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METHOD AND SYSTEM FOR GEOPHYSICAL MODELING OF SUBSURFACE
VOLUMES BASED ON COMPUTED VECTORS

FIELD OF THE INVENTION

[0001] This invention relates generally to the field of prospecting and more particularly

to data processing. Specifically, the invention is a method for modeling subsurface volumes

for one or more geophysical properties based on the computed vectors techniques.

BACKGROUND OF THE INVENTION

[0002] In the oil and gas industry, modeling of the subsurface is typically utilized for

visualization and to assist with analyzing the subsurface volume for potential locations for

hydrocarbon resources. Accordingly, various methods exist for estimating the geophysical
properties of the subsurface volume (e.g., information in the model domain) by analyzing the
recorded measurements from receivers (e.g., information in the data domain) provided that
these measured data travel from a source, then penetrate the subsurface volume represented
by a subsurface model in model domain, and eventually arrive at the receivers. The
measured data carries some information of the geophysical properties that may be utilized to

generate the subsurface model.

[0003] The interpretation of seismic data often involves estimation of the local geometry
in the measured information. Such information is useful for both interactive applications
(e.g., in the form of a set of attributes) and/or in automated pattern recognition systems. The
local geometry can be described by various techniques, such as estimating the tangents to
peaks, estimating troughs or zero-crossings, computing the tangent planes to events.
Alternatively, the local geometry may be interpreted as the local geometry of curves of equal
value, such as iso-curves and/or iso-surfaces. Regardless, the local dips and azimuths (e.g.,
geometry) are frequently used seismic attributes. Accordingly, several methods exist to

determine and utilize this information.

[0004] As a first example, one or more correlation-based methods may be utilized. See,
e.g. as described in Neidell and Taner, “Semblance and other coherency measures for
multichannel data”, Geophysics 36, 482-497 (1971). The document describes that the
calculation of vectors should be considered local measurements. However, the methods

described in the paper do not appear to apply to global volume flattening.
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[0005] Yet another method is referred to as instantaneous phase method. See, e.g., U.S.
Patent No. 5,724,309. This method describes utilizing instantaneous phase and the
derivatives of instantaneous phase as display and/or plot attributes for seismic reflection data
processing and interpretation for two-dimensional and three-dimensional seismic data.

However, this method does not appear to enhance the dip vector.

[0006] Also, in the Fomel reference, it describes how to obtain local dips from a global
optimization calculation. See, e.g., Fomel, S., “Applications of plane-wave destruction
filters”, Geophysics 67, 1946-1960 (2002). This reference predicts a new trace from an
existing trace and the optimization minimizes the total error over all such predictions.
Despite the reduction in errors, areas of poor data quality (e.g., the measurement data is poor
quality) may skew predictions and therefore affect the total quality of the dip estimates. This

described method is not easily adapted to ignore such areas of poor data quality.

[0007] Other techniques include various flattening methods to assist interpretation.
Examples of flattening methods include Seismic Horizon Skeletonization in Intl. Patent
Application Pub. No. 2009/142872) or techniques in U.S. Patent No. 7,769,546 to Lomask et
al. and a paper entitled “Flattening without picking”, Geophysics 71, 13-20 (2006).

However, these techniques are not utilized to enhance dip estimates.

[0008] As the recovery of natural resources, such as hydrocarbons, rely, in part, on
subsurface models, a need exists to enhance subsurface models of one or more geophysical
properties. In particular, a need exists to enhance dip estimates to improve volume flattening.
Further, a need exists for a dip refinement approach that may utilize the whole data set or

may be utilized on a portion of the data set.

SUMMARY OF THE INVENTION

[0009] In one embodiment, a method is described for generating a stratigraphic model of
the subsurface, i.c. a model showing horizons and reflection surfaces. The method
comprising: obtaining measurement data in a data volume associated with a subsurface
region; computing initial vector estimates for the data volume to form a vector volume;
flattening at least a portion of the data volume based on the vector volume; computing an
error estimate based on the flattened at least a portion of the data volume for each sample;

determining whether the error estimate is within a threshold; updating the vector estimate in
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the vector volume based on the computed error estimate, if the threshold is not satisfied; and
one or more of storing the vector volume in memory accessible by a computer system and
displaying the vector volume on a display accessible by a computer system, if the threshold is

satisfied. The vector volume may then be used to generate a model of the subsurface region.

[0010] In another embodiment, a method of producing hydrocarbons is described. The
method comprises utilizing a vector volume to determine the location of hydrocarbons,
wherein the vector volume is created by: obtaining measurement data in a data volume
associated with a subsurface region; computing initial vector estimates for the data volume to
form a vector volume; flattening at least a portion of the data volume based on the vector
volume; computing an error estimate based on the flattened at least a portion of the data
volume for each sample; determining whether the error estimate is within a threshold;
updating the vector estimate in the vector volume based on the computed error estimate, if
the threshold is not satisfied; and one or more of storing the vector volume in memory
accessible by a computer system and displaying the vector volume on a display accessible by
a computer system, if the threshold is satisfied; drilling a well to access the hydrocarbons

based at least in part on the vector volume; and producing the hydrocarbons from the well.

[0011] In still yet another embodiment, a system for converting data into a subsurface
model is described. The system comprises a processor; a tangible, non-transitory machine-
readable storage medium that stores a set of instructions for execution by the processor,
wherein the set of instructions are configured to: obtain measurement data in a data volume
associated with a subsurface region; compute initial vector estimates for the data volume to
form a vector volume; flatten at least a portion of the data volume based on the vector
volume; compute vector estimate based on the flattened at least a portion of the data volume
that is the error estimate; determine whether the error estimate is within a threshold; update
the vector estimate in the vector volume based on the computed error estimate, if the
threshold is not satisfied; and provide access to one or more of store the labeled volume in
memory accessible by the processor and display the labeled volume on a display, if the

threshold is satisfied.

[0012] In another embodiment, a method of modeling the subsurface is described. The
method includes obtaining measurement data in a data volume associated with a subsurface

region; computing initial vector estimates for at least a portion of the data volume to form a
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vector volume; computing a error estimate for at least a portion of the samples for which
there is a vector estimate, wherein the error estimate is based on a comparison of a predicted
data volume and the at least a portion of the data volume; determining whether the error
estimate is within a threshold; updating the vector estimates in the vector volume based on
the computed error estimates, if the threshold is not satisfied; and one or more of storing the
vector volume in memory accessible by a computer system and displaying the vector volume
on a display accessible by a computer system, if the threshold is satisfied. The predicted data
volume may be based on a flattening at least a portion of the data volume based on the vector
volume or the model vectors that follow the surface (e.g., the vectors that are tangent to the
surface); while the flattening at least a portion of the data volume based on the vector volume
may include each of the surfaces at the same axial location. Further, the at least a portion of
the data volume may include one or more surfaces in a label volume that are mapped to the at
least a portion of the data volume or may include one or more extracted horizons that are

mapped to the at least a portion of the data volume.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The foregoing and other advantages of the present disclosure may become
apparent upon reviewing the following detailed description and drawings of non-limiting

examples of embodiments.

[0014] Figure 1 is a flow chart for generating subsurface model in accordance with an

exemplary embodiment of the present techniques.

[0015] Figure 2 illustrates a graph associated with approximation of ridge tangents in

accordance with an exemplary embodiment of the present techniques.

[0016] Figures 3A to 3C illustrate graphs associated with structured tensor and/or iso-
surface tensor methods in accordance with an exemplary embodiment of the present

techniques.

[0017] Figures 4A to 4C illustrate graphs associated with a boundary value method in

accordance with an exemplary embodiment of the present techniques.

[0018] Figures SA to 5D illustrate graphs associated with the label propagation stage in

accordance with an exemplary embodiment of the present techniques.
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[0019] Figure 6 illustrates a graph associated with extracting ridge curves using curve

integration in accordance with an exemplary embodiment of the present techniques.

[0020] Figure 7 illustrates a graph associated with extracting isocurve tensor in

accordance with an exemplary embodiment of the present techniques.

[0021] Figure 8 is an alternative flow chart for generating subsurface model that includes
updating of the vector estimation stage in accordance with an exemplary embodiment of the

present techniques.

[0022] Figure 9 illustrates graphs associated with a data flattening method in accordance

with an exemplary embodiment of the present techniques.

[0023] Figures 10A and 10B are flow charts for performing the label propagation stage in

accordance with exemplary embodiments of the present techniques.

[0024] Figures 11A and 11B are flow charts for performing the horizon extraction stage

in accordance with an exemplary embodiment of the present techniques.

[0025] Due to patent law restrictions on the use of color, Figs. 2-7 are black-and-white

reproductions of color originals.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0026] In the following detailed description section, the specific embodiments of the
present disclosure are described in connection with example embodiments. However, to the
extent that the following description is specific to a particular embodiment or a particular use
of the present disclosure, this is intended to be for exemplary purposes only and simply
provides a description of the exemplary embodiments. Accordingly, the disclosure is not
limited to the specific embodiments described below, but rather, it includes all alternatives,

modifications, and equivalents falling within the true spirit and scope of the appended claims.

[0027] Various terms as used herein are defined below. To the extent a term used in a
claim is not defined below, it should be given the broadest definition persons in the pertinent
art have given that term as reflected in at least one printed publication or issued patent.
Further, various terms and reference characters that are the same are utilized in the equations

and associated description within the disclosure.
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[0028] The present disclosure describes methods and systems to enhance subsurface
models. In particular, the present techniques involve interpreting and analyzing geophysical
and geological data using a computer. As described further below, the present techniques are
described for various volumes, which include information associated with the subsurface.
Each volume may include various traces, which may include different samples. The samples
are associated with discrete segments or sections of the trace and organized based on a
respective axis. As an example, the seismic traces in the data volume may include different

samples distributed along a depth axis.

[0029] Further, the present techniques may utilize various stages, such as data
preparation stage, vector estimation stage, label propagation stage, and horizon extraction
stage to build the subsurface model. The stages may be combined together to form an
interpretation system. The following flow charts, graphs and examples describe the various

stages and interaction between various stages.

[0030] As an example, the stages may include a data preparation stage, vector estimation
stage, label propagation stage, and horizon extraction stage. The data preparation stage may
include acquiring and processing of seismic data to obtain one or more stacked 3-D volumes
(e.g., data volumes) of a geophysical property, such as seismic attribute data (e.g.,
amplitude). The vector estimation stage may include processing the data volumes and
produce a vector volume. This vector volume may be unique to each data volume or shared
among attribute volumes (e.g., amplitude, phase or other attribute volumes). The label
propagation stage may include selecting one or more starting traces, assigning labels to
samples within each selected trace, and then propagating those labels along the vector
volume to produce a labeled volume. Then; the horizon extraction stage may include
selecting a location in the labeled volume and extracting all other locations with the same
label from the labeled volume. From the combination of one or more of these stages, a
subsurface model is produced. The subsurface model may be utilized to provide the location
of subsurface resources. With this information, a wellbore may be drilled to provide a flow
path from a subsurface region to a hydrocarbon processing facility to further process the

hydrocarbons recovered from the subsurface volume.

[0031] Contrary to previous methods, the present techniques utilize a refinement
technique that seeks to enhance volume flattening. That is, the present techniques utilize
volume flattening to enhance the vector volume and resulting subsurface model.

6
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[0032] In one or more embodiments, the method begins by obtaining measurement data.
Then, the measurement data is flattened with that vector volume having initial vectors (e.g.,
estimates of the vectors, which may be referred to as a vector volume) and/or with a labeled
volume if the label propagation stage is utilized. Then, updated vectors are computed for the
flattened volume. These updated vectors should be substantially flat if the initial vectors
were perfect; otherwise, they constitute a measure of the error in the initial vector. Thus, by
adding the error estimates to the initial vectors, the vector volume is enhanced. This method
may be performed as a two stage method or an iterative method whereby several refinements

are performed in succession.

[0033] In one or more embodiments, the method may be performed in an automated
manner, which is terminated by a termination threshold or a number of iterations (e.g.,

estimate, flatten, estimate error, and repeat until the termination threshold is satisfied).

[0034] Also, in an alternative approach, a user-driven version of the method may be
interactive. The method may include the use of a computer configured to interact with a user
to select a horizon (e.g., pick a point, and grow a horizon by following the dip vectors, then
another, and so on). Then, the user may flatten the data on the selected horizons (perhaps
removing some or adding new ones). Then, the user may select a region in the data where a
correction should be applied. Again the correction may be performed in real-time and the

user may accept or decline the results.

[0035] The present techniques describe two methods that can compute these local
descriptors in two dimensions (2-D) and in three dimensions (3-D). The first method solves
the problem by finding a linear fit to a special sampling of the data, which makes it
appropriate for locating ridges in the data. The second method computes local
approximations to iso-curves and iso-surfaces in a similar fashion to the structure tensor
approach, but appears to extract a more natural notion of confidence in the measurements.
These methods may store the tensor representation in such a way as to enable efficient
computations even if measurements need to be combined (averaged) over large regions.
Thus, the present techniques may be used to estimate the local geometry at different scales:
from the immediate neighborhood of a point to providing one estimate for the whole data

volume. Various aspects of the present techniques are described further in Figures 1 to 11B.

[0036] Certain embodiments of the present techniques may be implemented as a method,
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as described in the exemplary embodiments of a flow chart in Figure 1. Figure 1 is a flow
chart 100 for generating a subsurface model in accordance with an exemplary embodiment of
the present techniques. As noted above, this flow chart 100 includes a data preparation stage,
which includes blocks 102 and 104, vector estimation stage, which includes block 106, label
propagation stage, which includes block 108, and a horizon extraction stage in block 110.
Further, the resulting subsurface model may be utilized to produce hydrocarbons as shown in

block 114 and the process may be completed in block 116.

[0037] The process begins with the data preparation stage, which involves constructing
data volumes from the measurement data, as shown in blocks 102 and 104. The
measurement data is obtained in block 102. The measurement data may be obtained by
performing a seismic survey (c.g., forming seismic waves with a source, recording the
received signals related to the source at one or more receivers, and processing received data
to form measurement data). The measurement data may include surface seismic data, check-
shot seismic data, etc. Also, the measurement data may include controlled source
clectromagnetic data, microseismic and/or other types of measured data. FEach of these
different surveys may be performed in a manner know to those skilled in the art. This
measurement data may be subjected to various processing steps to remove noise and/or other
filtering to refine the measurement data. With the measurement data, a data volume set is
constructed in block 104. The construction of the data volume set may include using the
measurement data to populate the different nodes or cells within the data volume set. The
data volume set may include an image and/or a property volume of one or more geophysical
properties, such as density, porosity, shear velocity (vs), pressure velocity (vp), fluid
saturation, and the like. The data volume may include any number of volumes and may
include one or more attribute volumes, instantancous phase volumes, amplitude volumes,
other attribute volumes, and any combination of such volumes. These volumes may include
the same grid. As a specific example, the data volume set may be a seismic image or a
velocity model. Each of the data volumes may include various traces, which are
representative of the subsurface formation. These traces may include samples, which are
associated with discrete segment or sections of the seismic trace and organized based on a
respective axis. As an example, the seismic traces in the data volume may include different

samples distributed along a depth axis.

[0038] With the data volumes, the vector estimation stage may be performed, as shown in
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block 106. The vector estimation stage, which is described further in Figure 2 and the
associated paragraphs in one embodiment, may include performing measurements on each of
the data volumes to obtain a corresponding vector volume, and then combining the multitude
of vector volumes into a composite vector volume which constitutes the output of this stage.
For example, the combination may be performed interactively whereby a user selects regions
of the output volume and assigns a source vector volume to each region. Alternatively, the
assignment may be automatic whereby a measure of confidence in a vector measurement (as
described below) is used to select the most confident vector volume at each location (e.g.,
highest measure of confidence). The confidence is the uncertainty or indication of the

reliability of the vector volume.

[0039] Then, the label propagation stage may be performed, as shown in block 108. The
label propagation stage, which is described further in Figure 11A and 11B and the associated
paragraphs as certain embodiments, may include selecting one or more initial traces,
assigning labels to each sample of each trace, selecting a propagation pattern, and
propagating the labels from the initial traces along the vector volume obtained in the previous
stage. Alternatively, the output of this stage may be a specific type of labeled volume, such
as a stack of surfaces. The trace selection step may be performed by hand and a single trace
may be sufficient. The labels may be real numbers and may be unique to each sample, or the
same label may be assigned to different samples. Alternatively, an automatic trace selection
algorithm may optimally choose both the trace locations and the label assignments of their
samples so that the least number of traces are used and so that the each sample in the volume
is assigned a sufficiently unique label by the label propagation algorithm. For the complete
coverage of the volume, the selection of one or more initial traces may also be iterative,
whereby a trace is selected, labels assigned to its samples, propagation of labels performed,
and then another or new trace is selected and labels are assigned to it. Given a partial
assignment of labels in the volume, such as to the initial trace, the propagation pattern
specifies the neighboring traces that do not have labels assigned to them (e.g., the traces to be
processed next). In one embodiment, this pattern proceeds by first selecting traces along an
inline or a cross-line starting at the initial trace and then completing the label propagation by
propagating in the orthogonal direction. As another example, the pattern selects traces

closest to the processed traces in a radial pattern moving away from the initial trace.

[0040] As a further enhancement, the formation of a stack of surfaces may be included as
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part of the label propagation stage. To obtain a stack of surfaces directly from this stage, the
labeled traces are temporarily stored, but only the traces along the edge of propagation need
to be stored and those traces with no neighbors that still need to be assigned may be removed.
Before removing a labeled trace, certain predetermined labels may be verified and the

location at those labels may be stored in a stack of surfaces.

[0041] The horizon extraction stage may be performed, as shown in block 110. The
horizon extraction stage, which is described further in Figures 11A and 11B and the
associated paragraphs as certain embodiments, may include selecting a labeled volume,
selecting a point in the labeled volume to select a label, and extracting all locations where the
label is present. If the label does not appear at a physical location in the volume (e.g., it is
not on a grid point), then the label location in the volume is the result of an interpolation of
the locations of the nearest labels that do appear in the volume. This interpolation may be
linear, multi-linear, or higher order. In another embodiment where the labeled volume is a
stack of surfaces (SOS), the surface extraction process includes combining one or more (e.g.,
at least one) surface in the SOS to produce a horizon. For example, the final horizon may be
the result of picking a depth value at each spatial location from some surface in the SOS.
This may include assigning the surface index at each such location. Also, if the surface index
is fractional—e.g., no such surface exists in the SOS—then the resulting depth value is the
interpolation of the depth values of the surfaces at the two closest integer indexes with
interpolation parameter given by the fractional part of the original index. Thus, a parameter
surface of fractional indexes may completely describe the final horizon. Obtaining such a
parameter surface may be achieved in a user-guided fashion or automatically. For example, a
user may select a number of locations where the horizon should exist, which establishes an
index (possibly fractional) for each such location, and then those indexes are propagated to
the rest of the surface. This surface-level propagation is distinct from the label propagation
described in the previous stage, but it may utilize similar techniques. Alternatively, the
surface-level propagation may be the result of a weighted average that preserves the values at
the selected locations.  Another approach may include a harmonic or bi-harmonic
extrapolation, as described by Hale in “Image-guided blended neighbor interpolation”, 0™

Annual International Meeting, Society of Exploration Geophysicists (2010).

[0042] Once the subsurface model is generated, the subsurface model is verified in block

112. The verification of the subsurface model may include comparing regions of the

10
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subsurface model to well log data, seismic data, controlled source electromagnetic data or
other measured data to determine if the subsurface model satisfies the geologic properties
and/or other constraints. This comparison may involve simulating the measured data
response and comparing the simulated data with the measured data by solving an objective
function. Then, the subsurface model may be updated through various techniques to
minimize the objective function. This process may be iterative until a specific threshold is
satisfied. Also, geologic concepts may be used to inspect the model manually and
interactively. To further evaluate the model and the prospects that it describes, multiple
scenarios (models) generated in the above method may be used to produce statistical

information, such as probability of hydrocarbon presence.

[0043] Beneficially, this process may be utilized to enhance the model construction
process. This process provides horizons in a more efficient manner and updates these
horizons, which are not provided with current techniques. That is, the determination of

horizons and updating of horizons are performed in a more efficient manner.

[0044] The vector estimation stage, which is noted in the block 106 of Figure 1, may be
computed through various methods, such as ridge tangent methods, structured tensor method
and/or iso-surface tensor method, as some examples. The data utilized as input into the
vector estimation stage, which may be a data volume set, may include an image and/or a
property volume of a specific geophysical property, such as a seismic attribute (e.g.,
amplitude, velocity, such as pressure velocity and shear velocity, attenuation), as noted
above. As a specific example, the data volume set may be a scismic attribute data volume,
for example, such as amplitude. The output of the vector estimation stage is a vector field or
vector volume, which assigns a vector to each location of the input data (e.g., at each voxel or
pixel depending on the data being three dimensional (3-D) or two dimensional (2-D) , which
may also be referred to as samples or cells). That is, the individual vectors in the vector field
or volume of vectors, which based from the input data (e.g., 2-D or 3-D), is an estimate of
either tangent or normal vectors to the measured data that follow similar scalar values in the
original data (e.g., the data utilized in computing the vector volume, which may be an image
or an attribute volume). For example, in seismic data, the vectors represent the geometry of
peaks (e.g., ridges) or troughs in a seismic data volume. Accordingly, two exemplary
embodiments are described below with one associated with the ridges tangent method, as

shown in Figure 2, and the second associated with iso-surface tensor method, as shown in

11
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Figure 3A-3C.

[0045] As a first embodiment, a method of computing a tangent to the closest ridge curve
within a fixed neighborhood around each spatial location P is provided for two dimensions
(2-D). Given a spatial location P, which is represented as (Px, Py), the method involves
extracting a neighborhood (denoted N) around it by equation (el) and recording the
amplitude (or attribute) values there denoted by W(Q).

[0046] The neighborhood N may be calculated by equation (el):

N:{Qlle—le<Tl,|Qy—Py|<Tl} (61),

where subscripts x and y refer to the spatial location along the x-axis and y-axis respectively,
and the neighboring location or point Q has spatial coordinates O, and (. , and n is the
radius of the neighborhood N. The neighborhood may include a neighborhood size and
shape.

[0047] In this calculation, the data values, which may be as many as (2n+1)°, may be
expressed as weights to approximate the y-values, which represent time or depth in a seismic

line (e.g., composed of one or more seismic traces), as a linear function of the x-values.
[0048] To extract the slope m, equation (¢2) may be solved
y=mx-+k (e2),

where m is the slope and £ is the intercept. This calculation may be used because in seismic
data no vertical lines exist. The approximation is computed by performing a linear
regression, which, for example, may be achieved by solving the following linear system of

equations (e3):

ZQGN W(Q)Qg ZQEN W(Q)Q;] . [k] _ [ZQEN W(Q)QyQa?

ZQGNW(Q)Q; ZQENW(Q)Q?C m - ZQGNW(Q)QyQ}C] (63):

where the terms are as previously defined and the superscripts denote exponents, and W(Q) is
the weight associated with that spatial location (e.g., data value at that spatial location). With
the slope m, the tangent vector at spatial location P can be computed so that its x-component

is positive. Further, the results may be normalized by the weight according to equation (¢4):
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W(x,y)-min(W) .
max(W(x,y)—min(W))) (e4);

W'(x,y) =(

where p is the power in equation (e4), and W’(x,y) is the normalized weights, W(X,y) is
weight of spatial location (x,y) obtained as a function of the data volume, and min(W) is the
minimum of the weight of the spatial location being considered (e.g., neighborhood N), and
max(W) is the maximum of the weight of the spatial locations being considered (e.g.,
neighborhood N). In one example, the power p may be selected to be in the range from 3 to
15, or may equal 10 to provide resolution of the trend data. This normalization emphasizes
the larger weights which is desirable for capturing the geometric trends of peaks in the data.
Finding troughs or zero-crossings would require to first transform the original data so that

those events have a larger value than the others (e.g., multiply by -1 for troughs).

[0049] A graph of this is provided in Figure 2, which shows an example of the tangents
computed utilizing the above techniques as an example of an approximation of the ridge
tangents. In particular, Figure 2 is an exemplary graph 200 of a vector field for a portion of
the subsurface volume (e.g., a portion of a data volume), which includes various troughs
(e.g., blacks regions) and peaks (e.g., yellow, orange and red regions). In this graph, the
depth of the subsurface volume is shown along the axis 202 in units of sample number and
distance is shown along axis 204 in units of trace number. Further, the vectors in the vector
field are shown as a multitude of segments each of which denotes orientation and unitless
relative magnitude (through its angle and length) but omits direction, which is not used in the
subsequent calculations. The color black is associated with troughs and the colors red,
orange and yellow are associated with increasing magnitude from red to orange to yellow.
The vector field 208 is an expanded portion of the vector field 206. As shown in this vector
field 208, the peak 210 is disposed between portions of two troughs 209 and 211. As shown
in this graph, the graph illustrates that a vector volume may be calculated from the data

volume, as described in the process noted above.

[0050] In three dimensions (3-D), this method of computing the ridge tangent is similar
to the discussion above, except that the approximation is computed to a plane instead of a

line. The data, which is collected analogously in 3-D, is therefore fit to the equation (e5):
z=axtby+tc (e5)

by solving the linear system in equation (e6):
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IW@Q, XIW(@0Q; IW(@QxQy|+|b|=|XW(Q)Q.0Q, (¢6)

W@  XW(@0Q,  XW(Q)Qx c YW(Q)Q,
g
IW(@)Q: IW(@0:Q, IW(QQ7F IW(Q)Q,0x

a

where the sums are taken over points @Q in the neighborhood N, W(x,y, z) is the weight
corresponding to a point in the data (e.g., the transformed data value as in the 2-D example
above), and a, b and ¢ are constants and unknowns in the linear problem of equation (e5). The

equation (¢6) is derived by looking to minimize the objective function O(a,b,c) =
Yoen W(Q)(z— (ax+by+c))2. The minimization and the linear equation in (e6) is
00/0x
obtained by setting the gradient of O to zero, i.e. | 00/dy | = 0.
00/0z
[0051] Alternatively, in a second embodiment, a method may involve using the iso-
curves and iso-surfaces in an iso-surface method. In this method, local measurements are
obtained in a tensor field that includes iso-surface tensor 7, at each location P in the data
volume set. Each iso-surface tensors 7, is computed in a similar process. First, a similarity
vector is computed using equation (e7):

- (@-P)
32 = a(P, Qo €7

where the similarity vector is ﬁg. The similarity vector ﬁg may be computed for each of its

neighbor points Q in a predefined neighborhood (e.g., the neighbor point Q within a fixed
distance of spatial location P). The magnitude of the vector is the similarity o(P, Q) of the
data values at the spatial location P and at neighbor point Q, which may be expressed in

equation (e8):
o(P,Q) = exp(—|data(P) —data(Q)|)  (ed)

and the direction is the unit vector that joins spatial location P to point Q (here data(P) and

data(Q) are the data values at the respective locations).

[0052] The iso-surface tensor 7, at location P is then computed as the sum of the outer

products of each similarity vector ﬁg , as noted in equation (¢9)

Tp = Yoen(p) Vg * Vg (e9);
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where N (P) denotes the desired neighborhood of the point P and the outer product is defined
as by equation (e10):

VeUx Uy, VU,
Vg * Vg = [vyvx VyVy ”yUZI (e10);
VU VU VU
where vy, vy, and v. denote the three components of the vector EQ. This matrix defines the
system in 3-D, while the 2-D system may be represented by the upper left two-by-two sub-
matrix from the matrix in equation (e10). The resulting matrix (whether in 3-D or 2-D) is the
tensor that captures the geometric information. Specifically, the vector describing the
geometry of a reflection event in the vicinity of a point P may be obtained through an eigen-
decomposition of the matrix. The eigen-vectors of the tensor at location P capture the local
behavior of the data. The eigen-values may be used to obtain the correct eigenvector for the
purpose of choice (e.g., tangent to a curve or normal to a curve). For example, the eigen-
values of the tensor may be set, such that A; = 4, > A5, and the associated eigenvectors may
be represented as eigen-vectors vy, v,, V3, these subscripts 1, 2 and 3 relate the v and A to
each other. The dominant eigen-vector v; indicates the direction having similar data points.
In 2-D examples, the dominant eigen-vector v, approximates the tangent to the iso-curve at
location P. In addition, the smallest eigen-vector v5 in 3-D approximates the normal to the
tangent plane of the iso-surface of the data at location P. These properties together with the
nature of the measurements suggest that a notion of relative confidence in the measurement

may be inferred as follows.

[0053] In 2-D, the confidence conf that the tensor describes a tangent can be calculated
by equation (el1):

)
Aq

conf = (ell),

and in 3-D, the confidence that the tensor describes a plane can be calculated by equation

(e12):

ll _AZ —13

conf = P
1

(c12).

[0054] As an example, Figures 3A to 3C represent a comparison of the quality of

confidence measures (e.g., the “coherence” of the structure tensor versus the measure
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described above). See, for example, M. G. Imhof, ‘Estimating Seismic Heterogeneity with
the Structure Tensor’, Journal of Seismic Exploration, 13(3), 247-261, 2005. In particular,
Figures 3A to 3C illustrate graphs associated with structured tensor and/or iso-surface tensor
methods in accordance with an exemplary embodiment of the present techniques.
Specifically, the graph 300 is a seismic image, graph 310 is a graph generated from the
structured tensor method and graph 320 is a graph generated from the iso-surface tensor
method. In the graphs 300, 310 and 320, the depth of the subsurface volume is shown along
the axis 302, 312 and 322 in units of sample number, respectively, and distance is shown
along axis 304, 314 and 324 in units of trace number, respectfully. In the graphs 310 and
320, the data trends (e.g., the orientation of the vectors) are shown as yellow lines, and the
confidence values are depicted as the length of those lines (e.g., confidence lines 317 and
327). The longer yellow lines represent a higher confidence in the measurement data, while

the shorter yellow lines indicate a lower confidence in the measurement data.

[0055] As shown in these graphs 3B to 3C, the confidence of the iso-surface tensor
method varies within the graph more than the data of the structure tensor method. In these
graphs 310 and 320, the longer segments represent higher confidence. This aspect is further
clarified in comparing the selected regions 305, 306, 315, 316, 325 and 326. In particular,
the regions 305, 315 and 325 appear to represent the same feature and regions 315 and 325
each contain consistent confidence lines (e.g., consistent trends), which indicates high
confidence. For the regions 306, 316 and 326, these regions 306, 316 and 326 appear to
represent the same feature, but region 316 generated from the structured tensor method
appears to have high confidence in the measurement data, while the region 326 generated
from the iso-surface tensor method has low confidence, as compared to each other. This
uncertainty in the region 326 is clearly not indicated for the region in the structured tensor

method, but is indicated in the graph based on the iso-surface tensor method.

[0056] Regardless of the method utilized to obtain a tensor field (e.g., using the structure
tensor or the iso-surface tensor method described herein and represented in graphs of Figure
3B and 3C), it is possible to represent the tensor field so that averages over contiguous
rectangular regions may be computed efficiently. That is, a representation, such as a
Summed Area Tables (SATs), may be utilized. These SATs may be utilized to enhance the

efficiency of repeatedly calculating areas, which may be utilized in the smoothing operations.

16



10

15

20

WO 2014/099204 PCT/US2013/070553

[0057] This process may include computing the cumulative tensor field ¢sTF along each
dimension independently, but in sequence. Specifically, this may involve calculating the

cumulative sum tensor field by solving the following equations (e13, ¢14 and e15):

esTF (x,y,z) = ZTF(w,y, z)

w=l (el3),
and, then
Y
csTF,(x,y,2) = chTFx (x,w,2)
w=l (el4)
and, then

csTF (x,y,z) = ZCSTFy (x,y,w)
w=l (el5),

where TF(x,y,z) is a tensor at location (X, y, z) in the 3-D volume, and c¢sTF is the cumulative
sum tensor field. Please note that in 2-D applications, the calculations involve cumulative

sum tensor fields for the x and y components, but not the z component.

[0058] Once the cumulative sum tensor field is calculated, the average or, equivalently,
the sum of the tensors may be computed. If a rectangular region is utilized in 2-D, it may be

defined by equation (e16):
Rz[xo...xl,yo...yl] (16)

where the region R spans the interval between xo and x; and the interval between y, and y;. .
The tensor describing the region R (e.g., the sum of tensors inside R) may be computed by a
linear combination of the cumulative tensors at the four corners denoted Ty, T, T3 and Ty,
where TF(x,y) 1s a tensor at location (X, y) in the 2-D volume, and obtained from cumulative

sum tensor field csTF as described by equations (e17):
Ty =csTF(xy =Ly, —1)

T, =csTF(xy =1 y;)
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T, =csTF(x,,y, —1)

T, =csTF(x,,y,) (el7).

[0059] Then, the tensor describing region R, denoted by 7, is the result of the calculation

in equation (¢18):

T= Y TF(x,y)=T,~T,~T, +T,
(£ (e18).

[0060] In computing the cumulative tensor T, the calculation involves only four tensor
additions instead of one per tensor in the region (e.g., (x; — x¢)(¥1 — ¥go)), tensor additions
required without the SAT representation. In other words, this calculation does not depend on
the size of the region R, and may extract the average tensor T at the same constant
computational cost for large regions R or for small ones. Accessing the equivalent tensor in
three dimensions is also a constant time effort but involves eight tensor operations instead of

four. Here, the region in 3-D is defined by equation (e19):
R=[xo...xl,yo...yl,zo...zl] (e19),

where the terms are as in equation (e16), but with a third interval added to capture the extra

dimension. The eight corner tensors are defined in equations (¢20a) and (¢20b):

7—1 ZCSTF(xlaylazl)a T2 ZCSTF(XO _I:ylazl)a T3 ZCSTF(xlayO _1721)7 T;t ZCSTF(xlaylazO _1)7
Ty =csTF(xy -y, =L z)), To=csTF(xy —Ly,,zo=1), T, =csTF(x;,y,—12,-1),
(e20a),

and

Ty = esTF(x, = 1,5, = 1,2, 1) (€20b).

[0061] Then, the average tensor is computed according to equation (¢21):

T= >TF(x,3,2)=0-T,-T,-T,+T,+ T, +T, - T,
(x,y,2)eR (621)

where, as in the 2-D case, (x,1,z) denotes a location in the 3-D volume, R is the region being

averaged, TF is the tensor field (e.g., the original tensor field), 7; for /=1 to 8§ is a cumulative
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tensor at corner number 7 of the region R, and T is the desired average tensor.

[0062] In this representation, the summed area tables (SATs) may apply to any set of
objects that (i) form an abelian group, (ii) are defined on a regular lattice (2-D or 3-D), and

(iii) require efficient calculations of this sort (i.e. sums over areas or volumes).

[0063] The above representation defines scale as the averaging of tensors over a
rectangular region. The tensors define a different coordinate system, which is represented by
their eigen-vectors, and where a weight (e.g., the eigen-value) is associated to each axis.
Thus, another notion of scale is obtained by averaging tensors in the ellipse in 2-D or
ellipsoid in 3-D, which are defined by this coordinate system. The resulting tensor
incorporates nearby measurements that support with the measurement at the center of the
coordinate system. That is, it measures the fit of the data to a line in 2-D or plane in 3-D by
passing through the origin. As such, the vectors may be represented by the eigenvectors of
tensors and this stage provides a more efficient calculation for smoothing vectors of different

parameters.

[0064] In addition to the vector estimation stage, the label propagation stage, which is
noted in the block 108 of Figure 1, may also be implemented through various methods, such
as the first order partial differential equations (PDEs)) method or through a harmonic
interpolation as described further below, as examples. The data utilized as input into this
stage may be the output from the vector estimation stage, which may be a vector field or
vector volume, which assigns a vector to each location of the input data (e.g., at each voxel or
pixel depending on the data being three dimensional (3-D) or two dimensional (2-D)). The
output of the label propagation stage is labeled volume, which may include a labeled volume

in Figure 10A or a stack of surfaces in Figure 10B.

[0065] The label propagation stage may include extracting different surfaces from the
vector field and a seed point (e.g., one or more traces). However, extracting many surfaces
simultancously may be achieved more efficiently with the use of the label propagation stage.
In the label propagation stage, a label propagation problem is determined and solved.
Following the acquisition of a vector field (e.g., vector volume), the problem includes
selecting a seed trace and a distribution of labels (e.g., real numbers denoting, rock type, well
log data, etc.) for each of the samples in that trace. The label propagation problem involves

propagating these labels in the trace to the other traces (e.g., dips) in the other portions of the
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volume. Accordingly, two exemplary embodiments are described below for two methods,
such as a boundary value method—also called the first order PDE method— (e.g., the trace
with labels provides the boundary values), as shown in Figures 4A to 4C; and a harmonic
interpolation method that discretely encodes the local geometric estimates (e.g., dip, azimuth,

etc.—are used in two different ways to define the PDEs), as shown in Figure SA to 5D.

[0066] If the seed point is two or more traces, the labels may be generated based on some
combination from the traces, which may include seismic traces. For example, two labeled
volumes are computed—one for each trace—and then the results are combined into one
labeled volume. This operation could, for example, be restricted to certain regions (e.g., in a
first region use a first labeled volume and in a second region use the other one) whereby the
regions may further be the result of manual delineation or bounding surfaces obtained from
cither of the labeled volumes. The latter example is especially desirable because a single
trace may not reach all voxels in a volume. That is, the vector field may restrict the
propagation of labels to a sub-volume. Thus, a second trace (or, more generally, a
subsequent trace) may be placed so that second propagation (or, equivalently, subsequent

propagation) covers the region that was not reached by the previous trace propagation.

[0067] The boundary value method is described as one label propagation method that
may be utilized. This method utilizes at least one seismic trace to define the different labels
for the vector volume based on the values in the seismic trace. These values are utilized to
form the boundaries of the boundary value problem (in the sense of the PDEs). The trace
may be selected by a user or may be determined by the boundaries of the volume being
modeled. In this manner, the partial differential equations described below may be solved

uniquely and, consequently, initial trace labels are propagated to form the labeled volume.

[0068] As a specific example, dips may be determined in a seismic trace through known
methods, such as using trend analysis. Undirected vectors are available in 2-D or tangent
planes given by their normal vectors, which are available in 3-D. In this method, a seismic
trace may be selected via a user and the seismic trace may be utilized to form the labels
within the vector volume, as they are distributed. This label need only be a single file of
pixels or voxels, which may be oriented along the time dimension of the measurement data
(e.g., the data volume set). Then, the labels at each of the remaining pixels or voxels may be

determined, such that a location has the same label as nearby locations along a dip.
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[0069] This method, which employs a partial differential equation that codifies harmonic

interpolation, may be expressed by the following equations (e22 and ¢23):
L(4)-L(B)=0 (¢22), and
L(C) = L(A) =0 (€23),

where L(A) denotes the label at location A, L(B) denotes the label at location B and L(C)
denotes the label at location C. The points B and C are chosen such that the dip at A is
represented by the segment joining B to A to C.

[0070] This label propagation method is further explained in Figure 4A. In Figure 4A, an
exemplary graph 400 of locations is shown for a vector volume in a discrete mesh. The
connectivity within the mesh is shown for a location P, which is surrounded by various
location or nodes, such as neighbor location N, and locations C and B. The dip at location P
is shown in the red line 404 and cannot be represented by joining P to its immediate grid
point neighbors. Instead, to capture the desired dip, the location P is connected directly to
locations B and C even though those locations are not immediate neighbors of location P in
the mesh. These locations are along the line 404, which is an extension of the vector 402.
The connection thus described is realized as a high diffusion coefficient in the PDE that the
method solves. The other locations within this mesh are connected to their immediate

neighbors through a lower diffusion coefficient.

[0071] As described in this example, a comparison between pairs of locations whose
relative positions approximate the dip is provided. Given a location P, certain pixels in 2-D
(or voxels in 3-D) within a prescribed radius are selected (e.g., by a user or other means).
This is due to the inherent limitation of a discrete dip: only a finite number of dips may be
accurately captured as outlined above. For the sake of efficiency, the user-defined radius
limits the search for dip-guided connections. Moreover, skipping immediate neighbors
means that the trace to which location P belongs may not be linked to an immediately
adjacent trace. So the propagation may not reach all traces if the connections are only due to
dip representation. Therefore, a second type of connection is introduced—referred to as a
“fill-in” connection, which connects grid points to their immediate neighbors. The procedure
thus outlined describes how to build a discrete non-isotropic Laplace operator. To

distinguish between the two types of connections, it suffices to set different diffusion
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coefficients for each: high coefficient (e.g., 1) for the dip connections, and a low coefficient
(e.g., 1/10% for the fill-in connections. Hence, the boundary value problem involves a
Laplace equation (the PDE), and the boundary values are provided by the initial trace. The

solution to this problem is the labeled volume.

[0072] Then, the labels 412 are combined with the vector volume based on the
connectivities to provide a labeled volume 420, as shown in Figure 4C. The labeled volume
420 represents the subsurface region being represented by this model. In this labeled volume
420, the labels are propagated throughout the volume to provide the different colors of red,
orange, yellow, green, blue and violet, which are associated with the appropriate labels. The
labels change more in the direction orthogonal to the vector orientation. That is, the labels
change along the gradient L direction as compared to the F direction, which is indicated in

the scale 422.

[0073] As an exemplary embodiment, the label propagation method may be performed by
a vector integration method. In this method, it utilizes the gradient of the labeled volume
being orthogonal to the vector field as part of the boundary value problem (BVP). First,
similar to the previous method, an initial trace 412 and associated labels are determined, as
illustrated in Figure 4B. Then, dips may be determined in a seismic trace through known
methods, such as using trend analysis, as discussed above. The dips are transformed into
oriented vectors 414, such that the oriented vectors point away from the initial trace. The
desired result is such that the gradient of the labeled volume L is orthogonal to the vectors,

which may be expressed in the following equation (¢24):

VLeF =0 (€24),

where L denotes the desired labeled volume, gradient L is the gradient of the labeled volume,
and F is the vector field obtained from orienting a measured dip field. This is a more
accurate representation of dip than the discrete approximation used in the harmonic

interpolation method above.

[0074] For this embodiment, Figure 4B outlines the initial boundary value problem
before the solution is computed; and Figure 4C depicts the result with the solution (L) shown.
The vector field, denoted F and depicted as 416 and 422, provides the dip connection

suggestions. The labeled volume, denoted L, is shown in color and the direction of the
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gradient of the labeled volume L (denoted gradient L at location P and depicted by 422) is
shown to be perpendicular to the vector field. In addition, Figure 4B depicts a graph 410 of a
vector field 416 for a subsurface volume shown as black arrows, as well as an initial trace

412 with assigned labels depicted with colors that vary from red to yellow to green to blue.

[0075] The equation (e24) is applicable to 2-D and 3-D problems and discretization
schemes that simplify the solution of the problem exists. To gain efficiency (e.g., to achieve
computational complexity for solving this problem that is linear in the number of grid points),
the orientation of the dip vector is determined to be away from the initial trace. In this
manner, both 2-D discretizations and 3-D discretizations may lead to updating a trace by only
looking back at previous traces (without having to loop back to other traces as in a diffusion
problem, for example). The result of this problem is a triangular matrix with few non-zero
entries, which is the same as the number of pixels or voxels. This linear system is then
solved in linear time using any standard triangular solver. For even greater efficiency,
several parallelization schemes may be utilized exploiting multiple central processor units

(CPUs) or graphics processor units (GPUs).

[0076] In one or more embodiment, different label propagation methods may be utilized
together to enhance the process be providing different models or being combined to enhance
the result. For example, a seismic image may be utilized with one or more label propagation
techniques. The method may include obtaining a trace (e.g., a seismic trace), which may be
accessed from memory or generated from measurement data through the techniques know to
those skilled in the art. Then, one or more seismic traces are selected from the image, which
may include a single seismic trace or may include multiple seismic traces. Once the seismic
trace is selected, the labels are assigned to the seismic trace. Then, labels may be propagated
to the vector volume using one or more techniques, as noted above. For instance, the Laplace
equation and diffusion equations may be utilized to propagate the labels through a vector
volume with the associated trace. Alternatively or in addition, another technique, such as
vector integration, may be utilized to propagate labels in the vector volume with the seismic
trace. Then, the labeled volume may be applied to the seismic image. The application of the
labeled volume to the seismic image may involve thresholding. If one or more labeled
volumes are generated, the different labeled volumes may be combined by a mathematical
operation or one of the labeled volumes may be selected by a user. Regardless, the resulting

labeled seismic image may be utilized for other processes, such as horizon extraction or it
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may be utilized in the identification of hydrocarbons within the subsurface region.

[0077] This process is further explained in Figures 5A to 5D. In this exemplary method,
an initial seismic image and vector volume are obtained and a seismic trace 502 is identified,
as shown in Figure SA by the seismic image 500. In this seismic image 500, a seismic trace
502 is identified for use in the method, which may be from a user’s selection or an automated
process. The Laplace equation is then utilized to propagate the labels through a vector
volume with the associated trace, as shown in labeled volume 510 of Figure 5B.
Additionally, the vector integration method is utilized to propagate labels in the vector
volume with the seismic trace, as shown in labeled volume 520 of Figure SC. Then, the
labeled volumes are combined and applied to the seismic image to create a labeled image
530, as shown in Figure 5SD. This labeled image 530 may be formed by blending the seismic
data in the seismic image with the labeled volume. Beneficially, the blending of these
volumes may further enhance modeling of the volume by providing an effective image for the

assigning of geologic properties.

[0078] In one or more embodiments, use of two or more label propagation methods may
include different variations to enhance the process. For example, the process may include
three, four or more label propagation methods, which are utilized to provide the labeled
volume. The blending of different label propagation methods may include averaging the
different labeled volumes together to form an average or may involve applying different
weights to the different labeled volumes. For instance, the first label propagation method
may be weighted 40% and the second label propagation method may be weighted 60%. The
weighting may be adjusted based on the uncertainty and/or confidence associated with the

different label propagation methods.

[0079] In other embodiments, the different label propagation methods may be utilized for
different portions of the resulting labeled volume. That is, one label propagation method may
be used for a first portion to form a first labeled volume and a second label propagation
method may be used for a second portion to form a second labeled volume. These different
labeled volumes may be combined to form the labeled propagation volume. These different
label propagation techniques may be utilized for the different portions of the volume because
of computational efficiencies of certain methods, uncertainty and/or confidence associated

with the different label propagation methods.
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[0080] As noted above, the label propagation stage may include extracting different
surfaces from the vector field and a seed point (e.g., one or more traces). However,
extracting many surfaces simultaneously may be achieved substantially more efficiently with
the use of the label propagation stage. In addition to efficiency, the simultaneously extracted

surfaces are also topologically consistent, i.e. they do not intersect.

[0081] The labeled volume is an implicit representation of the surfaces because the 3-D
coordinates of each surface point is computed from the labeled volume. An alternative to
such a representation is to explicitly store surface descriptions, which may be performed with

a stack of surfaces, which is described further below.

[0082] Beneficially, the efficient solution provided by the label propagation method
enhances the operation of the process by enhancing efficiency. For example, the label
propagation method enhances the efficient calculation of horizons, which is described further
below. The label propagation enables the selection of a label or point to read the label and
find all other locations with the same label. That is, the method assists in defining horizons
or any surface if the data is not seismic attributes. Further, the labels are not limited to the
selection of surfaces as peaks, troughs or zero-crossings, but provides the ability to select
surfaces where no special seismic events exist. This is especially desirable where the input
data is not a seismic attribute but, for example, a picture of a scanned line. This provides the
unique ability to interpret multiple types of data (e.g., seismic amplitudes and scanned lines)
and combine the results in a consistent manner to produce a geologic model. Moreover, the
label propagation method enables efficient full-volume flattening, which has the labeled
volume as a map between the original input data volume and the flattened data domain
(where surfaces appear as horizontal lines and the input data conforms to this new geometry).
Moreover, the label propagation method provides efficient calculation of geometric attributes
(e.g., unique proxies for relative thickness and isochron, may be obtained as the magnitude of

the gradient of the labeled volume).

[0083] In addition to efficiency, the label propagation provides flexibility. For example,
the label propagation method provides registration of volumes in different domains. That is,
the various data sets do need not have the same characteristics (e.g., dimension, sampling,
etc.), and may even be from different geographic locations. The labeled volumes for each
data set from the label propagation method can be used to translate a surface in one volume to
a surface in another volume. Further, this may be utilized for different scales of grid or data
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(e.g., controlled source electromagnetic and seismic data). Therefore, cross-volume

registration based on surface correspondence may be provided and realized.

[0084] The horizon extraction stage, which is noted in the block 110 of Figure 1 and
further below in Figures 11A and 11B, may be implemented through various methods to
determine the surfaces for the subsurface region. The horizon extraction stage may include
the use of the label propagation stage (using a labeled volume) and/or the vector estimation
stage (using a vector volume from the curve integration for extracting ridge curves and
surface integration for extracting ridge surfaces). The data utilized as input into this stage
may include a vector volume or a labeled volume, which may be the output from the vector
estimation stage and/or the label propagation stage, respectively. The output of the horizon

extraction stage is a subsurface model.

[0085] The horizon extraction stage may include various steps to generate the subsurface
model. For instance, surfaces may be obtained for a volume from known techniques or the
methods noted above. Then, the process of extracting the horizons may be performed, which
may include ordering the surfaces. This organizing the surfaces may include stacking the
surfaces or other suitable methods, which are described in U.S. Patent Application Pub. Nos.
20100149917; 20110048731; 20100161232; and 20110002194; publications, such as Zeng
Zeng, Hongliu, Henry, S. C., and Riola, J. P., 1998, Stratal slicing, part II: real seismic data:
Geophysics, vol. 63, no. 2, p. 514-522.

[0086] As an example of one organization method, the label volume may be a stack of
surfaces. For this example, each surface is defined such that no two surfaces intersect one
another, and that each surface has a unique depth value z at any location (x,y). The different
surfaces may be numbered from 1 to n (where n is the total number of surfaces) and then
these surfaces may be ordered according to increasing (or decreasing) depth values. The
resulting order is a stack of surfaces, which may be denoted as SOS. The representation
yields a stacked labeled volume, where the x and y coordinates are the same as in the original
volume but where the third coordinate represents a surface number s. Thus, the point (X,y,s)
in the stacked labeled volume stores the depth value z at a real location (x,y) of surface
number s. If s is a fractional number, then the depth value may be interpolated between the

depth values of surfaces with the two nearest integer values (e.g. ceiling(s) and floor(s)).

[0087] As may be appreciated, the stack of surfaces may be formed in the label
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propagation stage by choosing a granularity (e.g., how many surfaces intersect the initial
trace). In fact, in certain embodiments, this process may be utilized following the label
propagation stage or integrated into the label propagation method. That is, as the labels are
propagated to nearby traces, the depth or z values may be captured in the appropriate slots in
the labeled volume to convert it into a stacked labeled volume (a stack of surfaces or SOS).
It is not necessary to maintain the label traces except for immediate neighbors to the front of
propagation. As a result, a portion of the labeled volume may be stored, which may enhance
the process by reducing storage requirements in memory and computing read write cycles for

additional data.

[0088] As an example, for each surface s, a collection of 3-D points (x,y, SOS(x,y.s))
may be obtained. At each of those points, each surface s may be written to memory in an
initially empty labeled volume L of identical size to the volume of the vector field or seismic

image. Then, missing values in labeled volume L with the surfaces may be interpolated.

[0089] Once the stacked labeled volume is created, the volume may be verified and
corrected. That is, corrections to the surfaces in a particular stacked labeled volume may be
performed. In one embodiment, these corrections are represented by perturbations to the
surface numbers. A surface s, which is to be corrected, has its constituent points retrieved by
cycling through the possible x and y locations and extracting 3-D points according to (X,y,
SOS(x,y,s)). If, instead, the 3-D points are extracted according to (x,y, SOS(x,y,s+p(X,y)),
then corrections may be implemented. The term p(x,y) is the perturbation to the surface
number s at location (x,y). Thus, the resulting depth values over the whole surface may be
selected from many different surfaces within the stack of surfaces. A perturbation mapping

for each surface s is referenced as p(x,y,s).

[0090] In general, these perturbations could be stored in a volume p(x,y,s) of the same
size as stacked labeled volume (e.g., stack of surfaces SOS). A 3-D point may then be
extracted according to (x, y, SOS(x,y, s+p(x.,y,s)). In another embodiment, volume p(x.y,s)
may be compressed and may not be a full volume. That is, the representation of the

perturbations may be reduced by encoding the locations of zero or no perturbations.

[0091] To obtain volume p(x,y,s), various techniques may be utilized. In one
embodiment, a user may select points on a single surface, as surfaces to be corrected. If

those points are not on the same surface (e.g., having surface number ), then volume p(x,y,s)
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is computed there so that s _ref + p(x,y,s) = s(x,y), where s(x,y) is the surface number at the
user selected point (x,y,z), and s_ref is the reference surface number that is utilized to
calculate the perturbations. By using this approach, the user may effectively provide a sparse
description of p(x,y,s). Interpolation and/or extrapolation of those sparse locations may
complete the definition of the perturbations. Several interpolation and/or extrapolation
schemes may be utilized, such as linear, harmonic (e.g., solution to Laplace’s equation),

nearest neighbor, etc.

[0092] As the stacked labeled volume may become too large to compute or store as a
single file, it may be useful to divide the operation and storage between multiple computers.
Further, this division of the stacked labeled volume operations may also be useful when the
stacked labeled volume not adequately represent an area of interest (e.g., when the footprint
is not a rectangle). Such a division of the stacked labeled volume may be referred to as a
multi-stacked labeled volume. Thus, it may be beneficial to break the computing operations
and representing surfaces into a collection of stacked labeled volumes, which may be referred

to as multiple stack of surfaces (MSOS).

[0093] The collection stacked labeled volumes may be utilized in similar operations as
the stacked labeled volume, except that has to include a description that defines how surfaces
in one stacked labeled volume merge or are associated with surfaces in another stacked
labeled volume. This aspect may be managed by defining pairs of local perturbation maps

that only cover the seam between adjacent stacked labeled volumes.

[0094] As an example, a first stacked labeled volume and a second stacked labeled
volume may be combined to form a collection of stacked labeled volumes. In a particular
embodiment, each surface in the first stacked labeled volume at the seam (e.g., each curve)
may be examined. Then, one of the surface in second stacked labeled volume is selected at
the seam. This selection is limited by the constraint that the ordering relation of the first
stacked labeled volume and the second stacked labeled volume is maintained (e.g., if first
surface is above second surface in the first stacked labeled volume, then the corresponding
surfaces in the second stacked labeled volume also satisfy that relationship). Following this,
as a pair of local perturbation maps are computed or defined with one for the first stacked
labeled volume and another for the second stacked labeled volume. The computed
corresponding pairs of surfaces are made to be a single surface at the seam and the
perturbations smoothly revert to the original surfaces as the surfaces move away from the
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seam. Thus, if surface s in the second stacked labeled volume is modified to continue surface
s’ from the first stacked labeled volume at the seam, then the perturbation map smoothly

morphs surface s into the curve of surface s” approaching the seam.

[0095] In one embodiment, the surface curve at the seam is computed as the average of
curves from the corresponding surfaces from each of the first stacked labeled volume and
second stacked labeled volume being combined. To perform this averaging, one may pick a
trace on the seam and compute the curves at regular intervals that pass through the trace.

Then, curve averaging may be performed.

[0096] In an alternate embodiment, the surface curve at the seam may be computed
independently. For example, vectors may be obtained at the seam surface and then the label
propagation stage may be executed to produce a local stack of curves. Each of these curves
may then be propagated into each of the two stacks. As an example, a point on a curve may
be selected and then the surface that this point defines in first stack may be calculated. Then,
the surface orthogonally to the curve may be determined. This process may be repeated for

other stacks.

[0097] As yet another method that may be utilized for the horizon extraction stage, this
stage may include a curve integration for extracting ridge curves method. This method may
include determining a ridge curve that passes through a local maximum including two or
more computational methods, such as (i) approximating a tangent field and (ii) numerical
integration. The approximating the tangent field may be performed once on the data volume
and the resulting vector field may be used to compute several ridge curves. The vector
estimation stage describes one method to approximate the tangents to the ridge curves, but
numerous other methods may be utilized. In particular, the vector estimation stage provides a

controllable method that provides an enhancement to the estimation and other techniques.

[0098] The second approach to determine the ridge curves involves performing a
numerical integration. This process begins with the selection of a seed point. The seed point
may be selected manually or through an automated process, which is known in the art. This
seed point is then expanded in the tangent direction according to a step size. This expansion
continues until a stopping criterion is satisfied. The resulting sequence of points constitutes
the approximation of the ridge curve. Beneficially, this approach computes the local tangents

in an enhanced manner as compared to conventional methods. That is, the approximate
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tangent field is utilized to compute a local neighborhood ahead of the current point. Then,
the neighborhood is analyzed and an appropriate tangent vector is selected. Thus, the tangent

field is used as a guide and the curves are not necessarily dependent upon the tangent field.

[0099] For example, a point P and an approximated tangent EO may be obtained. For the
point P and approximated tangent, the neighbors @, which are defined in equation (e25), may

be collected:
N={Q:(P-Q) L, >0,IP=Qll <1} (c25);

where r is the radius of the neighborhood N and, as noted above, N is neighborhood, while P

and Q are spatial locations.

[0100] The weights at those neighbors may be defined by equation (e26) as follows:

W(X, Y) = W(va Qy) (626).

[0101] The weights may be transformed so that the weights are positive according to

equation (e27):
W(x,y) = W(x,y) — min(W) (€27);
where W, as noted above, is the weight at spatial location (X,y)

[0102] The ridge tangent at its current point may be computed by computing the
weighted average of the vectors joining point P to its neighbors in N as follows in equation
(e28):
(Qx—Px)
w P
Tgen W (Qe @) B

Soen W(Qx 0,) 222

lle—Pll

-

tridge (628);

where En-dge is the ridge tangent at the current point.

[0103] This solution provides half of the curve (e.g., the “right” half) because the
approximated tangent is oriented that direction. The other half of the curve (e.g., “left” half)
is obtained in a similar manner by considering the negative of the approximated tangent,

which is expressed in equation (¢30):
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t, = —t, (€30)

[0104] As an example, Figure 2 along with Figure 6 may be utilized to describe an
implementation of this method. As noted above, Figure 2 is an exemplary graph 200 of a
vector field for a portion of the subsurface volume, which includes various troughs (e.g.,
blacks regions) and peaks (e.g., yellow, orange and red regions). These ridge tangents may
be computed by equations above. Beneficially, this calculation of the ridge tangents provides
another process of calculating the ridge curves by using an existing vector field or directly

from the data volume.

[0105] Then, the computed vector field is utilized to compute a more accurate local
tangent to the ridge curve and perform the numerical integration. For this example, the
stopping criterion is a negative data point (e.g., as only positive amplitudes are shown in
Figure 6). Figure 6 is an exemplary graph 600 of an amplitude data with ridge curves for a
portion of the subsurface volume, which includes various troughs (e.g., blacks regions) and
peaks (e.g., yellow, orange and red regions). In this graph, the depth of the subsurface
volume is shown along the axis 602 in units of sample number and distance is shown along
axis 604 in units of trace number. Further, the intensity of the amplitude is shown in
arbitrary units in scale 606, which has the color black associated with troughs and the colors
red, orange and yellow associated with increasing magnitude from red to orange to yellow.
The axis 602 and 604 may be similar to that of Figure 2, noted above. As shown in this
graph, various local tangents, as represented by the tangents of the curves 608 and 610.
Although different seed points initiate different ridge curves, many ridge curves overlap or
are in close proximate to other ridge curves. This result is expected because each curve is
directed toward a local maximum as a result of the calculation of the ridge tangent. This
provides additional benefits in that it provides additional insights into the reflections, such as
estimates how reflections behave, where they terminate, how they thicken and thin, their

topological connectivity, etc.

[0106] Unlike other conventional methods, which rely upon the tangent field, the present
technique does not use the tangent field to compute the local tangents during the integration
step. The tangent field is merely used to guide the estimate of the local tangent. The

neighborhood “in front” of the current point during the curve integration can also be
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restricted to a cone in front of the point oriented by the local tangent. In particular, the

neighbor can be expressed as equation (e31):

N = {Q: Ii:gl)l £y > cos(a), |IP = Q| < r} (e31);

where 0 < a < m/2 denotes the angle at the apex of the cone and r is the height. This
approach uses the data directly and may recover from large errors in the initial tangent field.
Additionally, the size of the cone is a parameter that can adjust the smoothness of the

resulting curves, as well as their sensitivity to data noise.

[0107] Yet another method of performing the horizon extraction may include surface
integration for extracting ridge surfaces. This method may include determining a ridge
surface that passes through a seed point, such as a local maximum, which is similar to
computing the ridge curves in two dimensions. First, a tangent plane is computed at each
location in the volume, which can be performed with any known methods. For instance, the
calculation of the tangent plane in the vector estimation stage. Similar to the calculation in 2-
D, the field of the tangent plane normals are used as a guide to compute the next point in the
surface. The procedure begins at a seed point (x,y,z), collects the x and y neighbors that can
be visited and have not been visited yet. Then, a z value is computed for each neighbor in a
manner described below. The stopping criterion may include no additional neighbors are
available, a threshold for neighbors, a specific window for neighbors, do not visit an xy
location more than one (e.g., to avoid self-overlapping curves), or the like. Beneficially, this

method computes a horizon that may be utilized in the interpretation of the data.

[0108] As an example, location P is a point on the xy grid, such that at least one of its
immediate eight neighbors is part of the integral surface. One of the neighbor points may be

selected and references as Q=(Qx, Qy, Q). If vector u is defined by equation (e32):
u=P—-Q (e32);
and Wis defined as the projection of vector ¥ onto the approximate tangent plane at location

Q. Then, the analogous neighborhood of P in 3-D may be defined similarly to the 2-D case

above as satisfying the constraint equation (e33):

N= {”Ii:g” W > cos(a),||P = Q|| < r} (€33).
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[0109] As in the 2-D example (which is noted in equation (e31)), the average vector a

between the tangent plane Q and the collected points weighing each vector by the data value

is computed. Analogously, the vector ﬁ is the updated approximation to the directional

derivative of the surface, so the z value at location P should be the z value at tangent plane Q
incremented by the z component of that vector, which is represented by equation (e34):

az
lall

P=0,+ (e34).

[0110] Further, curves and surfaces from trend tensors may be calculated by obtaining
tangent vectors or tangent planes from the trend tensors. As an example, a seed point P may
be provided. With the seed point, an integration of the tensor ficld may be performed until
the quality of the measurements (e.g., the tensor) deteriorates below a user-specified
threshold. In 2-D, the integration of the tensor field includes classical curve integration
whereby the next point on the curve is chosen by examining the last point, computing the
tangent there using the tangent field, and advancing in the unit tangent direction by a
predefined step size. This method of computing the tangent field manages the noise.

Examples of iso-curve tensor applications in two dimensions are shown in Figure 7.

[0111] Figure 7 illustrates a graph associated with extracting isocurve tensor in
accordance with an exemplary embodiment of the present techniques. In particular, Figure 7
is an exemplary graph 700 of a seismic image for a portion of the subsurface volume. In this
graph, the depth of the subsurface volume is shown along the axis 702 in units of sample
number and distance is shown along axis 704 in units of trace number. Further, the
confidence values, such as confidence value 714, are shown as a multitude of yellow
segments, each of which that denotes orientation and unitless relative magnitude (through its
angle and length) but omits direction, while the calculated curves are indicated by the longer
red lines, such as line 712, and seed points 715 are shown in green. As shown in this graph,

the selection of the seed point may be utilized in the generation of a horizon (e.g., curves).

[0112] In 3-D, the integration includes computing the height value, or z-value, of the

surface boundary neighbors. With a neighbor Q of a surface boundary voxel P, the vector v

in the x-y plane that connects P to Q is computed. Then, the tangent plane at voxel P is

utilized to compute the directional derivative value in the direction of V and it is used to
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increment the z-value of voxel P. The result is that the z-value of Q is obtained. The

integration may be stopped in areas of low confidence for certain workflows.

[0113] Also, given a stack of surfaces SOS, selection of the surface number s in order to
extract a 3-D surface may be sufficient. If a perturbation map p(x,y,s) is available, as noted
above, then the surface number should be constructed with respect to that map. In other

words, given a point (x,y,z) find s such that SOS(x,y, s+p(x,y,s)) is closest to z.

[0114] As a further enhancement to the subsurface model construction process, certain
embodiments may update the vector estimation stage as part of the subsurface model
generation process, as shown in the exemplary flow chart 800 of Figure 8. That is, this flow
chart includes additional steps utilized to update the vector estimation stage using a flattened
domain. In this flow chart 800, various stages may be implemented from the flow chart 100
of Figure 1. That is, the process includes a data preparation stage, which includes blocks 102
and 104, vector estimation stage, which includes block 106, label propagation stage, which
includes block 108, and a horizon extraction stage, which includes block 110. Further, the
resulting subsurface model may be verified and utilized to produce hydrocarbons as shown in
blocks 112 and 114. These previously discussed blocks may operate in a similar manner to
the discussion above. However, in this flow chart 800, the labeled volume is subjected to a

vector verification and updating stage, which includes blocks 802, 804, 806 and 808.

[0115] The process flow begins with a data preparation stage, which includes blocks 102
and 104. As noted above, these blocks involve constructing a data volume set from the
measurement data. Then, as noted in block 106, the vector estimation stage is performed,
which may include the techniques noted above. Following the formation of the vector
volume, the label propagation stage, which includes block 108 is performed in a manner

similar to the process noted above.

[0116] Once the labeled volume is constructed, the vector verification and updating
stage, which includes blocks 802, 804, 806 and 808, is performed. At block 802, the labeled
volume is utilized to flatten the data volume. The flattening of the data volume may include
mapping the data onto the surfaces defined by the normal vectors in the label propagation
stage. Then, at block 804, vectors may be estimated in the flattened data volume. This
vector estimation may involve the different processes noted in the vector estimation stage to

form a flattened data volume based on a stack of surfaces obtain from the vector volume and
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then generate an estimate of errors (e.g., vector error volume). That is, the process may
include computing vectors in the flat domain, which are correction vectors that may be
formed into a vector error volume. The vector error volume may be the deviations from the
horizontal vectors and may be applied to the current estimate of the vector volume to further

enhance the volume, which is performed in block 808.

[0117] Once the vector error volume is computed, the vector error volume is determined
whether it is within a threshold, as shown in block 806. The process may verify if the error
vectors are threshold (e.g., tolerance) or if a maximum iteration number has been reached. If
the error vector volume is within the threshold, then the process may perform the horizon
extraction stage, verify the subsurface model and use the model, as set forth in blocks 110,
112 and 114. If the error vector volume is not within the threshold, then the process may
update the vector volume with the vector error volume to form an updated vector volume, as
shown in 808. The update of the vector volume may include applying the error vector
volume to the vector volume and storing the updated vector volume, which is utilized in
block 108. Then, the process may perform the label propagation stage with the updated
vector volume and produce a final stack of surfaces. Beneficially, the error vector may be

determined for each sample (e.g., independently or as a local determination).

[0118] As an example, one or more embodiments may include computing vector, such as
in block 106 of Figure 1 or block 804 of Figure 8. The method may include obtaining a data
volume, wherein the data volume has a plurality of traces and each of the plurality of traces
include a plurality of samples; obtaining a neighborhood criteria (e.g., neighborhood size and
shape or stencil) to be applied at each sample of the data volume; then for each sample in the
data volume, performing: (i) extracting a set of samples that comprise the neighborhood; (ii)
assigning a coordinate to each sample in the set of samples; (iii) assigning a weight to each
sample in the set of samples, wherein the weight is a function of the data value of the sample;
(iv) calculating a modified polynomial fit (e.g., a linear regression) on the set of samples; (v)
assigning a value to the sample based on the calculated modified polynomial fit, that value is
the vector for that sample, which are stored in the vector sample; and storing the assigned

values for each sample as the vector volume in memory accessible by a computer system.

[0119] In one or more embodiments, the method may include different approaches to

compute the vectors. For example, the method may include calculating the weight as a
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function of the value at the sample (e.g., the calculation may include calculating the absolute
value, an even power, etc.). The calculation may include subtracting the value associated
with the sample from a maximum value, which may prefer low values (e.g., function is
maximum threshold value (MaxValue) minus the sample value (SampleValue), which may
be used for troughs instead of peaks. In other approaches, the zero-crossings may be utilized
to calculate the weight of the sample (e.g., weight function is exponent of the sample value
(exp(SampleValue)). Alternatively, the weight may also be calculated based on the location
of the sample in the data volume, which allows manual intervention in some parts but not in
others. Further, the method may include calculating the modified polynomial fit comprises
calculating a modified polynomial fit on the set of samples and/or the calculation may

include incorporating the weight of each sample in addition to the coordinates of the sample.

[0120] As yet another example, the method of modeling the subsurface is described. The
method may include obtaining measurement data in a data volume associated with a
subsurface region; computing initial vector estimates for the data volume to form a vector
volume; flattening at least a portion of the data volume based on the vector volume;
computing an error estimate based on the flattened at least a portion of the data volume for
each sample; determining whether the error estimate is within a threshold; updating the
vector estimates in the vector volume based on the computed error estimates, if the threshold
is not satisfied; and one or more of storing the vector volume in memory accessible by a
computer system and displaying the vector volume on a display accessible by a computer
system, if the threshold is satisfied. The method may include repeating certain steps (e.g., the
flattening the at least a portion of the data volume; computing vector estimates; determining
whether the error estimates are within a threshold; updating the vector estimates) with the

updated vector estimates, if the threshold is not satisfied.

[0121] Further, in other embodiments, the iterative update of vectors may be performed
based on localized operations. In particular, the predicted data volume may be a flattened
version of the volume, but only restricted to a portion of the volume (e.g., one or more areas
or regions of the original volume). This is may be preferred because localized measurements
are more efficient (e.g., a well-defined flattening operation), which does not involve the
difficulties related to thinning and thickening of geologic packages in full volume flattening.
In this embodiment, therefore, small neighborhoods (e.g., squares in 2-D or cubes in 3-D) are

first extracted. For each such neighborhood, the current estimates of the vectors are used to
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build a set of local surfaces (restricted to the neighborhood). Then, the data is flattened (only
for that neighborhood) and vector estimates are computed on the result. These estimates
constitute error estimates for the center of the neighborhood. The procedure is repeated for
each of the neighborhoods until the locations in the original data volume are covered (except
possibly near the edges of the data volume). This constitutes the error estimation step. The

remaining steps in the process are as similar to the previous embodiments.

[0122] In another embodiment, the data prediction is full volume flattening and the error
estimation is a user driven process. Specifically, a user may interpret a surface in the
flattened domain which is then used to estimate errors in the vectors which the surface
encompasses. Alternatively, the user may interpret a surface in the original data volume
instead of the flattened domain. In either case, the portion of the data volume for which error
cstimates exist is restricted to the areas where a surface is interpreted. As in other

embodiments, the overall process is iterative.

[0123] As an example, one embodiment may include a method of modeling the
subsurface that includes the steps of obtaining measurement data in a data volume associated
with a subsurface region; computing initial vector estimates for at least a portion of the data
volume to form a vector volume; computing a error estimate for at least a portion of the
samples for which there is a vector estimate, wherein the error estimate is based on a
comparison of a predicted data volume and the at least a portion of the data volume;
determining whether the error estimate is within a threshold; updating the vector estimates in
the vector volume based on the computed error estimates, if the threshold is not satisfied;
and one or more of storing the vector volume in memory accessible by a computer system
and displaying the vector volume on a display accessible by a computer system, if the
threshold is satisfied. The predicted data volume may be based on a flattening at least a
portion of the data volume based on the vector volume or the model vectors that follow the
surface (e.g., the vectors that are tangent to the surface); while the flattening at least a portion
of the data volume based on the vector volume may include each of the surfaces at the same
axial location. Further, the at least a portion of the data volume may include one or more
surfaces in a label volume that are mapped to the at least a portion of the data volume or may
include one or more extracted horizons that are mapped to the at least a portion of the data

volume.
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[0124] In other embodiments, the method may be utilized to extract local geometry from
data. The method may include loading or obtaining measurement data; computing an initial
approximation of the normal vectors (e.g., noted in the disclosure above for computing
vectors); flattening the data or a portion of the data onto the surfaces defined by the normal
vectors (e.g., similar to the disclosure related to Figure 10A and 10B); computing vectors in
the flat domain (e.g., these are correction or error vectors); then, if the correction vectors are
within tolerance or a maximum iteration number is reached, then the vector volume is
complete; otherwise apply correction to vectors and repeat steps of flattening the data,
computing vectors and determining whether the correction vectors are within tolerance or a
maximum iteration number is reached. The computing the vectors may include computing the
ridge tangents, computing trend tensors, computing structure tensors, and/or computing

gradients of measurement data.

[0125] In certain embodiments, the method may include various features. For example,
the method may include using the vector estimates in the vector volume to obtain dense set of
surfaces (e.g., many samples have at least one surface passing through it or at substantially
any location in the data volume is associated with a surface); wherein the measurement data
include a plurality of traces, each trace having a plurality of samples and/or wherein the
dense set of surfaces is a surface through each sample of each trace. Further, the flattening of
the data volume based on the vector volume may include each of the surfaces at the same
axial location (e.g., depth location or moving sample along a depth or time axis such that all
samples associated with the same surface are at the same depth location or plane). The
method may also include that the threshold is a maximum number of iterations or the
threshold may be an error estimation threshold (e.g., the norm of the difference between the

different vectors).

[0126] As may be appreciated, the embodiment may include a method that includes
different data types, different uses for the vector volume and may be utilized to provide
indications as to hydrocarbons within a subsurface region. For example, the method may
include traces is a plurality of seismic traces (the seismic traces may be constructed from a
seismic image or measured seismic data set); controlled source electromagnetic traces, and/or
well log traces. The method may include utilizing the labeled volume to determine the
location of hydrocarbons, wherein the labeled volume is created by the method mentioned

above. Then, a well may be drilled to access the hydrocarbons and hydrocarbons may be
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produced from the well. The method may also be utilized to generate labeled volumes and
extract horizons, which are described further below in the reference to discussion of Figures

10A, 10B, 11A and 11B, as examples.

[0127] As an example of the benefits of data flattening, Figure 9 includes various graphs
900 and 910, which illustrates data slices subjected to a data flattening method in accordance
with an exemplary embodiment of the present techniques. The graph 900 is an initial data
slice that includes certain vector errors. Once this data slice is subjected to a data flattening
method, the vector estimates in the flat domain capture the vector errors, as indicated in the
marked area 912 in graph 910. As such, the flattening method may be utilized to indicate
errors in the initial modeling, which may be utilized to enhance the model in an efficient

manner.

[0128] Figures 10A and 10B are flow charts for performing the label propagation stage in
accordance with exemplary embodiments of the present techniques. These different
embodiments may be utilized in the processes noted above, such as label propagation stage in
block 108 of Figures 1 and/or 8. In particular, Figure 10A is a flow chart 1000 involves
selection of an initial trace to propagate the labels. The process involves determining labels
for a trace, which is described in blocks 1002, 1004, and 1006 and then managing the
propagation of these labels to the other traces in the volume, which is described in blocks

1008, 1010, 1012 and 1014.

[0129] The process begins by obtaining a vector volume, as shown in block 1002. The
vector volume may be formed from the any of the different vector estimation stages noted
above. Then, at block 1004, a trace within the data volume may be sclected. This selection
may include interacting with a user to select one or more of the traces in the data volume
and/or an automated mechanism (e.g., set of instructions) configured to select certain traces
based on coverage of the volume. Then, at block 1006, labels are assigned to each sample
within the selected trace. This assignment of labels may include certain traces having the

same label or each sample may receive a different label.

[0130] Once the labels are assigned to the selected trace, the process manages the
propagation of these labels to the other traces in the volume, which is described in blocks
1008, 1010, 1012 and 1014. At block 1008, a propagation pattern is selected. The selection

of the propagation pattern may be via interaction with the user and/or through an automated
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selection process. The automated selection process may be based on an optimization
calculation of the volume from the trace selected and/or a determination based on the
surfaces and/or slope of the volume. At block 1010, the labels are propagated to other traces
in the volume based upon the propagation pattern. The propagation of the labels may include

using the vector volume to guide the propagation of labels.

[0131] At block 1012, a determination is made whether the label propagation provides
sufficient coverage for the volume. This determination may include determining if the nodes,
grids or cells within the volume have a label assigned to them and/or if the labeled volume is
within a specific threshold for having the labels assigned. That is, the sufficient coverage
determination may include a manual review by a user or an automated process. For example,
sufficient coverage may include all of the samples being provided with labels, at least 95% of
the samples being provided with labels or at least 85% of the samples being provided with
labels). If the coverage is not sufficient, then another trace is selected in block 1004 and the
process is repeated with this new trace. However, if sufficient coverage is provided, then the
labeled volume may be stored and/or displayed, as shown in block 1014. The storage of the
labeled volume may involve storing the labeled volume in memory and/or the like. The
display of the labeled volume may include displaying all or a portion of the labeled volume to

a user via a display unit.

[0132] Similar to the flow chart 1000 of Figure 10A, Figure 10B is a modified flow chart
that maintains certain surface locations. That is, this flow chart 1030 includes additional
steps utilized to maintain or store certain surface locations. In this flow chart 1030, various
stages may be implemented from the flow chart 1000 of Figure 10A, which are referenced
with the same reference numerals here for simplicity. That is, the process includes
determining labels for a trace, which is described in blocks 1002, 1004, and 1006 and then
managing the propagation of these labels to the other traces in the volume, which is described
in blocks 1008, 1012 and 1014. However, in this process, certain surfaces are further
managed, as shown in blocks 1032 and 1034.

[0133] Similar to the process of Figure 10A, the process begins by obtaining a vector
volume, as shown in block 1002. Then, at block 1032, one or more labels are selected for
surface locations that are to be maintained. This selection of one or more labels may include

interacting with a user to indicate which labels are to be maintained, or may be based on an
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automated process, which selects the label locations. At block 1004, a trace within the data
volume may be selected. Then, at block 1006, labels are assigned to each sample within the

selected trace.

[0134] Once the labels are assigned to the selected trace, the process manages the
propagation of these labels to the other traces in the volume, which is described in blocks
1008, 1034, 1012 and 1014. At block 1008, a propagation pattern is selected. At block 1034,
the labels are propagated to other traces in the volume based upon the propagation pattern,
but the surface locations are maintained and the labeled traces are discarded. The
propagation of the labels may include using the vector volume to guide the propagation of

labels.

[0135] At block 1012, a determination is made whether the label propagation provides
sufficient coverage for the volume. This determination may include determining if the nodes,
grids or cells within the volume have a label assigned to them and/or if the labeled volume is
within a specific threshold for having the labels assigned. If the coverage is not sufficient,
then another trace is selected in block 1004 and the process is repeated with this new trace.
However, if sufficient coverage is provided, then the labeled volume, which is a stack of
surfaces, may be stored and/or displayed, as shown in block 1014. The storage of the labeled
volume may involve storing the labeled volume in memory and/or the like. The display of
the labeled volume may include displaying all or a portion of the labeled volume to a user via

a display unit.

[0136] As an example, one or more embodiments may include a method of converting
data into a subsurface model. The method may include obtaining a data volume associated
with a subsurface volume (the data volume has various traces and each trace includes various
samples (e.g., data sample)); forming a vector volume from the data volume (each data
sample within one or more traces is assigned a vector representing one or more of dip,
azimuth and confidence; generating a labeled volume based on the vector volume by
propagating labels from at least one initial trace (each of the samples is associated with one
of the labels); and one or more of storing the labeled volume in memory accessible by a
computer system and displaying the labeled volume on a display accessible by the computer

system. The samples may be associated with a single point distributed along an axis of the
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trace, which may be the y-axis or a depth axis, and each sample may be associated with a

seismic attribute or intensity value.

[0137] In other embodiments, the method may also include other features. For example,
the method may include propagating the labels to at least one trace in the labeled volume
based on first order differential equations. Also, the method may include propagating the
labels from at least one initial trace may include propagating one label to two or more
samples within one traces (e.g., multiple samples within a trace may include similar labels).
The method may also include volumes having the same trace distribution (e.g., each sample
in a trace has a label and a vector that relate the data volume, vector volume and label volume
together) or the volumes may not include the same grid distribution (e.g., the distribution in
the vector volume and data volume may be the same for the traces that correspond to each

other, but the label volume may have different number of samples in each trace).

[0138] In another embodiment, the method to extract a stack of horizon surfaces from a
seismic data volume (e.g., 2-D or 3-D) may include obtaining local geometry information in
the form of normal vectors; defining labels in one trace; determining how to sample the labels
(which labels to follow through); and propagating the labels to adjacent traces to form a
boundary of labeled traces. Before propagating labels to adjacent traces, the method may
store coordinates for each sampled label of the current trace, propagate labels to adjacent
traces; and for each trace that has been processed (e.g., coordinates recorded and all of its
adjacent traces populated with labels) discard the labels. Further, the labeled volume, which
may be a stack of surfaces, may be compressed during the calculation, which may include

applying compression to one trace at a time and/or compression to a neighborhood of traces.

[0139] Further, the generating the labeled volume may include selecting one traces within
the data volume as the initial trace; assigning labels to the samples within the initial trace;
and propagating the labels to samples in other traces based on the assigned labels and the
vectors in the initial trace. To propagate these labels, a propagation pattern may be utilized,
which may include selecting a propagation pattern before propagating the labels to the
samples in the other traces, propagating labels to the samples in the other traces in the
orthogonal direction from an inline or cross-line to the initial trace or even in a direction of

the tangent plane or tangent vector of the initial trace.



10

15

20

25

30

WO 2014/099204 PCT/US2013/070553

[0140] Other embodiments may include managing the distribution of the labels. For
instance, ,the method may include determining whether sufficient coverage of the labeled
volume is provided (e.g., are all of the samples provided labels, at least 95% of the samples
provided labels or at least 85% of the samples provided labels); if sufficient coverage is
provided, one or more of storing the labeled volume in memory accessible by the computer
system and displaying the labeled volume on the display accessible by the computer system;
and if sufficient coverage is not provided, selecting a second trace of the plurality of
traces and assigning the labels to the samples within the second trace and propagating the

assigned labels to samples in one or more of the plurality of traces.

[0141] In other embodiments, the generating the labeled volume may include combining
different label volumes. In particular, the method may include selecting a first trace from the
traces within the data volume; assigning first labels to samples within the selected first trace
(each sample is associated with one of the first labels); propagating the first labels to samples
in other traces based on the assigned first labels, the vectors and a first propagation pattern to
create a first labeled volume; and selecting a second trace from the traces within the data
volume (e.g., which is different from the first trace); assigning second labels to
samples within the selected second trace (each sample is associated with one of the second
labels); propagating the second labels to samples in other traces based on the assigned second
labels, the vectors and a second propagation pattern; and combining the first labeled volume
and the second labeled volume into the labeled volume. The combining the first labeled
volume and the second labeled volume may include applying different weights to the first
labeled volume and the second labeled volume (e.g., based on confidence or uncertainty in
the data or type of data in the data volume). Further, labeled volume may cover different or
overlapping portions of the data volume, such as the first labeled volume provides first labels
for a first portion of the labeled volume and the second labeled volume provides second

labels for a second portion of the labeled volume.

[0142] In these embodiments, the propagation patterns may include one of (i)
propagating from the selected first trace or selected second trace by following the inline of
the trace and then propagating (in parallel) from this initial inline and in the cross-line
direction to complete the labeling; and (ii) propagate radially outward starting at the initial

trace.
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[0143] In yet other embodiments, the generating the labeled volume may include
selecting one trace within a data volume; selecting one or more labels for a surface location
in the data volume; assigning labels to samples within the trace in the data volume; and
propagating the labels to other traces in the labeled volume based on the assigned labels for
the samples and the vectors, wherein the propagation includes storing in memory the surface
location for the selected label and for each trace that has been processed discarding the labels.
The label for a sample may be discarded once the coordinates are stored in memory and the

adjacent traces are populated with labels.

[0144] As may be appreciated, this method may include different data types and be
utilized to provide indications as to hydrocarbons within a subsurface region. For example,
the method may include traces is a plurality of seismic traces (the seismic traces may be
constructed from a seismic image or measured seismic data set); controlled source
electromagnetic traces, and/or well log traces. The method may include utilizing the labeled
volume to determine the location of hydrocarbons, wherein the labeled volume is created by
the method mentioned above. Then, a well may be drilled to access the hydrocarbons and

hydrocarbons may be produced from the well.

[0145] Figures 11A and 11B are flow charts for performing the horizon extraction stage
in accordance with an exemplary embodiment of the present techniques. These different
embodiments may be utilized in the processes noted above, such as horizon extraction stage
in block 110 of Figures 1. In particular, Figure 11A is a flow chart 1100 that involves

selection of one or more labels to determine horizons.

[0146] The process begins by obtaining a labeled volume, as shown in block 1102. The
labeled volume may be formed from the any of the different label propagation stages noted
above. Then, at block 1104, a label within the labeled volume may be selected. This
selection may include interacting with a user to select one or more of the labels in the vector
volume and/or an automated mechanism (e.g., set of instructions) configured to select certain
labels based on certain thresholds. Then, at block 1106, locations where the label exists are
extracted. Then, the horizons may be stored and/or displayed, as shown in block 1108. The
storage of the horizons may involve storing the horizons in the form of a subsurface model in
memory and/or the like. The display of the horizons and/or subsurface model may include

displaying all or a portion of the labeled volume to a user via a display unit.
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[0147] Similar to the flow chart 1100 of Figure 11A, Figure 11B is a modified flow chart
that may be utilized for a specialized labeled volume, such as a stack of surfaces. That is, this

flow chart 1130 includes additional steps utilized to maintain or mange the surface locations.

[0148] Similar to the process of Figure 11A, the process begins by obtaining a labeled
volume, which is a stack of surfaces, as shown in block 1132. The labeled volume may be
formed from the any of the different label propagation stages noted above, which produce a
stack of surfaces. Then, at block 1134, one or more anchor locations may be selected. This
selection may include interacting with a user to select one or more of the anchor locations in
the labeled volume and/or an automated mechanism (e.g., set of instructions) configured to
select certain anchor locations based on certain thresholds. The selection of anchor locations
may include assigning index values to the locations. Then, at block 1136, the indexes at the
anchor locations are propagated to the other traces within the labeled volume. Then, the
labeled volume is utilized to transform the indexes into depth using the labeled volume, as
shown in block 1138. Then, the horizons may be stored and/or displayed, as shown in block
1140. The storage of the horizons may involve storing the horizons in the form of a
subsurface model in memory and/or the like. The display of the horizons and/or subsurface
model may include displaying all or a portion of the labeled volume to a user via a display

unit.

[0149] As an example, a method of converting measured data into a subsurface model is
described. The method includes obtaining a labeled volume associated with a subsurface
volume, wherein the labeled volume has various traces and each of the traces include a
different samples, which each are associated with a label; selecting one of the labels or a
location associated with one of the labels in the labeled volume; combining the extracted
locations into an object associated with the selected label; and one or more of storing the
object in memory accessible by a computer system and displaying the object on a display
accessible by the computer system. The extracting locations in the labeled volume associated
with the selected label include for each sample, comparing the selected label with the label
associated with a selected sample in the labeled volume; determining whether the comparison
indicates that the label for the selected sample matches the selected label; if the selected label
matches the label associated with the selected sample, assigning the location of the selected

label to the selected sample; and if the selected label is not match the label associated with
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the selected sample, determining an interpolated location for the selected sample and

assigning the interpolated location to the selected sample.

[0150] As another example, another method of converting measured data into a
subsurface model is described. The method may include obtaining labeled volume associated
with a subsurface volume, wherein the labeled volume has a plurality of traces and each of
the plurality of traces include a plurality of samples and each sample associated with a
surface number; obtaining a surface number perturbation map; selecting a surface number in
the labeled volume; extracting locations in the labeled volume associated with the selected
surface number; combining the extracted locations into an object associated with the selected
surface number; and one or more of storing the object in memory accessible by a computer
system and displaying the object on a display accessible by the computer system. The
extracting locations in the labeled volume associated with the selected surface number may
include: for each sample, comparing the selected surface number with the surface number
associated with a selected sample in the labeled volume; determining whether the comparison
indicates that the surface number for the sclected sample matches the selected surface
number; if the selected surface number matches the surface number associated with the
selected sample, assigning the location of the selected surface number to the selected sample;
and if the selected surface number does not match the surface number associated with the
selected sample, determining an interpolated location for the selected sample and assigning

the interpolated location to the selected sample.

[0151] As yet another embodiment, the method may include a stack of surfaces created
from the data volume or even the labeled volume. The method may include obtaining a
surface number perturbation map; computing the surface number of the picked point;
extracting a surface for each region; reporting the collection of surfaces as the final product
(storing or displaying the collection of surfaces). As part of this method, the method may be
repeated by modifying the perturbation map and the modifications of perturbation map may
be stored. In certain embodiments, the process may utilize a stack of surfaces to identify
horizons from the stack of surfaces. In other embodiments, the method may include multiple

stack of surfaces that are integrated at seams (e.g., seam connections).

[0152] In certain embodiments, the method may include certain operations based on the
mappings between the volumes. For example, the points in data (e.g., locations, cells, or

samples) volume may be selected for a potential horizon is believed to pass through. Then,
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these points may be converted into indices in the stack of surfaces (e.g., creating values for
the points (e.g., point is associated with a location in trace in data volume and depth in trace,
which is associated to the index in stack of surfaces). Further, the method may include an
array of values for the surface by populating it with the computed values. The values are
propagated to the remainder of the samples in the volume following a harmonic interpolation.
The array of values represent a trace, all values can be converted into depth or time values by

indexing into the stack of surfaces. The indexing may include interpolating indexing.

[0153] In other embodiments, the method to extract surfaces from data may include
computing an intermediate surface representation, such as a labeled volume, a stack of
surfaces, or a multitude of stacks of surfaces. Then, the stack of surfaces may be related to
other stack of surfaces. As an example, the method may include selecting a point in the data
volume; locating other related points from the surface representation. Further, the method
may include a labeled volume and may include obtaining the label of the picked location;
extracting other locations in the label volume with the same label. The labeled volume may
be the same size as data volume and each entry has a label and value (e.g., each sample has a
value as the label). The method may also include transforming indices into depth via the

stack of surfaces.

[0154] In certain embodiments, the method may include different features. For example,
the method may include selecting one or more anchor locations within the labeled volume
and assigning at least one index character at each of the one or more anchor locations; and/or
the selection may involve on interacting with user to modify the label volume. Also, the
object may be a surface or the location of the selected label may be an integer, and the
interpolated location for the sclected sample may be indexed by the closest integers to the
label of the selected sample. The method may include creating the labeled volume from a
data volume, wherein the data volume has a plurality of traces and each of the plurality of
traces include a plurality of samples and each sample associated with a data value associated
with measured data. Further, the samples in the label volume map to one of the samples in
the data volume; the samples in the label volume map to two or more of the samples in the
data volume; and/or the label is a surface number. The method may include obtaining a
surface number perturbation map prior to selecting one of the labels or a location associated

with one of the labels in the labeled volume.
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[0155] As may be appreciated, this method may include different data types and be
utilized to provide indications as to hydrocarbons within a subsurface region. For example,
the method may include data volumes that are used to create the label volume. The labeled
volume may include traces, such as seismic traces (the seismic traces may be constructed
from a seismic image or measured seismic data set); controlled source electromagnetic traces,
and/or well log traces. The method may include utilizing the objects to determine the
location of hydrocarbons, wherein the object is created by the method mentioned above.
Then, a well may be drilled to access the hydrocarbons and hydrocarbons may be produced

from the well.

[00100] Further, in one or more embodiments, the present techniques may be utilized to
produce hydrocarbons from a subsurface region. This subsurface region may be represented
by the vector volume, labeled volume and subsurface model, which may be generated in
accordance with the embodiments noted above. For example, a method may include
constructing a subsurface model via one or more of the various embodiments above. Then,
the subsurface model may be utilized in hydrocarbon management activities to determine
locations of resources, access the resources and produce hydrocarbons in a manner know to
those skilled in the art. Disclosed aspects may be used in hydrocarbon management
activities. As used herein, "hydrocarbon management” or "managing hydrocarbons" includes
hydrocarbon extraction, hydrocarbon production, hydrocarbon exploration, identifying
potential hydrocarbon resources, identifying well locations, determining well injection and/or
extraction rates, identifying reservoir connectivity, acquiring, disposing of and/ or
abandoning hydrocarbon resources, reviewing prior hydrocarbon management decisions, and
any other hydrocarbon-related acts or activities. The term "hydrocarbon management" is also
used for the injection or storage of hydrocarbons or C0O,, for example the sequestration of
C0,, such as reservoir evaluation, development planning, and reservoir management. In one
embodiment, the disclosed methodologies and techniques may be used to extract
hydrocarbons from a subsurface region. In such an embodiment, inputs are received from a
subsurface model or volume of the subsurface region, where the geologic model has been
improved using the methods and aspects disclosed hercin. Based at least in part on the
subsurface model or volumes, the presence and/ or location of hydrocarbons in the subsurface
region is predicted. Hydrocarbon extraction may then be conducted to remove hydrocarbons
from the subsurface region, which may be accomplished by drilling a well using oil drilling

equipment. The equipment and techniques used to drill a well and/or extract the



10

15

20

25

30

WO 2014/099204 PCT/US2013/070553

hydrocarbons are well known by those skilled in the relevant art. Other hydrocarbon
extraction activities and, more generally, other hydrocarbon management activities, may be

performed according to known principles.

[00101] Persons skilled in the technical field will readily recognize that in practical
applications of the disclosed methodology, it is partially performed on a computer, typically a
suitably programmed digital computer. Further, some portions of the detailed descriptions
which follow are presented in terms of procedures, steps, logic blocks, processing and other
symbolic representations of operations on data bits within a computer memory. These
descriptions and representations are the means used by those skilled in the data processing
arts to most effectively convey the substance of their work to others skilled in the art. In the
present application, a procedure, step, logic block, process, or the like, is conceived to be a
self-consistent sequence of steps or instructions leading to a desired result. The steps are
those requiring physical manipulations of physical quantities. Usually, although not
necessarily, these quantities take the form of electrical or magnetic signals capable of being

stored, transferred, combined, compared, and otherwise manipulated in a computer system.

[00102] It should be borne in mind, however, that all of these and similar terms are to be
associated with the appropriate physical quantities and are merely convenient labels applied
to these quantities. Unless specifically stated otherwise as apparent from the following
discussions, it is appreciated that throughout the present application, discussions utilizing the
terms such as “processing” or “computing”, “calculating”, “determining”, “displaying”,

“copying,” “producing,” “storing,” “adding,” “applying,” “executing,” “maintaining,”

2% < 2% < 2% <

“updating,” “creating,” “constructing” “generating” or the like, refer to the action and
processes of a computer system, or similar electronic computing device, that manipulates and
transforms data represented as physical (electronic) quantities within the computer system's
registers and memories into other data similarly represented as physical quantities within the
computer system memories or registers or other such information storage, transmission or

display devices.

[00103] Embodiments of the present invention also relate to an apparatus for performing
the operations herein. This apparatus may be specially constructed for the required purposes,
or it may comprise a general-purpose computer selectively activated or reconfigured by a
computer program stored in the computer (e.g., one or more sets of instructions). Such a

computer program may be stored in a computer readable medium. A computer-readable
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medium includes any mechanism for storing or transmitting information in a form readable
by a machine (e.g., a computer). For example, but not limited to, a computer-readable (e.g.,
machine-readable) medium includes a machine (e.g., a computer) readable storage medium
(e.g., read only memory (“ROM”), random access memory (“RAM”), magnetic disk storage
media, optical storage media, flash memory devices, etc.), and a machine (¢.g., computer)
readable transmission medium (electrical, optical, acoustical or other form of propagated

signals (e.g., carrier waves, infrared signals, digital signals, etc.)).

[00104]  Furthermore, as will be apparent to one of ordinary skill in the relevant art, the
modules, features, attributes, methodologies, and other aspects of the invention can be
implemented as software, hardware, firmware or any combination of the three. Of course,
wherever a component of the present invention is implemented as software, the component
can be implemented as a standalone program, as part of a larger program, as a plurality of
separate programs, as a statically or dynamically linked library, as a kernel loadable module,
as a device driver, and/or in every and any other way known now or in the future to those of
skill in the art of computer programming. Additionally, the present invention is in no way

limited to implementation in any specific operating system or environment.

[00105] As an example, a computer system may be utilized and configured to implement
on or more of the present aspects. The computer system may include a processor; memory in
communication with the processor; and a set of instructions stored on the memory and
accessible by the processor, wherein the set of instructions, when executed, are configured to:
(1) obtain a data volume associated with one or more geophysical properties, (ii) compute one
or more vectors from the data volume as part of the a vector estimation stage; (iii) propagate
one or more labels based on a trace in the data volume and the vector volume as part of a
label propagation stage; (iv) extract a horizon at the locations where a given label occurs to
form a subsurface model (e.g., the horizon is represented as an iso-surface of the labeled
volume) as part of a horizon extraction stage; and display and/or store the resulting the
subsurface model. The set of instructions should also include selection of multiple horizons
to be determined in the horizon extraction stage, wherein each may be associated with one or
more labels. The set of instructions in the different stages may include displaying
instructions to a user and receiving indications from the user for the selection of the trace
and/or the selection of one or more labels. Accordingly, the horizon extraction stage may

preferably be extracted by selecting a point of interest in the data and reading the label at that
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location.

[00106] Further, should the initial estimate of the horizons be inadequate in the subsurface
model, edits may be performed. In one embodiment, the set of instructions that perform the
edits may include a correction operation that modifies the initial vector field. That is, the set
of instructions may include steps, such as flattening at least a portion of the data volume
based on a labeled volume, computing an error estimate from the flattened volume; forming
vector error estimates into an vector error volume; determining if the error estimates are
within a threshold; and based on the determination regarding the error estimates, updating the
vector volume and/or providing an indication that the vector volume is sufficient (e.g., within
the desired threshold). Following these steps, the set of instructions may involve propagating
labels as part of the label propagation stage based on the updated vector volume, wherein the
labels may be selected from the previously selected locations, and the horizons may be

computed, as described above.

[00107] In another embodiment, the set of instructions may perform edits by directly
modifying the labeled volume. That is, the set of instructions may modify the labeled volume
in locations and/or neighborhoods of anticipated horizons, which may be indicated by
calculating the iso-surfaces of the labeled volume. The set of instructions may be configured

to modify simultaneously the surfaces that pass through that location and/or neighborhood.

[00108] Further, one or more embodiments may include a system for converting data
into a subsurface model that comprises a processor; a tangible, non-transitory machine-
readable storage medium (e.g., memory) that stores a set of instructions for execution by the
processor. The set of instructions, when executed by the processor, are configured to: a)
obtain measurement data in a data volume associated with a subsurface region; b) compute
initial vector estimates for at least a portion of the data volume to form a vector volume; c)
flatten the data volume based on the vector volume; d) compute vector estimate based on the
at least a portion of the flattened data volume that is the error estimate; e) determine whether
the error estimate is within a threshold; f) update the vector estimate in the vector volume
based on the computed error estimate, if the threshold is not satisfied; and g) provide access
to one or more of store the labeled volume in memory accessible by the processor and display

the labeled volume on a display, if the threshold is satisfied.

[00109] Further, one or more embodiments may include other instructions for
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enhancing the process. For example, the set of instructions may be further configured to
repeat steps (c) to (e) with the updated vector estimates, if the threshold is not satisfied. The
set of instructions may be further configured to use the vector estimates in the vector volume
to obtain dense set of surfaces; to determine whether the threshold is a maximum number of
iterations; to determine whether the error estimates is within the error estimation threshold.
Further, the set of instructions are further configured to generate a labeled volume based on
the vector volume by propagating labels from at least one initial trace, wherein each of the
samples is associated with one of the labels; and one or more of store the labeled volume in
memory accessible by a processor and display the labeled volume on a display accessible by
the processor. The data volume may have a plurality of traces and each of the plurality of
traces include a plurality of samples; and/or each sample within a trace may be assigned a
vector representing one or more of dip, azimuth and confidence. Also, the set of instructions
may be further configured to generate a subsurface model from the updated vector volume or
may be .configured to: create a labeled volume associated with the subsurface volume and
based on the vector volume, wherein the labeled volume has a plurality of traces and each of
the plurality of traces include a plurality of samples and each sample associated with a label;
select one of the labels or a location associated with one of the labels in the labeled volume;
extract locations in the labeled volume associated with the selected label, comprising: for
cach sample, compare the selected label with the label associated with a selected sample in
the labeled volume; determine whether the comparison indicates that the label for the
selected sample matches the selected label; if the selected label matches the label associated
with the selected sample, assign the location of the selected label to the selected sample; if
the selected label is not match the label associated with the selected sample, determine an
interpolated location for the selected sample and assign the interpolated location to the
selected sample; combine the extracted locations into an object associated with the selected
label; and provide access to one or more of store the object in memory accessible by the

processor and display the object on a display.

[00110] It should be understood that the preceding is merely a detailed description of
specific embodiments of the invention and that numerous changes, modifications, and
alternatives to the disclosed embodiments can be made in accordance with the disclosure here
without departing from the scope of the invention. The preceding description, therefore, is

not meant to limit the scope of the invention. Rather, the scope of the invention is to be
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determined only by the appended claims and their equivalents. It is also contemplated that
structures and features embodied in the present examples can be altered, rearranged,
substituted, deleted, duplicated, combined, or added to ecach other. The articles “the”, “a” and
“an” are not necessarily limited to mean only one, but rather are inclusive and open ended so

as to include, optionally, multiple such elements.
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CLAIMS
A method of modeling the subsurface comprising:

(a) obtaining measurement data in a data volume associated with a subsurface
region;

(b) computing initial vector estimates for the data volume to form a vector
volume;

(c) flattening at least a portion of the data volume based on the vector volume;

(d) computing an error estimate based on the flattened at least a portion of the
data volume for each sample;

(e) determining whether the error estimate is within a threshold;

() updating the vector estimates in the vector volume based on the computed
error estimate, if the threshold is not satisfied;

() one or more of storing the vector volume in memory accessible by a computer
system and displaying the vector volume on a display accessible by a computer
system, if the threshold is satisfied; and

(h) using the vector volume to generate a subsurface model;

wherein (b)-(g) are performed using a computer.

2.

The method of claim 1, further comprising repeating steps (c) to (e) with the updated

vector estimates, if the threshold is not satisfied.

3.

The method of claim 1, further comprising using the vector estimates in the vector

volume to obtain a dense set of surfaces.

4.

The method of claim 3, wherein the measurement data include a plurality of traces,

each trace having a plurality of samples.

5.

The method of claim 4, wherein the dense set of surfaces is a surface through cach

sample of each trace.

6.

The method of claim 4, further comprising:

54
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generating a labeled volume based on the vector volume by propagating labels from at
least one initial trace, wherein each of the samples is associated with one of the labels;

one or more of storing the labeled volume in memory accessible by a computer
system and displaying the labeled volume on a display accessible by the computer system;
and

using the labeled volume in the flattening.

7. The method of claim 3, wherein flattening at least a portion of the data volume based

on the vector volume puts each of the surfaces at the same axial location.

8. The method of any one of claim 3, wherein the each sample within a trace is assigned

a vector representing one or more of dip, azimuth and confidence.

9. The method of claim 1, wherein the threshold is a maximum number of iterations.

10. The method of claim 1, wherein the threshold is an error estimation threshold.

11. The method of claim 1, further comprising

creating a labeled volume associated with the subsurface volume and based on the
vector volume, wherein the labeled volume has a plurality of traces and each of the plurality
of traces include a plurality of samples and each sample associated with a label;

selecting one of the labels or a location associated with one of the labels in the labeled
volume;

extracting locations in the labeled volume associated with the selected label,
comprising:

for each sample, comparing the selected label with the label associated with a selected
sample in the labeled volume;

determining whether the comparison indicates that the label for the selected sample
matches the selected label;

if the selected label matches the label associated with the selected sample, assigning

the location of the selected label to the selected sample;
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if the sclected label is not match the label associated with the selected sample,
determining an interpolated location for the selected sample and assigning the interpolated
location to the selected sample;

combining the extracted locations into an object associated with the selected label;

one or more of storing the object in memory accessible by a computer system and
displaying the object on a display accessible by the computer system

and using the labeled volume in the flattening.

12. A method of producing hydrocarbons comprising:

utilizing a vector volume to determine the location of hydrocarbons, wherein the

vector volume is created by:

a) obtaining measurement data in a data volume associated with a subsurface

region;

b) computing initial vector estimates for the data volume to form a vector
volume;

c) flattening at least a portion of the data volume based on the vector volume;

d) computing an error estimate based on the flattened at least a portion of the

data volume for each sample ;

e) determining whether the error estimate is within a threshold;

f) updating the vector estimate in the vector volume based on the computed error
estimate, if the threshold is not satisfied; and

2) one or more of storing the vector volume in memory accessible by a computer
system and displaying the vector volume on a display accessible by a
computer system, if the threshold is satisfied;

drilling a well to access the hydrocarbons based at least in part on the vector volume;

and

producing the hydrocarbons from the well.

13. A system for converting data into a subsurface model comprising:
a processor;
a tangible, non-transitory machine-readable storage medium that stores a set of
instructions for execution by the processor, wherein the set of instructions are

configured to:
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a) obtain measurement data in a data volume associated with a subsurface region;
b) compute initial vector estimates for the data volume to form a vector volume;
c) flatten at least a portion of the data volume based on the vector volume;

d) compute an error estimate based on the flattened at least a portion of the data

volume for each sample;

e) determine whether the error estimate is within a threshold;

f) update the vector estimates in the vector volume based on the computed error
estimate, if the threshold is not satisfied;

2) provide access to one or more of store the labeled volume in memory
accessible by the processor and display the labeled volume on a display, if the
threshold is satisfied; and

h) use the vector volume to generate a subsurface model.

14. The system of claim 13, wherein the set of instructions are further configured to

repeat steps (¢) to (e) with the updated vector estimates, if the threshold is not satisfied.

15.  The system of claim 13, wherein the set of instructions are further configured to use

the vector estimates in the vector volume to obtain dense set of surfaces.

16. The system of claim 13, wherein the set of instructions are further configured to make

the threshold a maximum number of iterations.

17. The system of claim 13, wherein the set of instructions are further configured to make

the threshold an error estimation threshold.

18. The system of claim 13, wherein the set of instructions are further configured to:
generate a labeled volume based on the vector volume by propagating labels from at
least one initial trace, wherein the data volume has a plurality of traces and each of the
plurality of traces include a plurality of samples, wherein each of the samples is associated
with one of the labels; and
one or more of store the labeled volume in memory accessible by a processor and
display the labeled volume on a display accessible by the processor; and

use the labeled volume in the flattening.
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19. The system of claim 18, wherein the each sample within a trace is assigned a vector

representing one or more of dip, azimuth and confidence.

20. The system of claim 13, wherein the set of instructions are further configured to:
create a labeled volume associated with the subsurface volume and based on the
vector volume, wherein the labeled volume has a plurality of traces and each of the plurality
of traces include a plurality of samples and each sample associated with a label;
select one of the labels or a location associated with one of the labels in the labeled
volume;
extract locations in the labeled volume associated with the selected label, comprising:
for each sample, compare the selected label with the label associated with a
selected sample in the labeled volume;
determine whether the comparison indicates that the label for the selected
sample matches the selected label;
if the selected label matches the label associated with the selected sample,
assign the location of the selected label to the selected sample;
if the selected label is not match the label associated with the selected sample,
determine an interpolated location for the selected sample and assign the
interpolated location to the selected sample;
combine the extracted locations into an object associated with the selected label; and
provide access to one or more of store the object in memory accessible by the

processor and display the object on a display.

21. A method of modeling the subsurface comprising:

(a) obtaining measurement data in a data volume associated with a subsurface
region;

(b) computing initial vector estimates for at least a portion of the data volume to
form a vector volume;

() computing a error estimate for at least a portion of the samples for which there
is a vector estimate, wherein the error estimate is based on a comparison of a

predicted data volume and the at least a portion of the data volume;



WO 2014/099204 PCT/US2013/070553

(d) determining whether the error estimate is within a threshold;

(e) updating the vector estimates in the vector volume based on the computed
error estimates, if the threshold is not satisfied; and

() one or more of storing the vector volume in memory accessible by a computer
system and displaying the vector volume on a display accessible by a computer
system, if the threshold is satisfied; and

(g)  using the vector volume to generate a subsurface model.

22. The method of claim 25, wherein the predicted data volume is based on a flattening at

least a portion of the data volume based on the vector volume.

23. The method of claim 22, wherein flattening at least a portion of the data volume based

on the vector volume has each of the surfaces at the same axial location.

24, The method of claim 21, wherein the at least a portion of the data volume is one or

more surfaces in a label volume that are mapped to the at least a portion of the data volume.

25. The method of claim 21, wherein the at least a portion of the data volume is one or

more extracted horizons that are mapped to the at least a portion of the data volume.

26. The method of claim 21, further comprising repeating steps (c) to (d) with the updated

vector estimates, if the threshold is not satisfied.

27. The method of claim 21, further comprising using the vector estimates in the vector

volume to obtain dense set of surfaces.

28. The method of claim 27, wherein the measurement data comprise a plurality of traces,
each trace having a plurality of samples, and wherein the dense set of surfaces includes a

surface through each sample of each trace.

29. The method of claim 21, wherein the threshold is an error estimation threshold or is a

maximum number of iterations.
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