s choice.

[0017] The computing system may then upscale the scaled displacement volume (D)
using a scaling function between scale L and scale (L-1) to determine a scaled
displacement volume (Dy.;). The generated displacement volume (Dr.;) has the same

size and resolution of the first scaled image (AL.;) and the second scaled image (BL.1).

[0018] Upon determining the scaled displacement volume (DL.;), the computing system
may use an optical flow algorithm to iteratively refine the scaled displacement volume
(DL.1) by further continuously comparing the first scaled image (AL.1) and the warped
second scaled image (B’..;) produced by applying the scaled displacement volume (Dy.;)
to the second scaled image (BL.;) and updating the scaled displacement volume (D .;), as

performed for scale L.

[0019] The computing system may continue determining the displacement volume at
each scale until the computing system applies the respective displacement volume (e.g.,
the multi-dimensional displacement volume) to the original second seismic image (B).
By determining a displacement volume from a scale of smallest size and lowest
resolution to the original scale using a Gaussian pyramid, the computing system may
more accurately identify large displacements and cycle-skipping between the two seismic
images, thereby better analyzing how the subsurface region of the Earth has changed.

Moreover, the computing system may use the multi-dimensional displacement volume to
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generate another seismic image that aligns the seismic events of the two original images,

such that details regarding how the two images have changed may be better ascertained.

[0020] As a result, the multi-dimensional displacement volume may be used to predict
how certain properties (e.g., reservoir presence and thickness, pressure changes, fluid
flow, depleted & unswept zones) regarding a hydrocarbon reservoir or the area surround
a hydrocarbon reservoir may change in the future. The properties may not be discernible
upon analysis of the first or second seismic image (B) alone. Based on these predictions,
various hydrocarbon drilling and production operations may be planned or adjusted to

more efficiently extract hydrocarbons from the reservoir.

[0021] Moreover, after determining the multi-dimensional displacement volume between
the two original images, as discussed above, the computing system may apply the multi-
dimensional displacement volume to the second seismic image (B) to generate another
seismic image (B’) that aligns the corresponding seismic events of the first seismic image
(A) and the second seismic image (B). The computing system may then determine a
difference at each voxel between the third seismic image (B’) and the first seismic image
(A) to ascertain differences between the two images. Since the third seismic image (B”)
and the first seismic image (A) are properly aligned with each other after applying the
multi-dimensional displacement volume to the second seismic image (B), the differences
between the third seismic image (B’) and the first seismic image (A) may assist in
determining changes in amplitude, velocity, density, reflectivity, and other properties
regarding the subsurface region of the Earth over time. The changes to these properties
of the subsurface region may provide insight as to how the hydrocarbon reservoir has

changed over time that may not be available upon inspection of the first seismic image
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(A) or second seismic image (B) alone. As such, hydrocarbon drilling and production
operations may be planned or altered based on how the properties regarding the

subsurface region of the Earth have changed over time.

[0022] In addition to determining the multi-dimensional displacement volume, the
computing system may receive multiple seismic images of the same size or seismic
image gathers that represent the same area of subsurface during a seismic survey. That
is, the multiple seismic images are redundant measurements of the same subsurface area,
out of a sorting and binning process of the input data or the intermediately-processed data
in the seismic data processing. The binning criteria can be surface offsets, subsurface
opening angles, source indices, receiver indices, or other properties. As such, each
seismic image out of the multiple seismic images is an image produced using a subset

(typically no overlapping) of the whole input data collected in a seismic survey.

[0023] In one embodiment, to resolve for the shift volumes among multiple seismic
images, or to align seismic image gathers, a computing system may generate multiple
equations for multiple displacement volumes (D") measured between multiple pairs of
seismic images that represent the same subsurface area. Each equation for the respective
displacement volume (D) may be determined according to the iterative scaling method
briefly described above. After each equation for the respective displacement volume
(DY) of each of the multiple pairs of seismic images has been generated, the computing
system may use the resulting system of equations to determine a volume of multi-
dimensional vectors for each respective displacement volume (D'). The computing
system may then apply each respective displacement volume (Di) to each respective

seismic image, thereby aligning each of the seismic images that are generated using a
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subset of the whole data collected in a seismic survey. The displacement volumes can be
used as an input to reflection tomography for updating a velocity model and therefore
improving the quality of a seismic image. The aligned seismic images or flattened gathers
that are sorted by surface offsets or subsurface opening angles can also be used for
amplitude-versus-offset (AVO) processing, leading to a more accurate description of the
reservoir characterization and rock properties. Moreover, the associated products such as
a stack from the aligned seismic images may provide a more accurate representation of
the subsurface region, such that hydrocarbon drilling and production operations may be
adjusted to extract hydrocarbons from the subsurface region more efficiently. Further, it
should be noted that the same principle of matching images described above for the
purpose of aligning data that is acquired at the same time may also be performed for
different combinations of sources and receivers to obtain better signal-to-noise ratio and

to identify velocity errors etc.

[0024] In addition to the examples provided above, image or data registration techniques
as described herein may be used for various applications in seismic data processing. For
examples, the systems and methods described below may be used for matching modeled
and observed data during waveform inversion (FWI) for the purposes of building velocity
models, matching seismic data pre- or post- migration during the process of iterative de-
migration or re-migration sequences, matching predicted and recorded multiples (and/or
other types of predicted noise) during the process of multiple suppression & removal for
enhancing the signal-to-noise ratio, signal tracking across various images and/or aligning

signals for imaging focusing for the purposes of improving the image quality,
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misalignment picking for tomography or velocity inversion, measuring and tracking a

rate of change in seismic movies, and the like.

[0025] Additional details with regard to determining the multi-dimensional displacement
volume between two seismic images and aligning multiple seismic images will be

described below with reference to FIGS. 1-14.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] Various aspects of this disclosure may be better understood upon reading the

following detailed description and upon reference to the drawings in which:

[0027] FIG. 1 illustrates a flow chart of various processes that may be performed based
on analysis of seismic data acquired via a seismic survey system, in accordance with

embodiments presented herein;

[0028] FIG. 2 illustrates a marine survey system in a marine environment, in accordance

with embodiments presented herein;

[0029] FIG. 3 illustrates a land survey system in a non-marine environment, in

accordance with embodiments presented herein;

[0030] FIG. 4 illustrates a computing system that may perform operations described
herein based on data acquired via the marine survey system of FIG. 2 or the land survey

system of FIG. 3, in accordance with embodiments presented herein;

[0031] FIG. S illustrates a flow chart of a method for determining a displacement volume
between two seismic images acquired via the marine survey system of FIG. 2 or the land

survey system of FIG. 3, in accordance with embodiments presented herein;
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[0032] FIG. 6 illustrates a flow chart of a method for iteratively refining a multi-
dimensional displacement volume used to determine the displacement between two
seismic images acquired via the marine survey system of FIG. 2 or the land survey

system of FIG. 3, in accordance with embodiments presented herein;

[0033] FIG. 7 illustrates an example seismic image generated based on seismic data

acquired from seismic receivers, as described above with regard to FIGS. 2 and 3;

[0034] FIG. 8 illustrates an example of a seismic image inclusive of a warped image of

itself, according to the method of FIG. 5;

[0035] FIG. 9 illustrates an example of a displacement seismic image that characterizes a
vertical shift volume between the example seismic image of FIG. 7 and the example

unwarped seismic image of FIG. 8;

[0036] FIG. 10 illustrates an example of a seismic image having a difference volume
between the example seismic image of FIG. 7 and the example warped seismic image of

FIG. §;

[0037] FIG. 11 illustrates a flow chart of a method for aligning multiple seismic images
acquired via the marine survey system of FIG. 2 or the land survey system of FIG. 3, in

accordance with embodiments presented herein;

[0038] FIG. 12 illustrates how pairs of seismic images are compared according to the
method for aligning multiple seismic images of FIG. 11, in accordance with an

embodiment;

12



WO 2017/172374 PCT/US2017/022759

[0039] FIG. 13 depicts a number of seismic image representations prior to aligning
seismic images acquired via a seismic survey according to the method of FIG. 11, in

accordance with an embodiment; and

[0040] FIG. 14 depicts a number of seismic image representations after aligning seismic
images acquired via a seismic survey according to the method of FIG. 11, in accordance

with an embodiment.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

[0041] One or more specific embodiments will be described below. In an effort to
provide a concise description of these embodiments, not all features of an actual
implementation are described in the specification. It should be appreciated that in the
development of any such actual implementation, as in any engineering or design project,
numerous implementation-specific decisions must be made to achieve the developers’
specific goals, such as compliance with system-related and business-related constraints,
which may vary from one implementation to another. Moreover, it should be appreciated
that such a development effort might be complex and time consuming, but would
nevertheless be a routine undertaking of design, fabrication, and manufacture for those of

ordinary skill having the benefit of this disclosure.

[0042] As discussed above, seismic data processing, such as seismic image registration,
may provide valuable information with regard to the description such as the location and
change of hydrocarbon deposits within a subsurface region of the Earth. In some
instances, a seismic image acquired at one time may differ from another seismic image

acquired at a later time due to the extraction of the hydrocarbon deposits, the associated
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geological formation movements, and the like. Based on how the geological formation of
the Earth and the location and characteristics of the hydrocarbon deposits change over
time, hydrocarbon production operations may be modified to extract hydrocarbon
deposits more efficiently. Accordingly, it is valuable to have accurate data representing

geological formations to aid in the modification of hydrocarbon production operations.

[0043] One manner of obtaining more accurate data representing geological formations
includes determining a multi-dimensional displacement volume (which may be a shift
solution indicative of position differences between seismic events depicted in the two
seismic images) acquired by two differently positioned seismic receivers or by similarly
positioned (e.g., the same) receivers at two different times to correlate the two images
and produce new images that can be used to modify hydrocarbon drilling or production
operations. In embodiments, the multi-dimensional displacement volume may be
described as a volume of vector values (e.g., one scalar or vector value per pixel or
voxel), such that component of a vector is a shift along a direction, where each vector

value describes the shift in a number of directions (e.g., X, Y, Z, etc.).

[0044] In addition to determining the multi-dimensional displacement volume between
two seismic images acquired at different times, the multi-dimensional displacement
volume may also be determined between two or more seismic images or datasets
acquired at substantially similar times or within the same survey but via selection of
different subsets of the whole acquired data. Due to various features within the
subsurface region of the Earth, energy (e.g., acoustic waveforms) transmitted into the
Earth by a seismic source (e.g., vibrator, air gun) may be received by different receivers

corresponding to different surface offsets or different subsurface opening angles. In the
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same way, a receiver can receive energy from different sources, also corresponding to
different surface offsets or different subsurface opening angles. So the data collected
during a seismic survey can be sorted and binned by surface offsets, subsurface opening
angles, source number, receiver number, etc. and each binned subset of the whole data
can produce an individual seismic image or data that represent the same subsurface
region of the Earth. By determining the multi-dimensional displacement volume between
these two or more seismic images according to the techniques described herein, a
computing system may determine additional information regarding characteristics of the
subsurface region. The computing system may then use these characteristics to update
various seismic velocity models, seismic images, reservoir characteristic maps, and the
like to more accurately determine the locations and properties of various geological
formations within the subsurface region of the Earth. As such, hydrocarbon exploration
operations (e.g., drilling, selection of drilling locations, production) may be improved by
modifying the operations according to the updated locations and properties of the
hydrocarbon deposits within the subsurface region according to the updated velocity

models or updated seismic images.

[0045] By way of introduction, seismic data may be acquired using a variety of seismic
survey systems, two of which are discussed with respect to FIG. 2 and FIG. 3.
Regardless of the seismic data gathering technique utilized, after the seismic data is
acquired, a computing system may analyze the acquired seismic data and may use the
results of the seismic data analysis (e.g., seismogram, map of geological formations, etc.)
to perform various operations within the hydrocarbon exploration and production

industries. For instance, FIG. 1 illustrates a flow chart of a method 10 that details various
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processes that may be undertaken based on the analysis of the acquired seismic data.
Although the method 10 is described in a particular order, it should be noted that the

method 10 may be performed in any suitable order.

[0046] Referring now to FIG. 1, at block 12, locations and properties of hydrocarbon
deposits within a subsurface region of the Earth associated with the respective seismic
survey may be determined based on the analyzed seismic data. In one embodiment, the
seismic data acquired via multiple sources and receivers or at different times may be
analyzed to generate a map or profile that illustrates various geological formations within

the subsurface region.

[0047] Based on the identified locations and properties of the hydrocarbon deposits, at
block 14, certain positions or parts of the subsurface region may be explored. That is,
hydrocarbon exploration organizations may use the locations of the hydrocarbon deposits
to determine locations at the surface of the subsurface region to drill into the Earth. As
such, the hydrocarbon exploration organizations may use the locations and properties of
the hydrocarbon deposits and the associated overburdens to determine a path along which

to drill into the Earth, how to drill into the Earth, and the like.

[0048] After exploration equipment has been placed within the subsurface region, at
block 16, the hydrocarbons that are stored in the hydrocarbon deposits may be produced
via natural flowing wells, artificial lift wells, and the like. At block 18, the produced
hydrocarbons may be transported to refineries and the like via transport vehicles,

pipelines, and the like. At block 20, the produced hydrocarbons may be processed
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according to various refining procedures to develop different products using the

hydrocarbons.

[0049] It should be noted that the processes discussed with regard to the method 10 may
include other suitable processes that may be based on the locations and properties of
hydrocarbon deposits as indicated in the seismic data acquired via one or more seismic
survey. As such, it should be understood that the processes described above are not
intended to depict an exhaustive list of processes that may be performed after
determining the locations and properties of hydrocarbon deposits within the subsurface

region.

[0050] With the forgoing in mind, FIG. 2 illustrates a marine survey system 22 (e.g., for
use in conjunction with block 12 of FIG. 1) that may be employed to acquire seismic data
(e.g., waveforms) regarding a subsurface region of the Earth in a marine environment.
Generally, a marine seismic survey using the marine survey system 22 may be conducted
in an ocean 24 or other body of water over a subsurface region 26 of the Earth that lies

beneath a seafloor 28.

[0051] The marine survey system 22 may include a vessel 30, a seismic source 32, a
streamer 34, a receiver 36, and/or other equipment that may assist in acquiring seismic
images representative of geological formations within a subsurface region 26 of the
Earth. The vessel 30 may tow the seismic source 32 (e.g., airgun array) that may produce
energy, such as sound waves (e.g., seismic waveforms), that is directed at a seafloor 28.
The vessel 30 may also tow the streamer 34 having a receiver 36 (e.g., hydrophones) that

may acquire seismic waveforms that represent the energy output by the seismic sources
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32 subsequent to being reflected off of various geological formations within the
subsurface region 26. Although the receiver 36 is described as being towed by the vessel
30, in some embodiments, receiver 36 may also be deployed on the surface of the
seafloor 28. Additionally, although the description of the marine survey system 22 is
described with one seismic source 32 (represented in FIG. 2 as an airgun array) and one
receiver 36 (represented in FIG. 2 as a plurality of hydrophones), it should be noted that
the marine survey system 22 may include multiple seismic sources 32 and multiple
seismic receivers 36. In the same manner, although the above descriptions of the marine
survey system 22 is described with one seismic streamer 34, it should be noted that the
marine survey system 22 may include multiple seismic streamers 34. In addition,
additional vessels 30 may include additional sources 32, streamers 34, and the like to

perform the operations of the survey system.

[0052] FIG. 3 illustrates a land survey system 38 (e.g., for use in conjunction with block
12 of FIG. 1) that may be employed to obtain information regarding the subsurface
region 26 of the Earth in a non-marine environment. The land survey system 38 may
include a land-based seismic source 40 and land-based receiver 44. In some
embodiments, the land survey system 38 may include one or more multiple seismic
sources 40 and one or more receivers 44 and 46. Indeed, for discussion purposes, FIG. 3
includes a land-based seismic source 40 and two seismic receivers 44 and 46. The land-
based seismic source 40 (e.g., seismic vibrator) that may be disposed on a surface 42 of
the Earth above the subsurface region 26 of interest. The land-based seismic source 40
may produce energy (e.g., sound waves, seismic waveforms) that is directed at the

subsurface region 26 of the Earth. Upon reaching various geological formations (e.g.,
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salt domes, faults, folds) within the subsurface region 26 the energy output by the land-
based seismic source 40 may be reflected off of the geological formations and acquired or

recorded by one or more land-based receivers (e.g., 44 and 46).

[0053] In some embodiments, the land-based receivers 44 and 46 may be dispersed
across the surface 42 of the Earth to form a grid-like pattern. As such, each land-based
receiver 44 or 46 may receive a reflected seismic waveform in response to energy being
directed at the subsurface region 26 via the seismic source 40. In some cases, one
seismic waveform produced by the seismic source 40 may be reflected off of different
geological formations and received by different receivers. For example, as shown in FIG.
3, the seismic source 40 may output energy that may be directed at the subsurface region
26 as seismic waveform 48. A first receiver 44 may receive the reflection of the seismic
waveform 48 off of one geological formation and a second receiver 46 may receive the
reflection of the seismic waveform 48 off of a different geological formation. As such,
the first receiver 44 may receive a reflected seismic waveform 50 and the second receiver

46 may receive a reflected seismic waveform 52.

[0054] Regardless of how the seismic data is acquired, a computing system (e.g., for use
in conjunction with block 12 of FIG. 1) may analyze the seismic waveforms acquired by
the marine-based receivers 36 or the land-based receivers 44 and 46 to determine
information regarding the geological structure, the location and property of hydrocarbon
deposits, and the like within the subsurface region 26. FIG. 4 illustrates an example of
such a computing system 60 that may perform various data analysis operations to analyze
the seismic data acquired by the receivers 36, 44, or 46 to determine the structure of the

geological formations within the subsurface region 26.
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[0055] Referring now to FIG. 4, the computing system 60 may include a communication
component 62, a processor 64, a memory 66, a storage 68, input/output (I/O) ports 70, a
display 72, and the like. The communication component 62 may be a wireless or wired
communication component that may facilitate communication between the receivers 36,
44, 46, one or more databases 74, other computing devices, and other communication
capable devices. In one embodiment, the computing system 60 may receive receiver data
76 (e.g., seismic data, seismograms) that may have been previously acquired by seismic
receivers via a network component, the database 74, or the like. The processor 64 of the
computing system 60 may analyze or process the receiver data 76 to ascertain various

features regarding geological formations within the subsurface region 26 of the Earth.

[0056] The processor 64 may be any type of computer processor or microprocessor
capable of executing computer-executable code. The processor 64 may also include
multiple processors that may perform the operations described below. The memory 66
and the storage 68 may be any suitable articles of manufacture that can serve as media to
store processor-executable code, data, or the like. These articles of manufacture may
represent computer-readable media (e.g., any suitable form of memory or storage) that
may store the processor-executable code used by the processor 64 to perform the
presently disclosed techniques. Generally, the processor 64 may execute software
applications that include programs that process seismic data acquired via receivers of a

seismic survey according to the embodiments described herein.

[0057] The memory 66 and the storage 68 may also be used to store the data, analysis of
the data, the software applications, and the like. The memory 66 and the storage 68 may

represent non-transitory computer-readable media (e.g., any suitable form of memory or
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storage) that may store the processor-executable code used by the processor 64 to
perform various techniques described herein. It should be noted that non-transitory

merely indicates that the media is tangible and not a signal.

[0058] The I/O ports 70 may be interfaces that may couple to other peripheral
components such as input devices (e.g., keyboard, mouse), sensors, input/output (I/O)
modules, and the like. I/O ports 70 may enable the computing system 60 to communicate
with the other devices in the marine survey system 22, the land survey system 38, or the

like via the I/O ports 70.

[0059] The display 72 may depict visualizations associated with software or executable
code being processed by the processor 64. In one embodiment, the display 72 may be a
touch display capable of receiving inputs from a user of the computing system 60. The
display 72 may also be used to view and analyze results of the analysis of the acquired
seismic data to determine the geological formations within the subsurface region 26, the
location and property of hydrocarbon deposits within the subsurface region 26, and the
like. The display 72 may be any suitable type of display, such as a liquid crystal display
(LCD), plasma display, or an organic light emitting diode (OLED) display, for example.
In addition to depicting the visualization described herein via the display 72, it should be
noted that the computing system 60 may also depict the visualization via other tangible

elements, such as paper (e.g., via printing) and the like.

[0060] With the foregoing in mind, the present techniques described herein may also be
performed using a supercomputer that employs multiple computing systems 60, a cloud-
computing system, or the like to distribute processes to be performed across multiple

computing systems. In this case, each computing system 60 operating as part of a super
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computer may not include each component listed as part of the computing system 60.
For example, each computing system 60 may not include the display component 72 since
multiple display components 72 may not be useful to for a supercomputer designed to

continuously process seismic data.

[0061] After performing various types of seismic data processing, the computing system
60 may store the results of the analysis in one or more databases 74. The databases 74
may be communicatively coupled to a network that may transmit and receive data to and
from the computing system 60 via the communication component 62. In addition, the
databases 74 may store information regarding the subsurface region 26, such as previous
seismograms, geological sample data, seismic images, and the like regarding the

subsurface region 26.

[0062] Although the components described above have been discussed with regard to the
computing system 60, it should be noted that similar components may make up the
computing system 60. Moreover, the computing system 60 may also be part of the
marine survey system 22 or the land survey system 38, and thus may monitor and control
certain operations of the sources 32 or 40, the receivers 36, 44, 46, and the like. Further,
it should be noted that the listed components are provided as example components and
the embodiments described herein are not to be limited to the components described with

reference to FIG. 4.

[0063] In some embodiments, the computing system 60 may generate a two-dimensional
representation or a three-dimensional representation of the subsurface region 26 based on
the seismic data received via the receivers mentioned above. Additionally, seismic data

associated with multiple source/receiver combinations may be combined to create a near
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continuous profile of the subsurface region 26 that can extend for some distance. In a
two-dimensional (2-D) seismic survey, the receiver locations may be placed along a
single line, whereas in a three-dimensional (3-D) survey the receiver locations may be
distributed across the surface in a grid pattern. As such, a 2-D seismic survey may
provide a cross sectional picture (vertical slice) of the Earth layers as they exist directly
beneath the recording locations. A 3-D seismic survey, on the other hand, may create a

data “cube” or volume that may correspond to a 3-D picture of the subsurface region 26.

[0064] In addition, a 4-D (or time-lapse) seismic survey may include seismic data
acquired during a 3-D survey at multiple times. Using the different seismic images
acquired at different times, the computing system 60 may compare the two images to

identify changes in the subsurface region 26.

[0065] In any case, a seismic survey may be composed of a very large number of
individual seismic recordings or traces. As such, the computing system 60 may be
employed to analyze the acquired seismic data to obtain an image representative of the
subsurface region 26 and to determine locations and properties of hydrocarbon deposits.
To that end, a variety of seismic data processing algorithms may be used to remove noise
from the acquired seismic data, migrate the pre-processed seismic data, identify shifts

between multiple seismic images, align multiple seismic images, and the like.

[0066] After the computing system 60 analyzes the acquired seismic data, the results of
the seismic data analysis (e.g., seismogram, seismic images, map of geological
formations, etc.) may be used to perform various operations within the hydrocarbon

exploration and production industries. For instance, as described above, the acquired
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seismic data may be used to perform the method 10 of FIG. 1 that details various

processes that may be undertaken based on the analysis of the acquired seismic data.

[0067] With the foregoing in mind, FIG. 5 illustrates a method 90 that may be employed
by the computing system 60 to determine a displacement volume between two seismic
images acquired via the marine survey system 22 or the land survey system 38 (e.g.,
Vertical Seismic Profiling (VSPs)), such that the displacement volume between the two
images indicate changes in amplitude, velocity, density, reflectivity, and other properties
at each voxel. In certain embodiments, the displacement volume may be a volume of

scalar values or vector values.

[0068] To determine a multi-dimensional displacement volume (which may be a shift
solution indicative of position differences between two seismic images), the computing
system 60 may determine a displacement vector per voxel (D = (u, v, w), where u, v, and
w are two horizontal and one vertical components of the displacement volumes at one
voxel for 3D input data) between two seismic images acquired via the marine survey
system 22 or the land survey system 38 at each voxel in the seismic image being
evaluated. The computing system 60 may use the displacement vectors at each voxel to
generate the multi-dimensional displacement volume which, for example, may
subsequently be used to modify (e.g., warp or image warp) the later acquired seismic
image, such that seismic events present in both seismic images are aligned with each
other. The computing system 60 may then identify the differences between the modified
seismic image and the earlier acquired seismic image, together with the displacement
volume between the first and second seismic images, to quantify how various properties

(e.g., amplitude, velocity, density, reflectivity) within the subsurface region 26 changed
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over time. These changes may then be used to identify the changes of properties (e.g.,
saturation) of hydrocarbon deposits and associated overburdens, as well as other
important information, as described above with regard to FIG. 1. Although the following
description of the method 90 is described in a particular order, it should be noted that the

method 90 may be performed in any suitable order.

[0069] Generally, the method 90 may be employed to determine the changes of
properties of hydrocarbon deposits and associated overburdens, as well as other important
information about the reservoir within the subsurface region 26. By determining a multi-
dimensional displacement volume that provides a measure of how the seismic events
(e.g., rock layers, reflectors, physical properties) within the subsurface region 26 change
over time, the computing system 60 may be used to predict how the continued production
of hydrocarbons in the subsurface region 26 may affect the reservoir in the future and
help understand the property and behavior of the reservoir and its surroundings. As such,
the computing system 60 may use these predictions and knowledge to determine future
planning or modifications for exploration and production operations to improve the
extraction of the hydrocarbons from the subsurface region 26. Moreover, the computing
system 60 may use the multi-dimensional displacement volume to modify (e.g., warp)
and align (e.g., shift seismic image to match seismic events of another seismic image) a
later acquired seismic image with an earlier acquired seismic image to quantify changes
between the two seismic images that may not be ascertained based solely on the earlier or
later acquired seismic image. For instance, by analyzing the difference between the two
aligned seismic images, the computing system 60 may better ascertain how a

hydrocarbon reservoir behaves over time under certain hydrocarbon production
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conditions. These details may assist hydrocarbon drilling and production organization to
determine where future wells should be drilled, what well interventions to perform, how

hydrocarbons are to be recovered, and the like.

[0070] Additionally, the method 90 may also be employed by the computing system 60
to resolve misalignments between two or more seismic images or datasets acquired
during the same seismic survey concerning the same subsurface region 26. Each one of
those multiple images corresponds to a subset of the acquired data, selected by a range of
properties, such as surface offsets, subsurface opening angles, source numbers, receiver
numbers, or others. Those multiple images can be considered as redundant measures of
the same subsurface region of interest. By determining one multi-dimensional
displacement volume associated with each seismic image, those multiple seismic images
can be aligned or registered, or in other words, the corresponding seismic image gathers
can be flattened. That is, the computing system 60 may align each of the seismic images
with each other, e.g., by using multiple multi-dimensional displacement volumes to
modify (e.g., warp) and align each seismic image with the others. Those aligned multiple
images and further derived products can be used to obtain a more accurate representation

of the geological formations within the subsurface region 26.

[0071] With this in mind, for the purposes of discussion, the following description of the
method 90 will be detailed with reference to seismic data representing a three-
dimensional (3D) seismic image regarding the subsurface region 26 acquired at two or
more different times. However, it should be understood that the method 90 may be

performed using any suitable type of seismic data (e.g., two-dimensional seismic data,
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five-dimensional seismic data) acquired during the same seismic survey or during

different seismic surveys, and the method 90 is not limited to 4D or time-lapse data.

[0072] Referring now to FIG. 5, at block 92, the computing system 60 may receive a first
seismic image P, (x, v, z) and a second seismic image P,(x, vy, z) associated with the
same subsurface region 26 of the Earth, where (x, y, z) may represent three-dimensional
coordinates within a Cartesian space, two-dimensional coordinates within a Cartesian
space with respect to time, and the like. The first seismic image P, (x, y, z) and the
second seismic image P,(x, y, z) are produced using seismic data previously acquired by
receivers in the marine survey system 22, the land survey system 38, or the like at two

different times.

[0073] At block 94, the computing system 60 may determine a number of scales in which
both the first and second seismic images will be scaled. The scales may refer to a number
of scales (L) that the respective seismic image may be downscaled L times according to L
scaling functions. Given the high-resolution data available in each seismic image,
downscaling the respective seismic image may better deal with large shifts or
displacements. In one embodiment, the computing system 60 may determine the number
of scales (L) using a Gaussian Pyramid. It should be noted that in some embodiments the
scale level L may be one or a unity scale factor. As such, the computing system 60 may

not downscale the seismic images when performing the method 90.

[0074] After determining the number of scales (L), the computing system 60 may
generate L scaled versions of each respective seismic image at block 96. For example,
the computing system 60 may create a Gaussian pyramid Pj (x,y, z),

PZ(x,v,2),..., PE(x,y, z) based on the number of scales (L) of the first seismic image
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P;(x,y, z) according to an extended 3D version of Burt and Adelson’s (1983) approach.
According to Burt and Adelson’s approach, the computing system 60 may assign the
seismic image P{(x,y, z) as a copy of the first seismic image P; (x, y, z) and the
remaining scaled versions of the first seismic image P;(x, y, z) are corresponding
Gaussian filtered lower resolution and lower size versions of the same. In the same
manner, the computing system 60 may create a Gaussian pyramid P} (x, y, z),

P2(x,y,2), .., P¥(x, y, z) for the second seismic image P,(x,, z).

[0075] At block 98, the computing system 60 may determine a spatially varying
displacement vector (u;, vy, w;) at the last scale L for each voxel based on an analysis
between the first scaled seismic image Pf(x,y, z) and the second scaled seismic image
PX(x,y,z) at the scale L. The volume formed by displacement vectors (u,, v, w;)
represents the misalignment of the seismic events in the first scaled seismic image
PE(x,y,z) and the second scaled seismic image P¥(x, y, z) at the last scale L. The
seismic events may refer to various geological formations within the subsurface region 26
and may indicate locations of various layers and reflectors in terms of a three-
dimensional space. In certain embodiments, the displacement volume or vectors

(ug, vy, w;) may be determined using an optical flow algorithm, such as the Lucas-
Kanade (LK) algorithm, the Horn-Schunck (HS) algorithm, or the like. The optical flow
algorithm may include any process that analyzes two images to identify a pattern of
motions between the images. In this step, the optical flow algorithm is executed once and

the displacement volume can be considered as initial displacement volume.

[0076] To more accurately determine the displacement volume (u;, v;, wy), the

computing system 60 may proceed to block 99 and determine the displacement volume
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(ug, vy, wy) with iterative refinements for the last scale L, which will be described in

greater detail with reference to FIG. 6.

[0077] After determining the displacement volume (u;, v;, w;) at scale L, the computing
system 60 may, at block 100, upscale the displacement volume (u;, vy, w;) according to
a scaling function between the scale L and the immediately next scale L-1. As such, the
computing system may determine the displacement volume (u;_q, v;_1, W;_1) at the
scale L-1. After the up-scaled displacement volume (u;_,, v, _;, W, _;) is determined,
the displacement volume at scale L-1 is used as an initial displacement volume for

iterative refinement at scale L-1.

[0078] To more accurately determine the displacement volume (u;_4, V;_q, Wy_1) at
scale L-1, the computing system 60 may proceed to block 101 and determine the
displacement volume (u;_4, v;_1, W_1) with iterative refinements. Similar to block 99
described above, additional details with regard to the iterative refinement process will be

described in greater detail with reference to FIG. 6.

[0079] At block 102, the computing system 60 may repeat blocks 98 - 101 for each scale
in which a corresponding displacement volume has not been determined. For instance,
after the computing system 60 applies the up-scaled displacement volume

(Up—1, V-1, Wi—1) to the second scaled seismic image P2 ~1(x, y, z) at the scale L-1, the
computing system 60 may generate a warped version of the second scaled seismic image
P'Y"1(x,y,z) at the scale L-1. The warped version of the second scaled seismic image
P'Y1(x,y, z) represents the second scaled seismic image P~1(x, y, z) modified using
the up-scaled displacement volume (u;_q, v;_1,W;_1). Using the warped version of the

second scaled seismic image P'5™1(x, y, z) at the scale L-1, the computing system 60
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may determine another displacement volume A(u;_4, v, _1, w;_;) at the scale L-1
between the first scaled seismic image Pf~1(x, v, z) at scale L-1 and the warped version
of the second scaled seismic image P'5~1(x, y, z) at scale level L-1. The computing
system 60 then may update or refine the up-scaled displacement volume

(U1, Ve, W) bY (U, Vo, Wiq) = (Upoq, Ve, Wimg) + AQUy_q, Vg, Wi _g).
The computing system 60 may iteratively repeat the process of refining the displacement
volume (u;_q, v;_q, W;_q) as described above. After determining the iteratively refined
displacement volume (u;_4, v;_1, W;_1) at the scale L-1, the computing system 60 may
upscale the new displacement volume (u;_q, V1, W;—1) at the scale L-1 based on the
scaling function between scale L-1 and its immediately preceding scale L-2. The
computing system 60 may then apply the up-scaled new displacement volume

(Up—2, V-2, Wy _,) at the scale L-2 to the scaled version of the second seismic image
PL=2(x,y, z) at the scale L-2 to generate a warped version of the second scaled seismic
image P'5™%(x, y, z) at the scale L-2. The computing system 60 may then update or
refine the displacement volume (u;_,, v;_,, w;_,) at the scale L-2 by comparing
PE=2(x,y, z) with P's™2(x,y, z), and the process of refinement can be repeated

iteratively.

[0080] Referring back to block 102 again, the computing system may repeat blocks 100
and 101 for each scale of seismic images that were generated at block 96 (e.g., L, L-1, L-
2, ..., 1). After repeating blocks 100 and 101 L-1 times, the computing system 60 may
determine an up-scaled displacement volume (14, v, w;) at the scale 1 or the original
scale of the first and second seismic images received at block 92. The up-scaled

displacement volume (u4, ¥4, w;) at the scale 1 represents a measurement of how the
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seismic events of the subsurface region 26 may change between when the first seismic
image P; (x, y, z) was acquired and when the second seismic image P, (x, y, z) was
acquired (e.g., the up-scaled displacement volume (u4, v;, w;) may represent the multi-
dimensional displacement volume, which may be a shift solution indicative of position

differences between seismic events depicted in the two seismic images).

[0081] At block 104, the computing system 60 may apply the up-scaled displacement
volume (u4, V1, w;) to the second seismic image P, (x, y, z) to generate a warped version
of the second seismic image P’,(x,y,z). As such, the seismic events depicted in the
warped version of the second seismic image P’,(x, v, z) should now align with the
seismic events of the first seismic image P; (x,y,z). In some embodiments, the
computing system 60 may then, at block 106, determine a seismic difference image based
on a difference between the first seismic image P, (x, y, z) and the warped version of the
second seismic image P’,(x,y, z). Both the displacement image and the difference
image may indicate how the hydrocarbon reservoir within the subsurface region 26
changed between when the first seismic image P; (x, y, z) was acquired and when the
second seismic image P,(x, y, z) was acquired. Both the displacement image and
difference image may also help predict reservoir presence and thickness, pressure
changes, fluid flow, depleted & unswept zones and more. Therefore they may be useful

in planning to drill new wells and supporting well interventions.

[0082] As discussed above, when determining the multi-dimensional displacement
volume (uy, vy, wy) at any scale N, the computing system 60 may perform an iterative
refinement technique according to a method 110 described in FIG. 6. As discussed above

with regard to the method 90, although the method 110 is described as being performed
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in a particular order, it should be understood that the method 110 may be performed in

any suitable order.

[0083] For the purposes of discussion, the following description of the method 110 will
be discussed with reference to the discussion above regarding block 98 and determining
the displacement volume (u;, v;, w;) at the last scale L. With this in mind and referring
to block 112 of the method 110, at block 112 of the method 110, the computing system
60 may receive the first scaled seismic image PL(x, v, z) and the second scaled seismic

image PL (x,y, z) at the last scale level L.

[0084] At block 114, the computing system 60 may determine an iteration number that
indicates a number of iterations M in which the displacement volume (u;, v;, w;) may be
determined. In certain embodiments, the number of iterations M may be received via
user input. Alternatively, the computing system 60 may determine the number of
iterations M based on previous trials of the method 110 performed with regard to similar

types of subsurface regions.

[0085] After determining the number of iterations M, at block 116, the computing system
60 may determine a scaled displacement volume (u;, v;, w;) at the last scale L between
the first scaled seismic image PF(x, v, z) and the second scaled seismic image P%(x,y, z)
at the last scale level L using an optical flow algorithm, such as the Lucas-Kanade (LK)
algorithm, the Horn-Schunck (HS) algorithm, or the like, as discussed above with regard

to block 98.

[0086] In one embodiment, if the computing system 60 uses the LK algorithm, the

computing system 60 may determine N, N,, and N, for a window size (2N, + 1)(2ZN,, +
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1)(2N, + 1), where N,, N,, and N, are integers defined by a user of the computing
system 60. The window size may indicate a portion of the seismic image being analyzed.
All the variables Ny, Ny, N, can vary as a function of current scale L. Generally, the LK
algorithm may involve using a least squares approach to determine the displacement
between the first scaled seismic image Pf(x,y, z) and the second scaled seismic image
PL(x,v,2). Assuch, the LK algorithm assumes a constant optical flow displacement

field for a window centered at a point (x, y, z) of interest.

[0087] As mentioned above, the window size is typically chosen as (2N, + 1)(2ZN,, +
1)(ZN, + 1) where Ny, N,, and N, are integers defined by users. As such, a constant
displacement solution in a window may satisfy a total number of (2N, + 1)(2N,, +

1)(2ZN, + 1) optical flow equations, each one defined by a voxel within that window:
P.(Du+ P, (v + B (Dw + P (i) =0

where i is the index of voxel ranging from 1 to (2N, + 1)(2ZN,, + 1)(2N, + 1). The u,
v, and w components of the displacement vector (u, v, w) at the pixel correspond to the
x, y, and z components of the shift between the two seismic images. The z component is
used to indicate the vertical direction of an image, where the vertical axis can be either
depth or time. In this way, the system has more equations than unknowns and a unique
displacement solution (u, v, w) can be calculated by a least squares approach. The
displacement solution may then be assigned to the voxel at the center of the window. In
turn, by using a moving window, the displacement field can be computed for all the

voxels in an image. Keeping this in mind, it is clear that a larger window size produces a
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smoother displacement field, while a smaller window size generates a rougher

displacement field.

[0088] With the foregoing in mind, the LK algorithm may receive the two seismic

images Pf(x,y,z) and P¥(x, v, z) and determine spatial and temporal derivatives of each

. apP ap ap aP
image: P, =— P, =—,P,=— and P, = —

oY T ay Py Pl The LK algorithm may then receive the

integer values Ny, N,, and N, to determine the window size (2N, + 1)(2N,, + 1)(2N, +
1).

[0089] The LK algorithm may then involve locating the window with a size (2N, +
1)(ZN, + 1)(2N, + 1) centered at the first voxel and constructing (2N, + 1)(2N,, +
1)(2ZN, + 1) optical flow equations using all the voxels in that window by assuming a
uniform displacement in the window. The LK algorithm may then involve solving the
equation system using least squares and assign the displacement solution to the first voxel

(e.g., the center of that window). The LK algorithm may then involve repeating the steps

of locating the window centered for each other voxel of the seismic images.

[0090] After determining the displacement solution for each voxel in the image, the LK
algorithm may gather each displacement solution for each voxel in the image and output
a displacement field that corresponds to the displacement volume formed by vectors

(u,, v, w,;) at the last scale L between the first scaled seismic image PE(x, y, z) and the

second scaled seismic image PZ(x, y, z).

[0091] In another embodiment, the computing system 60 may use the HS algorithm to
determine the displacement volume (u, vy, wy,) between the first scaled seismic image

PL(x,y,z) and the second scaled seismic image PZ(x,y,z). The u;, v,, and w,
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components of the displacement volume (u;, v;, w;) corresponds to the x, y, and z
components of the shift between the two seismic images. With this in mind, an optical

flow equation characterizes the displacement between the two seismic images as:
Pu+Pv+Pw+P. =0 (1)

ap ap ap . o ap .
where P, = Py P, = > and P, = 3, are spatial derivatives and P, = 5 1sa temporal

derivative. Py, P, P, and P; may be calculated from the first scaled seismic image
PE(x, v, z) and the second scaled seismic image P¥(x,y,z). The z component is used to
indicate the vertical direction of an image, where the vertical axis can be either depth or

time.

[0092] Since Equation 1 is an under-determined problem and an additional constraint
may be involved to solve the equation. As such, the HS algorithm may assume that
neighboring points have similar motions, may penalize large spatial gradients of the

optical flow displacement field, and may minimize the following object function E:
E = [If [(Peu+ By + Bw + P + 2(I7ull? + |70])? + |7w?)] dx dy dz (2)
where « is a weighting factor and ||V]|? is defined by”

1712 = (22 + )P + (32 3)

[0093] With the foregoing in mind, the computing system 60 may minimize £'results in

an iterative solution derived by Horn and Schunck (1981) and extended to 3D as follows:

_ Px(PT™+Py 0" +P,W"+Py)

e S R IR R eI R O

35



WO 2017/172374 PCT/US2017/022759

_ Py(Py U +Py U +P, W 4Py

n+1 _ =n
v aZ+(Py)?+(Py)?+(P;)? )
n+l _ —n _ P, (P +Py b +P,W" +Py)
v aZ+(Py)2+(Py)?+(P;)? ©)

where @, 7 and W are local spatial averages (e.g., derived from Laplacians) of u, v and w,

respectively. A choice of &1, 7 and W is defined below:

— 1
Uijk =3, (Qii=-1,01 2 jj=—1,01 Dkk=—1,01 Wictii j+j k-+kk + Uiy jk T Ui je T U j—1p T

Upjrke T Uijr-1 + Upjesr — Uiji) (7)

— 1
Vijge = 55 (Bii=-1,01 2 jj=-1,01 Dkk=—1,01 Vitiij+jjk+kk + Vie1jx + Vit1,jk T Vij-1k T
32

Vij+rk T Vijr-1 1 Vijrer — Vijk) (8)

— 1

Wijk =33 Qii=-1,01 2jj=—1,o,1 Zkk:—l,o,l Witiij+jjk+kk T Wim1jke T Wit jr +
Wij—1hk T Wijt1k T Wijk—1+Wijre1 — Wijk) (9)

where i, j, and k are spatial indices of x, y, and z axes, respectively.

[0094] Equations (4) — (6) may involve initializing the values of &, v, and w as u#° =" =
w”=0. The run time for the HS algorithm is proportional to the iteration number N,
which, like the weighting factor a, may be provided by a user of the computing system
60 or determined by the computing system 60 based on the data. As such, the general
process for determining the displacement volume (uy, v;, w;) based on the HS algorithm
may involve the computing system 60 receiving the first scaled seismic image PE(x, y, z)

and the second scaled seismic image P (x, y, z) and determining the spatial and temporal

o . ap ap
derivatives based on the two images: P, = =— P

_ap
x> Y oy’ -

aP
and P, = —.
az’ ¢ at
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[0095] The computing system 60 may then receive a number of iterations N and a
weighting factor a and set the initial values of ' =v"=w’=0and n=0. The computing
system 60 may then use #”, V", and w" to calculate #", 7™, and wW" according to Equations
(7), (8), and (9) above.

[0096] The computing system 60 may use the results of u”, ", and w" to determine

n+l _n

w1 V" and w"'! according to Equations (4), (5), and (6). The computing system 60
may repeat the determination of #”, V", and w" and @™, ¥™, and W" until the iteration
counter reaches the iteration number N. When the iteration counter is equal to N, the

computing system 60 has determined the displacement volume (u;, v;, w;) between the

first scaled seismic image PL(x, v, z) and the second scaled seismic image P¥(x, y, z).

[0097] Referring back to FIG. 6, after determining the scaled displacement volume
(ug, vy, wy) at the last scale L, the computing system 60 may proceed to block 118 and
apply the scaled displacement volume (u;, v, w;) to the second scaled seismic image
PL(x, v, z), thereby generating a warped version of the second scaled seismic image

P'Y(x,y,7).

[0098] The computing system 60 may then proceed to block 119 and determine an
additional scaled displacement volume (A(u;, v;, w;)) between the first scaled seismic

image Pf(x, y, z) and the warped version of the second scaled seismic image P'5(x, v, z).

[0099] The computing system 60 may then, at block 120, update scaled displacement
volume (u;, vy, w;) based on the additional scaled displacement volume (A(u;, vy, wy)),

that is, (ug, vy, wy) = (ug, vy, wy) + A(ug, v, wy). The computing system 60 may then
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proceed to block 121 and repeat blocks 118 - 120 M-1 times and eventually generate a
iteratively refined displacement volume (u}, v, wM) and M-refined warped version of

the second scaled seismic image P'5(x,y, z).

[00100] At block 122, the computing system 60 output the iteratively refined
scaled displacement volume (u}, v, wM) as the displacement volume between the first
scaled seismic image Pf(x, y, z) and the second scaled seismic image PZ (x, y, z) at the
last scale L. In one embodiment, the computing system 60 may use the iteratively refined
displacement volume (u}, v, wM) at block 98 of the method 90 and then upscale the
iteratively refined scaled displacement volume (u}, vM, wM) to the preceding scale L-1
and refine the displacement volume at scale L-1 according to block 100 and 101 of the
method 90. As such, the computing system 60 may eventually determine the iteratively
refined displacement volume (u,, v, w;) at the original scale of the first seismic image
P} (x,y,z) and a second seismic image P} (x,y, z). The iteratively refined displacement
volume (uq, v;, w;) may thus represent the multi-dimensional displacement volume
between the two seismic images and the computing system 60 or the like may use the
multi-dimensional displacement volume as an indication of changes between the two
seismic images to identify how the geological formations (e.g., hydrocarbon deposits)
within the subsurface region 26 have changed over time, such that drilling and other
hydrocarbon extraction processes may be modified to more efficiently extract the
hydrocarbons. Based on the iteratively refined displacement volume (u,, v;, w;) and the
second seismic image P} (x, v, z), the computing system 60 may produce a warped
seismic image P'3(x, v, z). The displacement volume between P (x,y, z) and P3(x,y, z)

and the difference volume between Pi (x, v, z) and P'3(x, y, z) may assist a user in
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identifying where new wells should be drilled, what well interventions to be performed,

and the like.

[00101] Moreover, by determining the multi-dimensional displacement volume
between two or more seismic images according to the techniques described herein, the
computing system 60 may determine additional information (e.g., better image, better
AVO, better reservoir characterization) regarding characteristics of the subsurface region.
The computing system 60 may then use these characteristics to update various seismic
images, seismic velocity models, reservoir maps, and the like to more accurately
determine the locations and properties of various geological formations within the
subsurface region 26 of the Earth. As a result, hydrocarbon exploration operations (e.g.,
drilling) may be improved by modifying the operations according to the updated
locations and properties of the hydrocarbon deposits within the subsurface region 26

according to the updated seismic models.

[00102] Keeping the foregoing in mind, FIGS. 7-10 illustrate example seismic
images that relate to using results of the methods 90 and 110 of FIGS. 5 and 6 to improve
hydrocarbon drilling and/or production operations. For instance, FIG. 7 illustrates an
example seismic image 123 (e.g., P{(x, v, z)) that is generated based on seismic data
acquired in an earlier seismic survey, as described above with regard to FIGS. 2 and 3.
As shown in the seismic image 123, various geological layers are present within the
subsurface region 26 of the Earth. One of the geological layers of the seismic image 123
may include a hydrocarbon reservoir 125, which may correspond to a location within the

Earth that includes hydrocarbons. In one embodiment, the seismic image 123 may be
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used to identify a potential well 124 that may be suitable to extract the hydrocarbons

present in the hydrocarbon reservoir 125.

[00103] FIG. 8 illustrates another example seismic image 130 (e.g., Pi(x,y, 2))
that is generated based on seismic data acquired in a different seismic survey as described
above with regard to FIGS. 2 and 3, at a later time as compared to the seismic data
associated with the seismic image 123 of FIG. 7. Referring to FIG. 8, misalignments,
which may be small for time-lapse seismic and difficult to appreciate in upon human
inspection, exist between the example seismic image 123 and the example seismic image
130. As such, the corresponding positions of the layers depicted in the example seismic

image 123 are illustrated in the example seismic image 130 as dashed lines.

[00104] To quantify how the location and properties of the hydrocarbon reservoir
125 has changed over time, the computing system 60 may determine a difference volume
between the example seismic image 123 and the warped image from the example seismic
image 130 according to the method 90 described above, as illustrated in the difference
image 140 of FIG. 10. The computing system 60 may also determine a shift volume
between the example seismic image 123 and the example seismic image 130, as depicted
in FIG. 9. Using the images depicted in FIGS. 9 and 10, the computing system 60 may
indicate how the location and property of the hydrocarbon reservoir 125 has changed
over time. In one embodiment, the computing system 60 may indicate an area previously
encompassed by hydrocarbon reservoir 125 to assist the user in identifying the change.
As a result, the hydrocarbon drilling and/or production operations may be adjusted to

improve the production of the hydrocarbons based on the FIGS 9 and 10.
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[00105] In addition to determining the displacement image between two seismic
images as described above, the computing system 60 may align multiple seismic images
or flatten seismic gathers acquired via the marine survey system 20 or the land survey
system 38. By aligning multiple seismic images or flattening the seismic gathers, the
computing system 60 may better ascertain a final seismic image of the subsurface region
26 of the Earth based on the multiple seismic images produced by the seismic data
acquired across the seismic survey. For instance, as described above, the flattened
seismic gathers may be used to perform the method 10 of FIG. 1 that details various

processes that may be undertaken based on the analysis of the acquired seismic data.

[00106] With this in mind, FIG. 11 illustrates a flow chart of a method 160 for
aligning multiple seismic images acquired via the marine survey system 30 or the land
survey system 38. Although the following description of the method 160 is described as
being performed in a particular order, it should be noted that the method 160 may be

performed in any suitable order.

[00107] Referring now to FIG. 11, at block 162, the computing system 60 may
receive multiple seismic images (Py(x,y, 2), P,(x,y, 2), ..., Py, (x,y, z)) that represent
the same subsurface area and are produced by the seismic data acquired in a seismic
survey. The multiple seismic images are redundant measurements of the same subsurface
area, out of a sorting and binning process of the input data or the intermediately-
processed data in the seismic data processing. The binning criteria can be surface offsets,
subsurface opening angles, source indices, receiver indices, or other properties. As such,
each seismic image out of the multiple seismic images is an image produced using a

subset (typically no overlapping) of the whole input data collected in a seismic survey.
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Because all of those multiple seismic images redundantly represent the same subsurface
area, they should match each other and be aligned. In reality, misalignments are likely to
exist due to noise in the data, migration velocity errors, and the like. Correcting the

misalignments may results in more accurate seismic images for improved analysis and

the like.
[00108] With this in mind, to align each of the seismic images (P;(x,y, z),
Py(x,y,2), ..., Py, (x,y,2)), (Where N, corresponds to the total number of seismic

images) the computing system 60 may determine a solution of vector (i.e., multi-
dimensional) displacement or shift volumes (e.g., 51 (x,v,2), 52 (x,v,2), ..., S N, (XY, 2))
for each of the seismic images (Py(x, y, z), P,(x,y, 2), ..., Py, (x,¥,z)). Thatis, the
computing system 60 may apply each respective shift volume (§1 (x,v,2), 52 (x,v,2), ...,
S v, (X, Y, Z)) to a respective seismic image (Py(x,y, 2), P,(x,y,2), ..., Py, (x,¥,2)) to
align each of the seismic images (P, (x, ¥, 2), P,(x,¥,2), ..., Py, (x,y, 2)) with each
other, and thus make the seismic gathers flat. As such, the solution of the shift volume
S;(x,v,2) (i = 1,2, ..., Ny) may include a spatially varying shift vector (u, v, w) along x,

y and z directions respectively at each grid point (x, y, z).

[00109] Referring back to FIG. 11, after receiving the seismic images (P (x, y, z),
P,(x,y,2), ..., Py, (x,¥,2)), at block 164, the computing system 60 may receive a
number (K) of maximum distance measured by image indices for an image to pair with a
pilot image according to the method of 160. In certain embodiments, those multiple
seismic images may be produced and indexed according to a criterion of bins such as

surface offset bins, subsurface opening angle bins, source number bins, receiver number
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bins, etc. The number (K) may indicate how many of following seismic images to
compare to a pilot seismic image. The pilot seismic image may be one of the seismic
images (P (x,y, z), P,(x,y,2), ..., Py, (x,y,z)) that may be compared to K number of
other seismic images that are indexed after the pilot seismic image, as will be discussed
in greater detail below. It should be noted that the comparison step will be skipped if the

images to be compared are beyond the index range Nj,.

[00110] At block 166, the computing system 60 may set one seismic image (e.g.,
P;(x,y, 7)) as the pilot seismic image. As such, at block 168, the computing system 60
may determine a relative shift volume between the first pilot seismic image P; (x,y, z)

and each seismic image that is within K index number away from the first pilot seismic

image. For instance, if K =2, the computing system 60 may determine a first relative
shift volume §1,2 (x,y, z) between the pilot seismic image P, (x, y, z) and a second
seismic image P,(x,y, z), and a second relative shift volume 513 (x,v,7) between the
pilot seismic image P, (x, y, z) and a third seismic image P;(x,y,z). The computing
system 60 may determine the relative shift volume §i, j(x,¥,z) (where i is the index of the
pilot image, and j is the index of the following image to be compared) according to the
scaling and iterative methods 90 and 110 described above with respect to FIGS. 5 and 6.
[00111] In certain embodiments, the computing system 60 may characterize the
determined relative shift volumes (measurements) with respect to each vector shift
volume (unknown) (51 (x,v,2), §2 (x,v,2), ..., S n, (X, ¥, Z)) associated with each image.
For instance, the relative shift volume between the pilot seismic image P;(x,y,z) and a

second seismic image P,(x,y, Z) may be characterized as the difference between a vector
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shift volume 51 (x, v, z) of the pilot seismic image and a vector shift volume §2 (x,y,2) of

the second seismic image, as shown in Equation 10 below.

~51(0,,2) +85(x,y,2) = $12(0,y,2),  (10)
[00112] In the same manner, the relative shift volume between the pilot seismic
image P; (x,y, z) and a third seismic image P3(x, y, z) may be characterized as the
difference between a vector shift volume §1 (x,y,z) of the pilot seismic image and a
vector shift volume S. 3(x, v, z) of the third seismic image, as shown in Equation 11

below.

—$,(%,9,2) + S3(x,7,2) = S13(x,y,2), (11)

[00113] At block 170, the computing system 60 may repeat blocks 166 and 168 for
each remaining seismic image of the received seismic images (P,(x, v, 2), P3(x,v,2), ...,
Py, (x,y,z)). Thatis, the computing system 60 may set another seismic image (e.g.,
P,(x,y, z)) as the pilot seismic image (block 166) and determine the relative shift volume
between the newly assigned pilot seismic image and each other seismic image located
within K number away from the pilot seismic image. For instance, if K = 2, the
computing system 60 may determine a first relative shift volume §2,3 (x,y, z) between the
pilot seismic image P,(x,y, z) and a third seismic image P3(x,y, z), and a second
relative shift volume §2,4 (x,y, z) between the pilot seismic image P,(x,y, z) and a fourth
seismic image P,(x,y,z). In the same manner as described above, the computing system
60 may then characterize the determined relative shift measurements with respect to each

unknown shift volume (§1 (x,y,2), §2 (x,y,2), ..., S N, (X, Y, 2)) as shown below.
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=52(0,9,2) + 530, %,2) = S53(x,y,2),  (12)

—5009,2) + 5,(0,y,2) = S$54(x,y,2),  (13)
[00114] With the foregoing in mind, since the pilot seismic image is compared to
K number of seismic images that are indexed after the pilot seismic image, it should be
noted that as the index number of the pilot seismic image increases, the number of
seismic images that may be compared to the pilot seismic image may decrease when the
index number of the pilot seismic image reaches towards the end (N}) of the input of
seismic images. For example, if K=4 and the computing system 60 receives eight
(N, = 8) seismic images (e.g., (P1(x,y,2), P,(x,y,2), ..., Ps(x,y, z)), the computing
system 60 may compare the pilot seismic image to four other seismic images when the
pilot seismic image corresponds to the first four indexed seismic images (e.g.,
(Py(x,v,2), P,(x,v,2), ..., P,(x,y,2)). However, when the computing system 60 sets
the fifth indexed seismic image (e.g., (Ps(x,y, 2)) as the pilot seismic image, the
computing system 60 may not have enough images to compare to the pilot seismic image
that is part of the eight input seismic images. To better illustrate this concept, FIG. 12

depicts how pairs of the eight seismic images are compared with each other to determine
relative shift measurements (.Si-l i(x,y,z)) when K = 4.

[00115] Referring again to FIG. 11, at block 172, the computing system 60 may
generate an equation system based on the characterization of each determined relative
shift measurements (§i, i (x,y,z)) with respect to a selection of respective vector shift
unknown volumes (§1 (x,v,2), §2 (x,v,2), ..., S n, (%, Y, Z)) that are associated with the

two respective seismic images being compared. As such, the equation system may

include a number of equations that characterize each relative shift vector measurements
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(§i, j(x,y,2)) that correspond to each respective vector shift unknown volume (§1 (x,v,2),
§2 x,v.2), ..., §Nh(x, v,Z7)).

[00116] The computing system 60 may have K (or less when i,,;,; + K > Np,)
measurements and equations for every pilot image. That is, for every pilot image
Pi o .(x,y,z) and its pair Py iioeti (x,y,z), its associated equation can be generalized as

below:

_Sipilot(x’ Y, Z) + Sipilot+j(x’ Y Z) = Sipilot'ipilot"'j(x’ Y Z)’ (14)

where iy;0¢ € [1 Npilot],j € [1 K] and iyy0¢ +j < Np. Intotal, the computing system
60 can obtain Np;;oc K (or less if Npjor + K > Np) measurements from using the first

Npi10¢ images as pilot images. Since the computing system 60 obtains Ny, unknowns

§i(x, v,z) (i =1,2,..., N), the resulting equation system is an over determined linear
equation system. As such, the computing system 60 may determine a solution to the
equation system using a least squares approach (e.g., LSQR), or the like. In one example,
the computing system 60 may determine the solution by using redundant measurements
and a least squares solver is very similar to a process described by VanDecar and
Crosson’s (1990), except that the shift of every voxel may be estimated in the whole
image volume, while the VanDecar and Crosson process estimates the shift of first arrival
of seismic traces. Although the solution shifts obtained by the computing system 60 are
relative shifts, the computing system 60 may then determine final shift values by

choosing a reference seismic image.
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[00117] In some embodiments, after determining the vector shift volume

(§1 (x,y,2), §2 x,y2), ..., §Nh (x,y,z)) for each seismic image (P;(x,y, z), P,(x,y, z),
..., Py, (x,y,2)) received at block 162, the computing system 60 may determine an error
or uncertainty map associated with each vector shift volume (§1 (x,v,2), §2 (x,v,2), ...,
Snp(%, Y, 2)).

[00118] Generally, the computing system 60 may determine an error value for each
solution §i (x,v,z) based on an average of all the residuals of equations within the

equation system that contain S i(x,y,2). Thatis, the error ¢;(x,v,2z) (i = 1,2, ..., Ny) (¢;

is a vector volume with x, y and z components) may be represented as:

ei(x,y,z) =
(then ipilot=L |Sipilotripilor+j (x' Y, Z) + Sipilot (x' iz Z) - Sipilor+j (x' Y, Z)| +

Sipttovipitort 1@ Y Z) + Siv1o (63,2 = S o ei 1, D Nie - (15)

then ipilotTJj=1

e(x,y,2) =

= - N 2
sqrt((ZWhen ipilot=i Sipilot:ipilot"'j(x’ s Z) + Sipilot(x'y' Z) - Sipilot+j(x'y' Z)| +

then ipilot+J=i

- -~ IR 2
Sipilotripilot"'j (x' L Z) + Sipilof(x’ Y Z) - Sipilot+j (x' Y Z) | )/Nhit) (16)

where i € [1 Ny], ipitor € [1 Npitor)> j € [1 KLipior +j < Nu, Ny is the total hit count
number for the cases of ip;0¢ = i and iy +j = i, and sqrt is the square root operation.
It should be noted that Equation (15) is based on L1 norm and Equation (16) is based on

L2 norm.
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[00119] The error volume €;(x, v, z) may quantify a quality of the input seismic
images or gathers. A large error volume may indicate that the corresponding portion of
input images or gathers may be difficult to align, while a small error volume may indicate
a good quality of the input images or gathers that have clear events that may be aligned.
In practice, the error map can be used to mask the low-quality portion of input images or

gathers.

[00120] Referring again to FIG. 11, at block 176, the computing system 60 may
apply a respective vector shift volume (51 (x,v,2), 52 x,v,2), ..., S N, (%Y, 2)),
determined at block 174, to a respective seismic image (P;(x,y, 2), P,(x,y,2), ...,

Py, (x,y,2)) received at block 162. As a result, the computing system 60 may generate
aligned seismic images (P';(x,y, 2), P'2(x,y,2), ..., P'y, (%, ¥, 2)), such that the seismic
events represented in each seismic image (P'y(x,y,z), P',(x,y,2), ..., P'y, (x,y,2))

may align with those of the other seismic images.

[00121] After obtaining aligned seismic images (P’ (x, v, 2), P',(x,v,2), ...,
P’y (x,, 2)), the computing system 60 may generate a final seismic image that
represents the geological formations within the subsurface region 26 of the Earth that
accounts for data provided by each of the received seismic images (P;(x,y, z),
P,(x,y,2), ..., Py, (x,y,2)). Assuch, hydrocarbon drilling and production operations
may use the final seismic image to identify locations and properties of hydrocarbon
reservoirs, determine how to efficiently extract hydrocarbons, and the like. In addition,
the aligned seismic images (P';(x,y, z), P';(x,y,2), ..., P'y, (x,y, 2)) may also be used

by the computing system 60 to perform additional analysis regarding the subsurface
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region 26. For instance, the computing system 60 may perform an amplitude versus
offset (AVO) analysis to determine a rock's fluid content, porosity, density or seismic
velocity, shear wave information, fluid indicators (hydrocarbon indications), and other

similar types of information regarding the subsurface region 26.

[00122] Keeping the foregoing in mind, FIG. 13 depicts a seismic gather at one
(x,y) location prior to aligning seismic images acquired via a seismic survey according to
the method 160 of FIG. 11. As shown in FIG. 13, a collection 190 of seismic gather
representations 192-196 are depicted with respect to two spatial directions (e.g., X, z). As
discussed above, due to various factors such as migration velocity errors, each seismic
image may not be properly aligned with each other so a gather extracted from those

images may not appear flat.

[00123] By employing the method 160 described above, the computing system 60
may align the seismic gather representations 192-196, such that the corresponding
seismic images may be properly analyzed to determine shifts, amplitude changes, and
other properties regarding the subsurface region 26. For instance, FIG. 14 depicts a
collection 200 of a seismic gather after aligning seismic images acquired via a seismic
survey according to the method 160 of FIG. 11. As shown in FIG. 14, the seismic events
depicted by the seismic gather representations 192-196 may be aligned with each other to
perform various amplitude-versus-offset (AVO) analysis to determine the fluid content,
porosity, density or seismic velocity, shear wave information, fluid indicators (e.g.
hydrocarbon deposits), and the like regarding the geological layers of the subsurface
region 26. Moreover, after aligning the seismic gather representations 192-196, the

flattened gather may be used for producing a high quality stack, which may assist with
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the identification of hydrocarbons in the subsurface region 26. Further, shifts along
seismic image gathers may be estimated and used for tomographic residual move-

out (RMO) picking, and therefore to update the migration velocity model and provide a
more accurate seismic image and description of the geological formations present in the

subsurface region 26.

[00124] The specific embodiments described above have been shown by way of
example, and it should be understood that these embodiments may be susceptible to
various modifications and alternative forms. It should be further understood that the
claims are not intended to be limited to the particular forms disclosed, but rather to cover
all modifications, equivalents, and alternatives falling within the spirit and scope of this

disclosure.

[00125] The techniques presented and claimed herein are referenced and applied to
material objects and concrete examples of a practical nature that demonstrably improve
the present technical field and, as such, are not abstract, intangible or purely theoretical.
Further, if any claims appended to the end of this specification contain one or more
elements designated as “means for [perform]ing [a function]...” or “step for [perform]ing
[a function]...”, it is intended that such elements are to be interpreted under 35 U.S.C.
112(f). However, for any claims containing elements designated in any other manner, it

is intended that such elements are not to be interpreted under 35 U.S.C. 112(f).
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CLAIMS

1. A method for aligning a plurality of seismic images associated with a subsurface
region of the Earth, comprising:

receiving, via a processor, the plurality of seismic images acquired via one or
more seismic surveys, wherein the plurality of seismic images represents the subsurface
region of the Earth;

determining, via the processor, a first respective relative shift volume between a
first seismic image of the plurality of seismic images and a second seismic image of the
plurality of seismic images, a second respective relative shift volume between the first
seismic image and a third seismic image of the plurality of seismic images, and a third
respective relative shift volume between the second seismic image of the plurality of
seismic images and the third seismic image of the plurality of seismic images;

determining a first shift volume associated with the first seismic image and a
second shift volume associated with the second seismic image based on the first, second,
and third respective relative shift volumes, wherein the first shift volume indicates
position differences in space between seismic events; and

applying, via the processor, the first shift volume to the first seismic image and
the second shift volume to the second seismic image to generate a first shifted seismic
image and a second shifted seismic image, respectively, wherein the first and second
shifted seismic images are aligned with each other and indicate one or more properties of

hydrocarbon deposits within the subsurface region of the Earth.
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2. The method of claim 1, wherein determining the first respective relative shift
volume comprises:

generating, via the processor, a first scaled image based on the first seismic image
and a second scaled image based on the second seismic image;

determining, via the processor, a scaled displacement volume between the first
scaled image and the second scaled image based on an optical flow algorithm; and

determining, via the processor, a displacement volume based on the scaled
displacement volume and a scaling function used to generate the first and second scaled

images based on the first and second seismic images.

3. The method of claim 1, wherein determining the first respective relative shift
volume comprises:
(a) receiving a number of iterations M;
(b) obtaining, via the processor, the displacement volume at a current scale
using an optical flow algorithm or the scaled displacement volume from a previous scale;
(©) applying, via the processor, the displacement volume to the second
seismic image thereby generating a third image;

(d) determining, via the processor, a second displacement volume between the
first seismic image and the third image;

(e) updating, via the processor, the displacement volume by adding the second

displacement volume to the displacement volume;
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® iteratively repeating blocks (c) - (e) M-1 times by using a respective
second displacement volume and a respective third image each time, thereby determining
an M-number displacement volume; and

(2) assigning the M-number displacement volume as the displacement

volume.

4. The method of claim 2, wherein the optical flow algorithm comprises a multi-

dimensional Horn-Schunck algorithm or a multi-dimensional Lucas-Kanade algorithm.

5. The method of claim 1, wherein determining the first shift volume, and the second
shift volume comprises applying a least squares method to a linear equation system

comprising the first, second, and third respective relative shift volumes.

6. The method of claim 1, comprising deriving, via the processor, a plurality of

errors associated with the first seismic image and the second seismic image based on the

first, second, and third respective relative shift volumes.

7. The method of claim 1, comprising displaying the first shifted seismic image and

the second shifted seismic image on a display or other tangible element.
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8. The method of claim 1, wherein determining the first respective relative shift
volume comprises:

receiving, via the processor, a number K of index images; and

determining, via the processor, a respective first relative shift volume between the
first seismic image and each respective seismic image of the plurality of seismic images
positioned within the number K of index images away, wherein the number K of index
images associated with the first seismic image is based on a second number of images

indexed after the first seismic image with respect to the plurality of seismic images.

9. A non-transitory computer-readable medium, comprising computer-executable
instructions configured to cause a processor to:

(a) receive a plurality of seismic images acquired via a plurality of seismic
sensors, wherein the plurality of seismic images represents a subsurface region of the
Earth;

(b) receive a number K of index images;

(©) assign one of the plurality of seismic images as a pilot image;

(d) determine a first respective relative shift volume between the pilot image
and each seismic image of the plurality of seismic images within the number K of index
images to the pilot image;

(e) repeat blocks (c) and (d) for each remaining seismic image of the plurality
of seismic images as the pilot image, thereby determining a plurality of relative shift

volumes;
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) determine N number of shift volumes based on the plurality of relative
shift volumes, wherein the N number corresponds to a number of the plurality of seismic
images received, and wherein each respective shift volume of the N number of shift
volumes corresponds to a respective seismic image of the plurality of seismic images, and
at least one shift volume indicates position differences in space between seismic events;
and

(2) apply each respective shift volume of the N number of shift volumes to the
respective seismic image of the plurality of seismic images, thereby generating a plurality
of shifted seismic images, wherein each of the plurality of shifted seismic images are
aligned with each other and indicate one or more properties of hydrocarbon deposits

within the subsurface region of the Earth.

10. The non-transitory computer-readable medium of claim 9, wherein the number K

of index images is received via user input.

1. The non-transitory computer-readable medium of claim 9, wherein the first

respective relative shift volume comprises a volume of shift scalars or vectors.

12.  The non-transitory computer-readable medium of claim 9, wherein the computer-
executable instructions cause the processor to determine amplitude properties, velocity
properties, rock type properties, or any combination thereof regarding one or more
geological layers within the subsurface region of the Earth based on the plurality of

shifted seismic images.
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13. The non-transitory computer-readable medium of claim 9, wherein a number of
seismic images within the number K of index images to the pilot image is different for

two pilot seismic images of the plurality of seismic images.

14. The non-transitory computer-readable medium of claim 9, wherein the first
respective relative shift volume is determined using an iterative refinement approach

or/and a multi-scale approach and an optical flow algorithm.

15. The non-transitory computer-readable medium of claim 14, wherein the
computer-executable instructions are configured to cause the plurality of shifted seismic

images to be printed or displayed.

16. A method for drilling into a subsurface region of the Earth, comprising:

analyzing a plurality of shifted seismic images associated with the subsurface
region, wherein each of the plurality of shifted seismic images is aligned with each other;
and

performing one or more drilling operations or one or more production operations
into the subsurface region based on an analysis of the plurality of shifted seismic images,
wherein the plurality of shifted seismic images is determined by:

receiving, via a processor, a plurality of seismic images acquired in one or
more seismic surveys, wherein the plurality of seismic images represents the

subsurface region of the Earth;
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determining, via the processor, a first respective relative shift volume
between a first seismic image of the plurality of seismic images and a second
seismic image of the plurality of seismic images, a second respective relative shift
volume between the first seismic image and a third seismic image of the plurality
of seismic images, and a third respective relative shift volume between the second
seismic image of the plurality of seismic images and the third seismic image of
the plurality of seismic images;

determining a first shift volume associated with the first seismic image
and a second shift volume associated with the second seismic image based on the
first, second, and third respective relative shift volumes, wherein the first shift
volume indicates position differences in space between seismic events; and

applying, via the processor, the first shift volume to the first seismic image
and the second shift volume to the second seismic image to generate a first shifted
seismic image and a second shifted seismic image, respectively, of the plurality of

shifted seismic images.

The method of claim 16, wherein the first seismic image is associated with a first

set of seismic data acquired by a set of seismic receivers during a marine seismic survey

or a land seismic survey.

The method of claim 17, wherein the second seismic image is associated with a

second set of seismic data acquired by the set of seismic receivers based on a same

seismic source associated with the first set of seismic data.

57



19. The method of claim 18, wherein the first shift volume and the second shift

volume are determined using a least squares method.

20. The method of claim 16, wherein the first seismic image is associated with a first
set of seismic data acquired by a first seismic receiver of a seismic survey, and wherein
the second seismic image is associated with a second set of seismic data acquired by a

second seismic receiver of the seismic survey.

21. A method (160) for aligning a plurality of seismic images associated with a
subsurface region of the Earth, comprising:

receiving (162), via a processor (64), the plurality of seismic images acquired via
one or more seismic surveys, wherein the plurality of seismic images represents the
subsurface region of the Earth;

determining (168), via the processor (64), a first respective relative shift volume
between a first seismic image of the plurality of seismic images and a second seismic
image of the plurality of seismic images, a second respective relative shift volume
between the first seismic image and a third seismic image of the plurality of seismic
images, and a third respective relative shift volume between the second seismic image of
the plurality of seismic images and the third seismic image of the plurality of seismic
images;

determining (174) a first shift volume associated with the first seismic image and

a second shift volume associated with the second seismic image based on the first,
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second, and third respective relative shift volumes, wherein the first shift volume
indicates position differences in space between seismic events; and

applying (176), via the processor (64), the first shift volume to the first seismic
image and the second shift volume to the second seismic image to generate a first shifted
seismic image and a second shifted seismic image, respectively, wherein the first and
second shifted seismic images are aligned with each other and indicate one or more

properties of hydrocarbon deposits within the subsurface region (26) of the Earth.

22. The method of claim 21, wherein determining the first respective relative shift
volume comprises:

generating, via the processor (64), a first scaled image based on the first seismic
image and a second scaled image based on the second seismic image;

determining, via the processor (64), a scaled displacement volume between the
first scaled image and the second scaled image based on an optical flow algorithm; and

determining, via the processor (64), a displacement volume based on the scaled
displacement volume and a scaling function used to generate the first and second scaled

images based on the first and second seismic images.

23. The method of claim 21, wherein determining the first respective relative shift

volume comprises:

(a) receiving a number of iterations M;
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(b) obtaining, via the processor (64), the displacement volume at a current
scale using an optical flow algorithm or the scaled displacement volume from a previous
scale;

(©) applying, via the processor (64), the displacement volume to the second
seismic image thereby generating a third image;

(d) determining, via the processor (64), a second displacement volume
between the first seismic image and the third image;

(e) updating, via the processor (64), the displacement volume by adding the
second displacement volume to the displacement volume;

® iteratively repeating blocks (c) - (e) M-1 times by using a respective
second displacement volume and a respective third image each time, thereby determining
an M-number displacement volume; and

(2) assigning the M-number displacement volume as the displacement

volume.

24. The method of claim 22, wherein the optical flow algorithm comprises a multi-

dimensional Horn-Schunck algorithm or a multi-dimensional Lucas-Kanade algorithm.

25. The method of claim 21, wherein determining the first shift volume, and the

second shift volume comprises applying a least squares method to a linear equation

system comprising the first, second, and third respective relative shift volumes.
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26. The method of claim 21, comprising deriving, via the processor (64), a plurality
of errors associated with the first seismic image and the second seismic image based on

the first, second, and third respective relative shift volumes.

27. The method of claim 21, comprising displaying the first shifted seismic image and

the second shifted seismic image on a display or other tangible element.

28. The method of claim 21, wherein determining the first respective relative shift
volume comprises:

receiving, via the processor (64), a number K of index images; and

determining, via the processor (64), a respective first relative shift volume
between the first seismic image and each respective seismic image of the plurality of
seismic images positioned within the number K of index images away, wherein the
number K of index images associated with the first seismic image is based on a second
number of images indexed after the first seismic image with respect to the plurality of

seismic images.

29. A non-transitory computer-readable medium (66), comprising computer-
executable instructions configured to cause a processor (64) to:

(a) receive (162) a plurality of seismic images acquired via a plurality of
seismic sensors, wherein the plurality of seismic images represents a subsurface region of
the Earth;

(b) receive (164) a number K of index images;
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(©) assign (166) one of the plurality of seismic images as a pilot image;

(d) determine (168) a first respective relative shift volume between the pilot
image and each seismic image of the plurality of seismic images within the number K of
index images to the pilot image;

(e) repeat (170) blocks (c) and (d) for each remaining seismic image of the
plurality of seismic images as the pilot image, thereby determining a plurality of relative
shift volumes;

® determine (174) N number of shift volumes based on the plurality of
relative shift volumes, wherein the N number corresponds to a number of the plurality of
seismic images received, and wherein each respective shift volume of the N number of
shift volumes corresponds to a respective seismic image of the plurality of seismic
images, and at least one shift volume indicates position differences in space between
seismic events; and

(2) apply (176) each respective shift volume of the N number of shift volumes
to the respective seismic image of the plurality of seismic images, thereby generating a
plurality of shifted seismic images, wherein each of the plurality of shifted seismic
images are aligned with each other and indicate one or more properties of hydrocarbon

deposits within the subsurface region (26) of the Earth.

30. The non-transitory computer-readable medium (66) of claim 29, wherein the

number K of index images is received via user input.
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31. The non-transitory computer-readable medium (66) of claim 29, wherein the first

respective relative shift volume comprises a volume of shift scalars or vectors.

32.  The non-transitory computer-readable medium (66) of claim 29, wherein the
computer-executable instructions cause the processor (64) to determine amplitude
properties, velocity properties, rock type properties, or any combination thereof regarding
one or more geological layers within the subsurface region of the Earth based on the

plurality of shifted seismic images.

33. The non-transitory computer-readable medium (66) of claim 29, wherein a
number of seismic images within the number K of index images to the pilot image is

different for two pilot seismic images of the plurality of seismic images.

34. The non-transitory computer-readable medium (66) of claim 29, wherein the first
respective relative shift volume is determined using an iterative refinement approach

or/and a multi-scale approach and an optical flow algorithm.

35. The non-transitory computer-readable medium (66) of claim 34, wherein the

computer-executable instructions are configured to cause the plurality of shifted seismic

images to be printed or displayed.
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