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DECOMPOSITION INTO AMPLITUDE AND TIME ALIGNMENT EFFECTS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority and benefit from U.S. Provisional Patent
Application No. 62/105,855, filed January 21, 2015, for “4D QC and 4D Denoise”, the
entire content of which is incorporated herein by reference.

TECHNICAL FIELD
[0002] Embodiments of the subject matter disclosed herein generally relate to

methods and systems for processing multi-vintage seismic data.

BACKGROUND

[0003] Four-Dimensional (4D) analysis involves time-lapse processing of
seismic data and is used to analyze changes in the subsurface over time in order to
monitor changes in subsurface structures such as reservoirs due to production from
those reservoirs. Seismic datasets obtained at different times, i.e., vintages, are
compared for these subsurface changes. A first vintage is taken by a base seismic
survey before reservoir production and is referred to as a base vintage. Each
subsequent vintage is taken during a monitor seismic survey and is referred to as a
monitor vintage.

[0004] For two seismic datasets, a base vintage seismic dataset and a
monitor vintage seismic dataset, each seismic dataset includes a multi-dimensional
objects, i.e., a plurality of seismic traces recorded at a plurality of spatial locations. In
addition, each seismic dataset is a function of time t. The result is a seismic dataset
containing data in space and time. Each unique position in space and time is
referred to as a sample. Therefore, the base seismic dataset and monitor seismic
dataset each contain a plurality of samples.

[0005] Comparison using 4D analysis analyzes the samples in each seismic
dataset vintage. In particular, the 4D analysis difference is determined on a sample
by sample basis, i.e., the base seismic dataset and the monitor seismic dataset are
subtracted from each other at every sample. A goal, therefore, of 4D processing is
an optimal subtraction of the seismic datasets such that the difference is practically

zero everywhere and only subsurface changes due to reservoir production are
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visible. However, differences in the different vintages of seismic surveys, e.g.,
changes in acquisition geometry, used to acquire the seismic datasets produce non-
zero differences in samples for subsurface locations other than the reservoir.

[0006] Therefore, systems and methods are desired that provide for 4D
processing of multi-vintage seismic data that remove apparent changes, i.e., non-
zero sample differences, that are not attributable to reservoir production. These
system and methods would also be able to determine those changes attributable to
amplitude effects and time alignment effects in the reservoir samples.

SUMMARY

[0007] Exemplary embodiments are directed to systems and methods four-
dimensional (4D) signal processing. 4D projection operators are used to decompose
a 4D difference into amplitude mismatch and time alignment mismatch components.
Any residual 4D is further decomposed using 3D projections, which reduces residual
leakage remaining after the 4D projection. A given 4D difference between a first or
base seismic dataset and a second or monitor seismic dataset is decomposed into
the dominant amplitude and time-shift related components in the seismic data
domain. Using, for example, co-filtering methods, the original 4D difference is
denoised to obtain a cleaner and more interpretable 4D difference. This 4D
difference is a mixture of amplitude and time-shift changes and is used during
seismic data processing for reservoir production analysis phase to disentangle the
amplitude changes from the time-shift changes.

[0008] This method decomposes a given 4D difference between two seismic
datasets acquired at two different times into the dominant amplitude and time-shift
related components in the seismic domain. Using co-filtering methods, original 4D
difference is denoised by correlating the original amplitude and time-shift related
components, or their sum, back to the original 4D difference. This identifies any
signal leakage that may have occurred. An improved 4D difference is obtained by
adding the original components and their back projection components. Denoising
can be done in any domain, e.g., x-t, f-x, f-k, tau-p, curvelet or wavelet and can be
performed iteratively to improve the result.

[0009] An embodiment is directed to a method for decomposition of seismic
datasets into amplitude and time alignment effects. The method includes obtaining a
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first seismic dataset and a second seismic dataset recorded at a later time than the
first seismic dataset, deriving an amplitude mismatch and a time alignment mismatch
between the first seismic dataset and the second seismic dataset, projecting the
amplitude mismatch and the time alignment mismatch to a seismic data domain and
using the projected amplitude mismatch and the time alignment mismatch in the
seismic data domain to visualize a difference between the first seismic dataset and
the second seismic dataset attributable to amplitude effects and time alignment
effects.

[0010] In one embodiment, deriving the amplitude mismatch and the time
alignment mismatch includes defining the first seismic dataset as a function of the
second seismic dataset, the amplitude mismatch and the time alignment mismatch
and approximating the second seismic dataset as a sum of the second seismic
dataset and a product of the time alignment mismatch and a derivative of the second
seismic dataset. In one embodiment, the defined function of the first seismic dataset
and the approximated second seismic dataset are used to express a difference
between the first seismic dataset and the second seismic dataset. The expressed
difference between the first seismic dataset and the second seismic dataset is
inverted to derive the amplitude mismatch and the time alignment mismatch.
Suitable inversions include a least squares inversion.

[0011] In one embodiment, projecting the amplitude mismatch and the time
alignment mismatch further includes multiplying the amplitude mismatch by the
second seismic dataset to generate a seismic dataset attributable to amplitude
mismatches and multiplying the time alignment mismatch by a derivative of the
second seismic dataset to generate a seismic dataset attributable to time alignment
mismatches. The seismic dataset attributable to amplitude mismatches and the
seismic dataset attributable to time alignment mismatches are displayed, and the
displayed seismic dataset attributable to amplitude mismatches and seismic dataset
attributable to time alignment mismatches the dataset are used to visualize the
difference between the first seismic dataset and the second seismic attributable to
amplitude effects and time alignment effects.

[0012] In one embodiment, the difference between the first seismic dataset
and the second seismic dataset is a sum of the seismic dataset attributable to
amplitude mismatches, the seismic dataset attributable to time alignment
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mismatches and a residual term. The residual term is a residual component of the
difference between the first seismic dataset and the second seismic dataset and a
noise component. In addition, the method includes separating the noise component
from the residual component of the difference between the first seismic dataset and
the second seismic dataset and a noise component. In one embodiment, separating
the noise component from the residual component of the difference includes
determining a residual seismic dataset attributable to amplitude mismatches,
determining a residual seismic dataset attributable to time alignment mismatches
and subtracting the residual seismic dataset attributable to amplitude mismatches
and the residual seismic dataset attributable to time alignment mismatches from the
residual term to generate the noise component.

[0013] In one embodiment, the residual seismic dataset attributable to
amplitude mismatches is to the seismic dataset attributable to amplitude changes to
generate an improved seismic dataset attributable to amplitude changes. In addition,
the residual seismic dataset attributable to time alignment mismatches is added to
the seismic dataset attributable to time alignment mismatches to generate an
improved seismic dataset attributable to time alignment mismatches.

[0014] An embodiment is directed to a computer-readable medium containing
a computer-executable code that when read by a computer causes the computer to
perform a method for 4D decomposition of seismic datasets into amplitude and time
alignment effects. This method includes obtaining a first seismic dataset and a
second seismic dataset recorded at a later time than the first seismic dataset,
deriving an amplitude mismatch and a time alignment mismatch between the first
seismic dataset and the second seismic dataset, projecting the amplitude mismatch
and the time alignment mismatch to a seismic data domain and using the projected
amplitude mismatch and the time alignment mismatch in the seismic data domain to
visualize a difference between the first seismic dataset and the second seismic
dataset attributable to amplitude effects and time alignment effects.

[0015] In one embodiment, deriving the amplitude mismatch and the time
alignment mismatch includes defining the first seismic dataset as a function of the
second seismic dataset, the amplitude mismatch and the time alignment mismatch
and approximating the second seismic dataset as a sum of the second seismic
dataset and a product of the time alignment mismatch and a derivative of the second
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seismic dataset. In one embodiment, the defined function of the first seismic dataset
and the approximated second seismic dataset are used to express a difference
between the first seismic dataset and the second seismic dataset. The expressed
difference between the first seismic dataset and the second seismic dataset is
inverted to derive the amplitude mismatch and the time alignment mismatch.
Suitable inversions include a least squares inversion.

[0016] In one embodiment, projecting the amplitude mismatch and the time
alignment mismatch further includes multiplying the amplitude mismatch by the
second seismic dataset to generate a seismic dataset attributable to amplitude
mismatches and multiplying the time alignment mismatch by a derivative of the
second seismic dataset to generate a seismic dataset attributable to time alignment
mismatches. The seismic dataset attributable to amplitude mismatches and the
seismic dataset attributable to time alignment mismatches are displayed, and the
displayed seismic dataset attributable to amplitude mismatches and seismic dataset
attributable to time alignment mismatches the dataset are used to visualize the
difference between the first seismic dataset and the second seismic attributable to
amplitude effects and time alignment effects.

[0017] In one embodiment, the difference between the first seismic dataset
and the second seismic dataset is a sum of the seismic dataset attributable to
amplitude mismatches, the seismic dataset attributable to time alignment
mismatches and a residual term. The residual term is a residual component of the
difference between the first seismic dataset and the second seismic dataset and a
noise component. In addition, the method includes separating the noise component
from the residual component of the difference between the first seismic dataset and
the second seismic dataset and a noise component. In one embodiment, separating
the noise component from the residual component of the difference includes
determining a residual seismic dataset attributable to amplitude mismatches,
determining a residual seismic dataset attributable to time alignment mismatches
and subtracting the residual seismic dataset attributable to amplitude mismatches
and the residual seismic dataset attributable to time alignment mismatches from the
residual term to generate the noise component.

[0018] In one embodiment, the residual seismic dataset attributable to
amplitude mismatches is to the seismic dataset attributable to amplitude changes to



10

15

20

25

30

WO 2016/116778 PCT/IB2015/002627

generate an improved seismic dataset attributable to amplitude changes. In addition,
the residual seismic dataset attributable to time alignment mismatches is added to
the seismic dataset attributable to time alignment mismatches to generate an
improved seismic dataset attributable to time alignment mismatches.

[0019] An embodiment is directed to a computing system for 4D
decomposition of seismic datasets into amplitude and time alignment effects. The
computing system includes a storage device storing a first seismic dataset and a
second seismic dataset recorded at a later time than the first seismic dataset. In
addition, a processor is provided in communication with the storage device. The
processor is configured to derive an amplitude mismatch and a time alignment
mismatch between the first seismic dataset and the second seismic dataset, project
the amplitude mismatch and the time alignment mismatch to a seismic data domain
and use the projected amplitude mismatch and the time alignment mismatch in the
seismic data domain to visualize a difference between the first seismic dataset and
the second seismic dataset attributable to amplitude effects and time alignment
effects.

[0020] In one embodiment, the processor is further configured to multiply the
amplitude mismatch by the second seismic dataset to generate a seismic dataset
attributable to amplitude mismatches, multiply the time alignment mismatch by a
derivative of the second seismic dataset to generate a seismic dataset attributable to
time alignment mismatches, display the seismic dataset attributable to amplitude
mismatches and the seismic dataset attributable to time alignment mismatches and
use the displayed seismic dataset attributable to amplitude mismatches and seismic
dataset attributable to time alignment mismatches the dataset visualize the
difference between the first seismic dataset and the second seismic attributable to

amplitude effects and time alignment effects.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The accompanying drawings, which are incorporated in and constitute
a part of the specification, illustrate one or more embodiments and, together with the
description, explain these embodiments. In the drawings:

[0022] Figure 1 is a flow chart of an embodiment of a method for 4D
decomposition of seismic datasets into amplitude and time alignment effects;
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[0023] Figure 2 is a flow chart of an embodiment of a method for deriving the
amplitude mismatch and the time alignment mismatch;

[0024] Figure 3 is a set of graphs illustrating an embodiment of the
visualization of the seismic dataset attributable to amplitude mismatch and the seismic
dataset attributable to time alignment mismatch;

[0025] Figure 4 is a set of graphs illustrating another embodiment of the
visualization of the seismic dataset attributable to amplitude mismatch and the seismic
dataset attributable to time alignment mismatch;

[0026] Figure 5 is a set of graphs illustrating residual signal and noise; and
[0027] Figure 6 is a schematic representation of an embodiment of a
computing system for use in executing a method for 4D decomposition of seismic
datasets into amplitude and time alignment effects.

DETAILED DESCRIPTION

[0028] The following description of the embodiments refers to the accompanying
drawings. The same reference numbers in different drawings identify the same or
similar elements. The following detailed description does not limit the invention.
Instead, the scope of the invention is defined by the appended claims. Some of the
following embodiments are discussed, for simplicity, with regard to local activity taking
place within the area of a seismic survey. However, the embodiments to be discussed
next are not limited to this configuration, but may be extended to other arrangements
that include regional activity, conventional seismic surveys, etc.

[0029] Reference throughout the specification to “one embodiment” or “an
embodiment” means that a particular feature, structure or characteristic described in
connection with an embodiment is included in at least one embodiment of the subject
matter disclosed. Thus, the appearance of the phrases “in one embodiment” or “in an
embodiment” in various places throughout the specification is not necessarily referring
to the same embodiment. Further, the particular features, structures or characteristics
may be combined in any suitable manner in one or more embodiments.

[0030] Referring to Figure 1, embodiments are directed to a method for 4D
decomposition of seismic datasets into amplitude and time alignment effects 100. A
first dataset and a second seismic dataset are obtained. The seismic datasets

represent the results of seismic surveys over a given subsurface conducted using any
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type of seismic survey acquisition system known and available in the art. In one
embodiment, the seismic surveys are a base seismic survey conducted at a first time
and a monitor seismic survey taken second time, later than the first time. The first
seismic dataset corresponds to the base seismic survey, and the second seismic
dataset corresponds to the monitor seismic survey. Therefore, the second seismic
dataset was recorded at a later time than the first seismic dataset. This difference in
time facilitates the use of the first and second seismic datasets for time-lapse or 4D
processing.
[0031] Each one of the first and second datasets contains a plurality of seismic
traces. The seismic traces in the plurality of seismic traces are recorded at a plurality of
spatial locations and, therefore, are a function of space. In addition, the seismic
datasets are also a function of time. Therefore, each seismic dataset is a function of
space and time, and any given position within space and time for the seismic dataset is
a sample.
[0032] Seismic datasets recorded at two different times are used in order to
analyze changes that occur overtime in the subsurface, and in particular to reservoirs in
the subsurface, that are attributable to production from those reservoirs. Looking at
changes between the first and second datasets in 4D processing includes subtracting
the one dataset from the other dataset, for example, on a sample by sample basis. This
difference is illustrated in the following equation:

4D = b(t) — m(t) (1)
where 4D is the 4D difference between the first and second seismic datasets, b(t) is
the first or base seismic dataset, and m(t) is the second or monitor seismic dataset. As
illustrated, the first and second seismic datasets are a function of time only, as the
spatial indexing portion of the seismic datasets has been dropped.
[0033] To better analyze any non-zero signals indicated by the 4D difference in
equation (1), the 4D difference being data, an amplitude mismatch and a time
alignment mismatch between the first seismic dataset and the second seismic dataset
are derived 104. Referring to Figure 2, an embodiment of deriving the amplitude
mismatch and the time alignment mismatch 200 is illustrated. Assuming, in general,
that the data are mismatched in amplitude and time, the first seismic dataset is defined
as a function of the second seismic dataset, the amplitude mismatch and the time
alignment mismatch 202. This function is illustrated in the following equation:
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b(t) = A()m(t + (1)) (@)

where A(t) is a function describing the amplitude mismatch, and z(t) is a function
describing the time alignment mismatch between the first and second datasets. These
mismatch functions are also referred to as attributes, since they are derived from the
seismic data. Both the amplitude and time attributes have the same dimensionality as
the first and second seismic datasets as they are defined at every sample within the
first and second seismic datasets. That is the first and second seismic datasets have a
dimensionality equal to the number of samples, and comparing the first and second
seismic datasets involves pairwise comparison of all of the samples in the first and
second seismic datasets.
[0034] Having defined the function between the first and second seismic
datasets, the second seismic dataset is approximated as a sum of the second seismic
dataset and a product of the time alignment mismatch and a derivative of the second
seismic dataset 204. This approximation is illustrated as follows:

m(t +1(t)) = m(t) + 1(OM'(t) (3)

where m(t) represents the second seismic dataset and m’(t) denotes a derivative, i.e.,
a first derivative, of the data with respect to time t. Second and higher order derivatives
are excluded from this approximation.
[0035] The defined function of the first seismic dataset and the approximated
second seismic dataset are used to express a difference between the first seismic
dataset and the second seismic dataset 206. Therefore, the defined function of the first
seismic dataset as given in equation (2) and the approximation of the second seismic
dataset as given in equation (3) are substituted into equation (1) to yield:

b(t) — m(t) = m(t) (A(t) — 1) + A(O)T(OM'(B) (4)
[0036] The expressed difference between the first seismic dataset and the
second seismic dataset is inverted to derive the amplitude mismatch and the time
alignment mismatch 208. Suitable inversions include, but are not limited to, a least
squares inversion. More sophisticated inversion schemes can also be used for these
two attributes. Least-squares solutions can be formulated to obtain the attributes or
functions A(t) and t(t). In the simplest form, for example, these functions are given by:

A(t) = Zmiizm) (5)

Ximim;
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o) = 2L ©
Summation over discrete indices i in time and space is implied.
[0037] Returning to Figure 1, having generated the amplitude mismaich,
equation (5), and the time alignment mismatch, equation (6), through inversion, the
amplitude mismatch and the time alignment mismatch are projected to a seismic data
domain 106. As the inversion of the equation (4) produces the desired seismic
attributes, these attributes and the information encoded in the attributes A(t) and z(t)
are projected back onto the seismic data domain itself. Projecting the amplitude
mismatch and the time alignment mismatch to the seismic data domain includes
multiplying the amplitude mismatch by the second seismic dataset to generate a
seismic dataset attributable to amplitude mismatches and multiplying the time
alignment mismatch by a derivative of the second seismic dataset to generate a
seismic dataset attributable to time alignment mismatches. With the seismic dataset
attributable to amplitude mismatch given by P, and the seismic dataset attributable to
time alignment mismatches given by P, the projections are acquired by:

Py = A(t) - y(©) (7)

b=t -y (8)
where y(t) is the second seismic dataset and y'(t) is the derivative of the second
seismic dataset, i.e., the first derivative.
[0038] Mapping the amplitude and time alignments back to the seismic domain
facilitates a visual comparison of the 4D changes related to either only amplitude
changes, or only time-shift changes. Referring to Figure 3, a set of graphs 300
illustrating the different visualizations for a given slice through the seismic data samples
is illustrated. A given 4D difference 302 between the first and second seismic datasets
is illustrated without noise, and with noise 304. This given 4D difference is only due to
an amplitude change. The resulting attributes are illustrated for the amplitude mismatch
311 and the time alignment mismatch 312. As illustrated, the portions of the 4D
difference attributable to the amplitude and time differences cannot be visualized from
the attributes or mismatch functions. However, when the attributes are projected back
into the seismic data domain, the resulting amplitude mismatch projections 306 and
time alignment mismatch projection 308 provide a clear visualization that the 4D
difference is attributable to the amplitude change, as expected. Combining the resulting
projections 310 yields the same visualization as the original 4D difference 302.
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[0039] Referring to Figure 4, a set of graphs 400 illustrating the different
visualizations for a given slice through the seismic data samples is illustrated. A given
4D difference 402 between the first and second seismic datasets is illustrated without
noise, and with noise 404. This given 4D difference is only due to a time shift change.
The resulting attributes are illustrated for the amplitude mismatch 411 and the time
alignment mismatch 412. As illustrated, the portions of the 4D difference attributable to
the amplitude and time differences cannot be visualized from the attributes or mismatch
functions. However, when the attributes are projected back into the seismic data
domain, the resulting amplitude mismatch projections 406 and time alignment
mismatch projection 408 provide a clear visualization that the 4D difference is
attributable to the time shift change, as expected. Combining the resulting projections
410 yields the same visualization as the original 4D difference 402.

[0040] Returning to Figure 1, therefore, the projected amplitude mismatch and
the time alignment mismatch in the seismic data domain are used to visualize a
difference between the first seismic dataset and the second seismic dataset attributable
to amplitude effects and time alignment effects 108. The seismic dataset attributable to
amplitude mismatches and the seismic dataset attributable to time alignment
mismatches are displayed, for example as illustrated in Figures 3 and 4. The display of
the seismic dataset attributable to amplitude mismatches and the seismic dataset
attributable to time alignment mismatches are used to visualize the difference between
the first seismic dataset and the second seismic attributable to amplitude effects and
time alignment effects.

[0041] Since the approximation of the second seismic dataset as given in
equation (3) is truncated at the first derivative, the resulting projections of the amplitude
and time alignment differences in the seismic data domain do not capture the entire
seismic signal. In one embodiment, about 90% of the seismic signal is captured,
leaving a residual of about 10%. In addition to this residual, the process of projecting
the amplitude and time attributes back into the seismic data domain effectively removes
noise, for example, as illustrated in Figures 3 and 4, since the attributes can be noisy,
particularly in areas of low amplitudes on the seismic data. Referring to Figure 5, a set
of graphs 500 are provided illustrating this residual signal and noise. For the input 4D
difference 502, the seismic dataset attributable to amplitude mismatch is given by P,

and the seismic dataset attributable to time alignment mismatches given by P, are
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combined and displayed. This combination is subtracted from the original input 4D
difference, and the result 504 is combination of noise and some leakage or residual 4D
signal 508.

[0042] The combination of the attributes projected back into the seismic data
domain along with the data residual and noise is illustrated by the following equation:
b(t) — m(t) = P4(t) + P.(t) + residual 4D signal and noise 9)
where again the spatial indices are not carried.

[0043] Returning again to Figure 1, the difference between the first seismic
dataset and the second seismic dataset is a sum of the seismic dataset attributable to
amplitude mismatches, the seismic dataset attributable to time alignment mismatches
and a residual term, the residual term containing a residual component of the difference
between the first seismic dataset and the second seismic dataset and a noise
component. Therefore, 4D decomposition of seismic datasets into amplitude and time
alignment effects also includes separating the noise component from the residual
component of the difference between the first seismic dataset and the second seismic
dataset and a noise component 110. In one embodiment, a residual seismic dataset
attributable to amplitude mismaiches is determined, and a residual seismic dataset
attributable to time alignment mismatches is determined. The residual seismic dataset
attributable to amplitude mismatches and the residual seismic dataset attributable to
time alignment mismatches are subtracted from the residual term to generate the noise
component.

[0044] The seismic datasets due to amplitude changes and time alignment
differences can then be displayed 112. In addition, the amplitude and time alignment
differences can be used to analyze reservoir production 114. When residual signal is
recaptured and subtracted from signal noise, the residual seismic dataset attributable
to amplitude mismatches is added to the seismic dataset attributable to amplitude
changes to generate an improved seismic dataset attributable to amplitude changes.
Similarly, the residual seismic dataset attributable to time alignment mismatches is
added to the seismic dataset attributable to time alignment mismatches to generate an
improved seismic dataset attributable to time alignment mismatches. These improved
mismatches are then displayed and used to analyze reservoir production.

[0045] In one embodiment, the residual signal is separated from the noise using
a 4D co-denoise technique. Given the decomposition of seismic data into two
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components, signal and noise, several samples of each of these two data components,
i.e., signal estimation and noise estimation, are collected into a vector. A check for a
perfect denoise is performed by verifying that the signal and noise vectors are
perpendicular. In one embodiment, this check uses a cross-product of the two vectors.
If signal and noise vectors are not perpendicular, then the leakage of the signal into the
noise can also be calculated by projecting the noise onto the signal.

[0046] The 4D co-denoise method uses this scheme to improve upon the
estimates of P, and P, in order to minimize the signal leakage in equation (9) and to
obtain improved estimates P, and £, such that:

b(t) — m(t) = P,(t) + B.(t) + residual 4D noise (10)
[0047] The improved estimates P, and P.are obtained by back-projecting into
the seismic data domain as described the original estimates onto the
original 4D estimates. Many different kinds of back projections in many different
seismic domains can be used.
[0048] In another embodiment for separating the residual signal from the noise,
the 4D difference equation is given as:

4D = a(®)y(t) + b()y'(0) (11)
and is solved for a(t) and b(t) using a regularized inversion scheme.

[0049] Using simple least squares as the regularized inversion scheme:
(blct)—ml(o) (mlcw mg(o) (a(t)
= 12)
- Mbe) (
bu () —my ) \my(® my(/ °O
[0050] The indices are for adjacent samples around the sample being

investigated. This is solved for a and b at each sample and then:

A(t) = a(t) + 1 (13)
T(t) = b(DA(D) (14)
and the clean 4D is built as before, as are the two projections.
[0051] In another embodiment for separating residual signal from noise:
b—m\ _(1 —-1\(b
Gem =G 7)) (15)

and set up the system such that:
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b, —m, m m', O 0
a
by —m my m' 0 O || &
119\1+miv B ON ON m, m, | c (16)
d
by +my 0 0O my my
[0052] Indexing is for fixed time t but for summation over adjacent samples
around the sample of consideration. This yields:
a=A4-1 (17)
c=A+1 (18)
b =d = At (19)
[0053] Therefore, the matrix system above can be augmented by two equations:
a—c—2=20 (20)
b—d=0 (21)
[0054] These equations are solved for a,b,c and d with the two constraints

followed by rotating back, resulting in:

=3 DG 22
to obtain the clean data and clean 4D estimate.
[0055] Referring now to Figure 6, exemplary embodiments are directed to a
computing system 600 for decomposition of seismic datasets into amplitude and time
alignment effects, a computing device for performing the calculations as set forth in the
above-described embodiments may be any type of computing device capable of
obtaining, processing and communicating acquired seismic data from marine surveys.
The computing system 600 includes a computer or server 602 having one or more
central processing units 604 in communication with a communication module 606, one
or more input/output devices 610 and at least one storage device 608.
[0056] The communication module is used to obtain seismic datasets that from
multiple vintages and that include a plurality of seismic traces. These seismic datasets
can be obtained, for example, through the input/output devices. The acquired seismic
data containing a first seismic dataset and a second seismic dataset, the second
seismic dataset recorded at a later time than the first seismic dataset, are stored in the
storage device. The input/output device can also be used to communicate or display
the seismic dataset attributable to amplitude mismatch is given by P, and the seismic
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dataset attributable to time alignment mismatches given by P.and any images or
models generated for the subsurface or seismic survey, for example, to a user of the
computing system.

[0057] The processor is in communication with the communication module and
storage device and is configured to derive an amplitude mismatch and a time alignment
mismatch between the first seismic dataset and the second seismic dataset, project the
amplitude mismatch and the time alignment mismatch to a seismic data domain and
use the projected amplitude mismatch and the time alignment mismatch in the seismic
data domain to visualize a difference between the first seismic dataset and the second
seismic dataset attributable to amplitude effects and time alignment effects.

[0058] In one embodiment, the processor is configured to multiply the amplitude
mismatch by the second seismic dataset to generate a seismic dataset attributable to
amplitude mismatches, multiply the time alignment mismatch by a derivative of the
second seismic dataset to generate a seismic dataset attributable to time alignment
mismatches, display the seismic dataset attributable to amplitude mismatches and the
seismic dataset attributable to time alignment mismatches and use the displayed
seismic dataset attributable to amplitude mismatches and seismic dataset attributable
to time alignment mismatches the dataset visualize the difference between the first
seismic dataset and the second seismic attributable to amplitude effects and time
alignment effects.

[0059] Suitable embodiments for the various components of the computing
system are known to those of ordinary skill in the art, and this description includes all
known and future variants of these types of devices. The communication module
provides for communication with other computing systems, databases and data
acquisition systems across one or more local or wide area networks 612. This includes
both wired and wireless communication. Suitable input/output devices include
keyboards, point and click type devices, audio devices, optical media devices and
visual displays.

[0060] Suitable storage devices include magnetic media such as a hard disk
drive (HDD), solid state memory devices including flash drives, ROM and RAM and
optical media. The storage device can contain data as well as software code for
executing the functions of the computing system and the functions in accordance with

the methods described herein. Therefore, the computing system 600 can be used to
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implement the methods described above associated with 4D decomposition of seismic
datasets into amplitude and time alignment effects. Hardware, firmware, software or a
combination thereof may be used to perform the various steps and operations
described herein.

[0061] Methods and systems in accordance with exemplary embodiments can
be hardware embodiments, software embodiments or a combination of hardware and
software embodiments. In one embodiment, the methods described herein are
implemented as software. Suitable software embodiments include, but are not limited
to, firmware, resident software and microcode. In addition, exemplary methods and
systems can take the form of a computer program product accessible from a computer-
usable or computer-readable medium providing program code for use by or in
connection with a computer, logical processing unit or any instruction execution
system. In one embodiment, a machine-readable or computer-readable medium
contains a machine-executable or computer-executable code that when read by a
machine or computer causes the machine or computer to perform a method for
decomposition of seismic datasets into amplitude and time alignment effects and to the
computer-executable code itself. The machine-readable or computer-readable code
can be any type of code or language capable of being read and executed by the
machine or computer and can be expressed in any suitable language or syntax known
and available in the art including machine languages, assembler languages, higher
level languages, object oriented languages and scripting languages.

[0062] As used herein, a computer-usable or computer-readable medium can be
any apparatus that can contain, store, communicate, propagate, or transport the
program for use by or in connection with the instruction execution system, apparatus,
or device. Suitable computer-usable or computer readable mediums include, but are
not limited to, electronic, magnetic, optical, electromagnetic, infrared, or semiconductor
systems (or apparatuses or devices) or propagation mediums and include non-
transitory computer-readable mediums. Suitable computer-readable mediums include,
but are not limited to, a semiconductor or solid state memory, magnetic tape, a
removable computer diskette, a random access memory (RAM), a read-only memory
(ROM), a rigid magnetic disk and an optical disk. Suitable optical disks include, but are
not limited to, a compact disk - read only memory (CD-ROM), a compact disk -
read/write (CD-R/W) and DVD.
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[0063] The disclosed exemplary embodiments provide a computing device,
software and method for method for decomposition of seismic datasets into amplitude
and time alignment effects. It should be understood that this description is not intended
to limit the invention. On the contrary, the exemplary embodiments are intended to
cover alternatives, modifications and equivalents, which are included in the spirit and
scope of the invention. Further, in the detailed description of the embodiments,
numerous specific details are set forth in order to provide a comprehensive
understanding of the invention. However, one skilled in the art would understand that
various embodiments may be practiced without such specific details.

[0064] Although the features and elements of the present embodiments are
described in the embodiments in particular combinations, each feature or element can
be used alone without the other features and elements of the embodiments or in
various combinations with or without other features and elements disclosed herein.
The methods or flowcharts provided in the present application may be implemented in
a computer program, software, or firmware tangibly embodied in a computer-readable
storage medium for execution by a geophysics dedicated computer or a processor.

[0065] This written description uses examples of the subject matter disclosed to
enable any person skilled in the art to practice the same, including making and using
any devices or systems and performing any incorporated methods. The patentable
scope of the subject matter is defined by the claims, and may include other examples
that occur to those skilled in the art. Such other examples are intended to be within the

scope of the claims.
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WHAT IS CLAIMED IS:

1. A method for decomposition of seismic datasets into amplitude and
time alignment effects (100), the method comprising:

obtaining a first seismic dataset and a second seismic dataset (102), the
second seismic dataset recorded at a later time than the first seismic dataset;

deriving an amplitude mismatch and a time alignment mismatch between the
first seismic dataset and the second seismic dataset (104);

projecting the amplitude mismatch and the time alignment mismatch to a
seismic data domain (106); and

using the projected amplitude mismatch and the time alignment mismaitch in
the seismic data domain to visualize a difference between the first seismic dataset
and the second seismic dataset attributable to amplitude effects and time alignment
effects (108).

2. The method of claim 1, wherein deriving the amplitude mismatch and
the time alignment mismatch further comprises:

defining the first seismic dataset as a function of the second seismic dataset,
the amplitude mismatch and the time alignment mismatch; and

approximating the second seismic dataset as a sum of the second seismic
dataset and a product of the time alignment mismatch and a derivative of the second
seismic dataset.

3. The method of claim 2, wherein deriving the amplitude mismatch and
the time alignment mismatch further comprises using the defined function of the first
seismic dataset and the approximated second seismic dataset to express a
difference between the first seismic dataset and the second seismic dataset.

4. The method of claim 3, wherein deriving the amplitude mismatch and
the time alignment mismatch further comprises inverting the expressed difference
between the first seismic dataset and the second seismic dataset to derive the

amplitude mismatch and the time alignment mismatch.
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5. The method of claim 4, wherein inverting the expressed difference

comprises using a least squares inversion.

6. The method of claim 1, wherein projecting the amplitude mismatch and
the time alignment mismatch further comprises:

multiplying the amplitude mismatch by the second seismic dataset to generate
a seismic dataset attributable to amplitude mismatches; and

multiplying the time alignment mismatch by a derivative of the second seismic

dataset to generate a seismic dataset attributable to time alignment mismatches.

7. The method of claim 6, wherein the method further comprises
displaying the seismic dataset attributable to amplitude mismatches and the seismic
dataset attributable to time alignment mismatches; and

using the projected amplitude mismatch and the time alignment mismatch to
visualize the difference between the first seismic dataset and the second seismic
further comprises using the displayed seismic dataset attributable to amplitude
mismatches and seismic dataset attributable to time alignment mismatches to
visualize the difference between the first seismic dataset and the second seismic
attributable to amplitude effects and time alignment effects.

8. The method of claim 6, wherein:

the difference between the first seismic dataset and the second seismic
dataset comprises a sum of the seismic dataset attributable to amplitude
mismatches, the seismic dataset attributable to time alignment mismatches and a
residual term, the residual term comprising a residual component of the difference
between the first seismic dataset and the second seismic dataset and a noise
component; and

the method further comprises separating the noise component from the
residual component of the difference between the first seismic dataset and the

second seismic dataset and a noise component.

9. The method of claim 8, wherein separating the noise component from
the residual component of the difference comprises:
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determining a residual seismic dataset attributable to amplitude mismatches;
determining a residual seismic dataset attributable to time alignment

mismatches; and
subtracting the residual seismic dataset attributable to amplitude mismatches
and the residual seismic dataset attributable to time alignment mismatches from the

residual term to generate the noise component.

10.  The method of claim 9, wherein the method further comprises:

adding the residual seismic dataset attributable to amplitude mismatches to
the seismic dataset attributable to amplitude changes to generate an improved
seismic dataset attributable to amplitude changes; and

adding the residual seismic dataset attributable to time alignment mismatches
to the seismic dataset attributable to time alignment mismatches to generate an

improved seismic dataset attributable to time alignment mismatches.

11. A computer-readable medium containing a computer-executable code
that when read by a computer causes the computer to perform a method for 4D
decomposition of seismic datasets into amplitude and time alignment effects (100),
the method comprising:

obtaining a first seismic dataset and a second seismic dataset (102), the
second seismic dataset recorded at a later time than the first seismic dataset;

deriving an amplitude mismatch and a time alignment mismatch between the
first seismic dataset and the second seismic dataset (104);

projecting the amplitude mismatch and the time alignment mismatch to a
seismic data domain (106); and

using the projected amplitude mismatch and the time alignment mismaitch in
the seismic data domain to visualize a difference between the first seismic dataset
and the second seismic dataset attributable to amplitude effects and time alignment
effects (108).

12.  The computer-readable medium of claim 11, wherein deriving the

amplitude mismatch and the time alignment mismatch further comprises:
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defining the first seismic dataset as a function of the second seismic dataset,
the amplitude mismatch and the time alignment mismatch; and
approximating the second seismic dataset as a sum of the second seismic
dataset and a product of the time alignment mismatch and a derivative of the second

seismic dataset.

13.  The computer-readable medium of claim 12, wherein deriving the
amplitude mismatch and the time alignment mismatch further comprises using the
defined function of the first seismic dataset and the approximated second seismic
dataset to express a difference between the first seismic dataset and the second
seismic dataset.

14.  The computer-readable medium of claim 13, wherein deriving the
amplitude mismatch and the time alignment mismatch further comprises inverting the
expressed difference between the first seismic dataset and the second seismic
dataset to derive the amplitude mismatch and the time alignment mismatch.

15.  The computer-readable medium of claim 11, wherein projecting the
amplitude mismatch and the time alignment mismatch further comprises:

multiplying the amplitude mismatch by the second seismic dataset to generate
a seismic dataset attributable to amplitude mismatches; and

multiplying the time alignment mismatch by a derivative of the second seismic
dataset to generate a seismic dataset attributable to time alignment mismatches.

16. The computer-readable medium of claim 15, wherein the method
further comprises displaying the seismic dataset attributable to amplitude
mismatches and the seismic dataset attributable to time alignment mismatches; and
using the projected amplitude mismatch and the time alignment mismatch to
visualize the difference between the first seismic dataset and the second seismic
further comprises using the displayed seismic dataset attributable to amplitude
mismatches and seismic dataset attributable to time alignment mismatches to
visualize the difference between the first seismic dataset and the second seismic
attributable to amplitude effects and time alignment effects.
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17.  The computer-readable medium of claim 15, wherein:

the difference between the first seismic dataset and the second seismic
dataset comprises a sum of the seismic dataset attributable to amplitude
mismatches, the seismic dataset attributable to time alignment mismatches and a
residual term, the residual term comprising a residual component of the difference
between the first seismic dataset and the second seismic dataset and a noise
component; and

the method further comprises separating the noise component from the

residual component of the difference.

18.  The computer-readable medium of claim 17, wherein separating the
noise component from the residual component of the difference comprises:

determining a residual seismic dataset attributable to amplitude mismatches;

determining a residual seismic dataset attributable to time alignment
mismatches; and

subtracting the residual seismic dataset attributable to amplitude mismatches
and the residual seismic dataset attributable to time alignment mismatches from the

residual term to generate the noise component.

19. A computing system (600) for 4D decomposition of seismic datasets
into amplitude and time alignment effects, the computing system comprising:

a storage device (608) comprising a first seismic dataset and a second
seismic dataset, the second seismic dataset recorded at a later time than the first
seismic dataset (102); and

a processor (604) in communication with the storage device and configured
to:

derive an amplitude mismatch and a time alignment mismatch between the
first seismic dataset and the second seismic dataset (104);

project the amplitude mismatch and the time alignment mismatch to a seismic
data domain (106); and

use the projected amplitude mismatch and the time alignment mismatch in the
seismic data domain to visualize a difference between the first seismic dataset and
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the second seismic dataset attributable to amplitude effects and time alignment
effects (108).

20. The computing system of claim 19, wherein the processor is further
configured to:

multiply the amplitude mismatch by the second seismic dataset to generate a
seismic dataset attributable to amplitude mismatches;

multiply the time alignment mismatch by a derivative of the second seismic
dataset to generate a seismic dataset attributable to time alignment mismatches;

display the seismic dataset attributable to amplitude mismatches and the
seismic dataset attributable to time alignment mismatches; and

use the displayed seismic dataset attributable to amplitude mismatches and
seismic dataset attributable to time alignment mismatches the dataset visualize the
difference between the first seismic dataset and the second seismic attributable to
amplitude effects and time alignment effects.
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