(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/070383 Al

16 May 2013 (16.05.2013) WIPO I PCT
(51) International Patent Classification: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
GO1V 1/40 (2006.01) GO01V 3/28 (2006.01) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
. o HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
(21) International Application Number: KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
PCT/US2012/060110 ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(22) International Filing Date: NO» NZ» OM, PA» PE» PG» PH, PL» PT, QA, RO» RS» RU»
12 October 2012 (12.10.2012) RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
(25) Filing Language: English ZIM, ZW.
(26) Publication Language: English (84) Designated States (uniess otherwise indicated, for every
(30) Priority Data: kind of regional protection available). ARIPO (BW, GH,
61/558,785 11 November 2011 (11.11.2011) Us GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(71) Applicant (for all designated States except US): EXXON- TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
MOBIL UPSTREAM RESEARCH COMPANY EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
[US/US]; CORP-URC-SW359, P.O. Box 2189, Houston, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TX 77252-2189 (US). TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
(72) Inventors; and ML, MR, NE, SN, TD, TG).
(71) Applicants (for US ornly): KIM, Chul-Sung [US/US]; Declarations under Rule 4.17:
8411 Humters Creek Dr., Houston, TX 77024 (US). . , .
DOBIN, Mark, W. [US/US]; 19 Clarion Ridge, The “ [’eonf";ﬁl[‘;"fls72’;jﬂement to. apply for and be granted a
Woodlands, TX 77382 (US). p '
) ) .. — as to the applicant's entitlement to claim the priority of the
(74) Agents: COURTNEY, Edward A., III et al.; ExxonMobil earlier application (Rule 4.17(iii))
Upstream Research Company, CORP-URC-SW359, P.O.
Box 2189, Houston, TX 77252-2189 (US). Published:
(81) Designated States (unless otherwise indicated, for every —  With international search report (Art. 21(3))

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

(54) Title: METHOD OF GENERATING AND COMBINING MULTIPLE HORIZONS TO DETERMINE A SEISMIC HORIZON
AND ITS UNCERTAINTY

102

106

wo 2013/070383 A1 [ I 000000 OO N

(57) Abstract: There is provided a system and method for creating model of a subsurface region based on multiple depth values. The
method includes selecting seeds that represent a starting location within a desired horizon surfaces and generating a plurality of can -
didate horizons from the selected seeds. A number of depth values from the candidate horizons may be combined into a representat -
ive depth value and an uncertainty may be computed based on discrepancies among the depth values. A model of the subsurface re-
gion may be created using the depth values and the uncertainty.



10

15

20

25

30

WO 2013/070383 PCT/US2012/060110

METHOD OF GENERATING AND COMBINING MULTIPLE HORIZONS TO
DETERMINE A SEISMIC HORIZON AND ITS UNCERTAINTY

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of U.S. Provisional Patent Application
61/558,785 filed November 11, 2011 entitled METHOD OF GENERATING AND
COMBINING MULTIPLE HORIZONS TO DETERMINE A SEISMIC HORIZON AND
ITS UNCERTAINTY, the entirety of which is incorporated by reference herein.

FIELD OF THE INVENTION

[0002] The present techniques relate to an interactive tool for seismic horizon
interpretation. In particular, exemplary embodiments of the present techniques relate to a
system and method for generating candidate horizons, combining the candidate horizons, and

computing an uncertainty or consistency associated with the resulting combined horizon.

BACKGROUND

[0003] This section is intended to introduce various aspects of the art, which may be
associated with embodiments of the disclosed techniques. This discussion is believed to
assist in providing a framework to facilitate a better understanding of particular aspects of the
disclosed techniques. Accordingly, it should be understood that this section is to be read in

this light, and not necessarily as admissions of prior art.

[0004] Seismic interpretation generally involves a person skilled in geologic
interpretation, referred to as an interpreter, who manually identifies seismic horizons by
reviewing seismic reflections and mapping the seismic reflections into seismic horizons. A
seismic horizon may include boundaries in the subsurface structures that are deemed
important by an interpreter. Finding the seismic horizon can be a subjective, time consuming

Pprocess.

[0005] Tool sets for computer-aided volume interpretation typically include horizon
tracking techniques that are used to determine seismic horizons. One horizon tracking
technique may follow the peaks of seismic amplitudes, beginning with a user provided seed
point in a vertical seismic section. The vertical seismic section can be either a cross-line

vertical section in the y-z plane or an in-line vertical section in the x-z plane.

[0006] Another horizon tracking technique is known as “seed detection,” which is a
technique for growing a region in a three dimensional seismic data volume. Seed detection

may result in a set of connected voxels in a 3D seismic data volume that fulfills user-
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specified attribute criteria. To find the set of connected voxels, seed detection may begin
with a point in a data volume that connects with admissible neighbors in order to fully define
the connected voxels. Admissible neighbors are the points that meet some user defined
criteria that surround the starting point. The new points are added to the current connected
voxels and the procedure continues until it reaches a point where no further admissible

neighbors exist.

[0007] An example of a horizon tracking technique is discussed in United States Patent
Application Publication No. 2008/0285384 by James. The application discloses a seed
picking algorithm that can use a first point for picking a set of second points from a data set.
Each of the points in the set of second points can be redefined as the first point, and the
algorithm may repeat. An iteration number or other attribute can be assigned to the points
and the iteration number can correspond to the number of times the algorithm has been
repeated to process the point. The attribute or a number of attributes can be displayed as a
visual characteristic for each point. An iterative process can be applied to a set of seismic
data points, starting at a seed data point and finding a set of next iteration seed points from
the set of points neighboring the seed point, continuing only with next iteration seed points.
The number of points that are found by the process when the point is used as a seed data

point can be recorded for each of a set of data points.

[0008] International Patent Application Publication No. 2010/047856 by Mark Dobin et
al. discloses a method and system that may identify a geologic object through cross sections
of a geologic data volume. The method includes obtaining a geologic data volume having a
set of cross sections. Then, two or more cross sections can be selected, and a transformation
vector can be estimated between the cross sections. Based on the transformation vector, a

geologic object can be identified within the geologic data volume.

[0009] The existing techniques described above tend to find geologic objects, including
horizons, without addressing the uncertainty or consistency associated with the resulting
geologic objects. Even when multiple seeds are used, the existing techniques offer little

insight to the relationships or consistencies among the seeds.
SUMMARY

[0010] An exemplary embodiment of the present techniques provides a method of
gencrating and combining multiple horizons to determine a seismic horizon and its

uncertainty. The method includes selecting seeds that represent a starting location within a
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desired horizon surface and generating plurality of candidate horizons from the selected
seeds. Depth values from the plurality of candidate horizons are combined into a
representative depth value and uncertainty can be computed based on the discrepancies
among the depth values. A model of the subsurface region may be created using the depth

values and uncertainty.

[0011] An exemplary embodiment of the present techniques provides a system that
includes a processor and a tangible, machine-readable storage medium that stores machine-
readable instructions for execution by the processor. The machine-readable instructions
include code that, when executed by the processor, is configured to select seeds that represent
a starting location within a desired horizon surface and generate a plurality of candidate
horizons from the selected seeds. The code may, when executed by the processor, be
configured to cause the processor to combine depth values from the plurality of candidate
horizons into a representative depth value, and compute an uncertainty based on
discrepancies among the plurality of the depth values. Additionally, the code may, when
executed by the processor, be configured to cause the processor to render a model of the

subsurface region using the depth values and the uncertainty.

[0012] An exemplary embodiment of the present techniques provides a non-transitory,
computer readable medium comprising code configured to direct a processor to select seeds
that represent a starting location within a desired horizon surface and generate a plurality of
candidate horizons from the selected seeds. The non-transitory, computer readable medium
may also comprise code configured to direct a processor to combine depth values from the
plurality of candidate horizons into a representative depth value, and compute an uncertainty
based on discrepancies among the plurality of the depth values. Additionally, the non-
transitory, computer readable medium may comprise code configured to direct a processor to

create a model of the subsurface region using the depth values and the uncertainty.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Advantages of the present techniques may become apparent upon reviewing the
following detailed description and drawings of non-limiting examples of embodiments in

which:

[0014] FIG. 1 is a diagram showing a 3D horizon surface according to an embodiment of

the present techniques;
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[0015] FIG. 2 is a process flow diagram summarizing a method of creating a model of a
subsurface region based on multiple depth values according to an embodiment of the present

techniques;

[0016] FIG. 3 is a process flow diagram of a method of generating and combining
multiple horizons and computing uncertainty according to an embodiment of the present

techniques;

[0017] FIG. 4A is a diagram showing an example horizon obtained by using a horizon
tracking method beginning with a seed in an in-line cross section according to an

embodiment of the present techniques;

[0018] FIG. 4B is a diagram showing two example horizons obtained by using a horizon
tracking method beginning with two seeds in an in-line cross section according to an

embodiment of the present techniques;

[0019] FIG. 5 is a diagram showing a top view of a seismic volume with two in-lines and

two cross-lines as boundaries according to an embodiment of the present techniques;

[0020] FIG. 6 is a diagram of matching relationships according to an embodiment of the

present techniques;

[0021] FIG. 7A is a map view showing an area with multiple in-lines and cross-lines as

according to an embodiment of the present techniques;

[0022] FIG. 7B is a map view showing the number of depth values available at each x-y
location based on the interpretation line segments in multiple in-lines and cross-lines in Fig.

7A according to an embodiment of the present techniques;

[0023] FIG. 8A is a top view of a depth map of a horizon surface constructed based on

four interpretation line segments according to an embodiment of the present techniques;

[0024] FIG. 8B is a top view of a consistency map of the horizon surface according to an

embodiment of the present techniques;

[0025] FIG. 9 is a top view of a map of depth values of a horizon in a subsurface

formation obtained according to an embodiment of the present techniques;

[0026] FIG. 10 is an uncertainty map according to an embodiment of the present

techniques;
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[0027] FIG. 11 is an uncertainty map with additional interpretation lines according to an

embodiment of the present techniques; and

[0028] FIG. 12 is a block diagram of a computer system that may be used to generate
candidate horizons, combine the candidate horizons, and compute uncertainty according to an

embodiment of the present techniques.

DETAILED DESCRIPTION

[0029] In the following detailed description section, specific embodiments are described
as examples. However, to the extent that the following description is specific to a particular
embodiment or a particular use, this is intended to be for exemplary purposes only and simply
provides a description of the exemplary embodiments. Accordingly, the present techniques
are not limited to embodiments described herein, but rather, the present techniques include all
alternatives, modifications, and equivalents falling within the spirit and scope of the

appended claims.

[0030] At the outset, and for case of reference, certain terms used in this application and
their meanings as used in this context are set forth. To the extent a term used herein 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.

[0031] The term “coordinates” refers to Cartesian coordinates with the x coordinate as the
in-line direction, and the y coordinate as the cross-line direction, and the z coordinate as the

time or depth, where the direction is taken to be vertical and orthogonal to x and y.

[0032] The term “cross-line” refers to a scismic section or seismic line that is
perpendicular to the original seismic line. The y coordinate typically represents the cross-line

direction.

[0033] The term “horizon” refers to a geologic boundary in the subsurface structures that
are deemed important by an interpreter. Marking these boundaries is done by drawing lines
on a seismic section, generally by personnel who are interpreting the seismic volumes. Each
line represents the presence of an interpreted surface at that location. An interpretation
project typically generates hundreds of such interpretation lines. Further, horizons may be

rendered using different colors so that they stand out in a 3D visualization of data.

[0034] The term “in-line” refers to a seismic section or seismic line that is parallel to the
original seismic line in the direction in which the seismic data was collected. The x

coordinate typically represents the in-line direction.

-5-
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[0035] The term “interpreter” refers to a person skilled in seismic exploration data
interpretation. An interpreter is often principally responsible for the development of an

exploration prospect.

[0036] The term “seed” refers to a voxel or a set of voxels within a seismic volume. As
used herein, a seed could be a single point or a set of points that form a line segment in a

vertical cross section.

[0037] The term “seismic data” refers to a multi-dimensional matrix or grid containing
information about points in the subsurface structure of a field, where the information was
obtained using seismic methods. Seismic data typically is represented using a structured grid.
Seismic attributes or properties can be represented in individual cells or volume pixels

(voxels). Seismic data may be volume rendered with opacity or texture mapped on a surface.

[0038] The term “seismic line” refers to a collection of seismic data containing an

ordered list of points within a 2D section defined by x and y coordinates.

[0039] The term “seismic volume” refers to particular seismic data defined at locations in
a three dimensional 3D representation of seismic data. Thus, data may be represented as a
multi-dimensional matrix of values, wherein three coordinates are used to represent the 3D
location of a particular data volume in space, such as x, y, and z, and numerous additional
terms may be used to represent specific physical attributes associated with the volume, such

as amplitude, velocity, density, seismic attributes, and the like.

[0040] The term “voxel,” or volume pixel, refers to the smallest data point in a 3D
volumetric object. Each voxel has a unique set of coordinates and contains one or more data
values that represent the properties at that location. Each voxel represents a discrete
sampling of a 3D space, similar to the manner in which pixels represent sampling of the 2D
space. The location of a voxel can be calculated by knowing the grid origin, unit vectors, and
the indices of the voxel. Each voxel can be expressed in the form (x, y, z, data value) where

"x,y, z" identifies the 3D location of the point within the volume.

[0041] While for purposes of simplicity of explanation, the illustrated methodologies are
shown and described as a series of blocks, it is to be appreciated that the methodologies are
not limited by the order of the blocks, as some blocks can occur in different orders and/or
concurrently with other blocks from that shown and described. Moreover, less than all the
illustrated blocks may be required to implement an example methodology. Blocks may be

combined or separated into multiple components. Furthermore, additional and/or alternative

-6-
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methodologies can employ additional, not illustrated blocks. While the figures illustrate
various serially occurring actions, it is to be appreciated that various actions could occur

concurrently, substantially in parallel, and/or at substantially different points in time.
Overview

[0042] Computer-aided tools may be used for fast interpretation of seismic horizon
surfaces. However, traditional computer aided interpretation tools for tracking seismic
horizons can be limited in use due to the resulting seismic horizon becoming unreliable when
data quality is low. Further, a determination of the seismic horizon can be ambiguous due to
complex geologic structures such as faults, channels, and seismic facies. Moreover, these
computer-aided interpretation tools may not assist the user in verifying the reliability of
horizon tracking results provided by the tool itself. As a result, users may manually check the

consistency and accuracy of each in-line and cross-line in a time consuming process.

[0043] In embodiments, multiple seeds can be used to generate multiple surfaces as
candidate horizons. Additionally, embodiments provide a method for combining multiple
candidate horizons, and computing the uncertainty associated with the combined horizon
surface. The uncertainty may be used to create an uncertainty map that can guide the user in
adding interpretation lines to further refine the combined horizon surface. The uncertainty
map may also indicate to the user when the horizon is complete by visualizing the degree of

uncertainty or consistency associated with the horizon surface.

[0044] FIG. 1 is a diagram 100 showing a 3D horizon surface according to an
embodiment of the present techniques. An interpretation line segment is a line segment that
may be used as a seed within a 3D volume. At reference number 102, an interpretation line
segment is shown in an in-line cross section 104. From the interpretation line segment 102, a
3D horizon surface may be constructed that extends across each y value. The 3D horizon
surface may be constructed using any seismic horizon tracking method. The entire horizon
surface is shown at reference number 106. One interpretation line segment may be
considered one seed or one set of seeds, as the entire interpretation line segment can be used
for horizon tracking. Horizon tracking may also occur when a user provides a single point as
a seed instead of an interpretation line segment. Additionally, interpretation line segments
may have differing lengths and may not be limited to an in-line or cross-line vertical seismic
section. Further, the seeds can be in the form interpretation patches or a set of interpretation

points.
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[0045] FIG. 2 is a process flow diagram 200 summarizing a method of creating a model
of a subsurface region based on multiple depth values according to an embodiment of the
present techniques. At block 202, seeds may be selected at locations that belong to a desired
horizon surface. The desired horizon surface is a surface where a user wants to locate a
horizon. The seeds may be in the form of points, voxels, or interpretation line segments
within a 3D seismic volume. Accordingly, one interpretation line segment may be

considered one seed or one set of seeds.

[0046] At block 204, a number of candidate horizons may be generated from the selected
seeds. In embodiments, the multiple candidate horizons can be used to obtain multiple z
values, or depth values, at each x-y location within an area. At block 206, multiple depth

values from multiple candidate horizons may be combined into a representative depth value.

[0047] At block 208, an uncertainty value may be computed. The uncertainty may be
based on the discrepancies among the multiple depth values. At block 210, a model of the

subsurface region may be created or rendered using the depth values and uncertainty.

[0048] FIG. 3 is a process flow diagram 300 summarizing a method of generating and
combining multiple horizons and computing uncertainty according to an embodiment of the
present techniques. At block 302, seeds may be obtained in the form of interpretation line
segments. The interpretation line segments may be contained in in-line and cross-line
sections of a seismic volume and may form a two dimensional area within a seismic volume.
In embodiments, interpretation line segments may be in any direction and not limited to in-
line and cross-line sections of a seismic volume. At block 304, multiple candidate horizons
can be generated using the multiple interpretation line segments. A user may select
interpretation line segments within a desired horizon surface in order to generate a horizon
within a particular surface. Further, a candidate horizon may be generated using any seismic
horizon tracking method from multiple interpretation line segments. Through the tracking of
multiple candidate horizons, multiple depth values can be generated at each x-y location
within the seismic volume. Horizon tracking may be performed in any seismic cross section
from a given seed point or multiple seed points. Moreover, horizon tracking can be

performed in a 3D space.

[0049] At block 306, multiple depth values from multiple candidate horizons can be
combined at each x-y location. In order to combine the multiple depth values, the values can
be averaged to compute a representative depth value at each x-y location. The multiple depth

values can also be used to compute a degree of consistency at each x-y location as described

-Q-
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herein. At block 308, the discrepancy among the depth values may be used to compute the
uncertainty associated with the representative depth value. At block 310, an uncertainty map
may be created. At block 312, it may be determined if the uncertainty map has any areas of
high uncertainty. If areas of high uncertainty exist, the process flow continues to block 314.
If areas of high uncertainty do not exist, the process flow ends. At block 314, interpretation
line segments may be added to the areas of high uncertainty within the uncertainty map.

Process flow may then return to block 304.

[0050] FIG. 4A is a diagram 400 showing an example horizon obtained by using a
horizon tracking method beginning with a seed in an in-line cross section according to an
embodiment of the present techniques. A horizon may be generated from a seed as described

at block 204 (FIG. 2) or block 304 (FIG. 3). The horizon H,at reference number 402 is
found using a horizontal tracking technique starting from the seed at x,, shown at reference
number 404. Although the seed at xjis shown as a single point in a 2D x-z plane, it may

extend throughout a 3D volume as a interpretion line segment across all y values.

[0051] FIG. 4B is a diagram 406 showing two example horizons obtained by using a
horizon tracking method beginning with two seeds in an in-line cross section according to an
embodiment of the present techniques. Each horizon may be generated from a seed as

described at block 204 (FIG. 2) or block 304 (FIG. 3). Diagram 406 shows the horizon # ,,

at reference number 402, that was found using a horizon tracking technique starting from the

seed at x, shown at reference number 404, as well as an additional horizon H _, at reference
number 408, that was found using a horizontal tracking technique starting from the seed at x,
shown at reference number 410. Through the present techniques, horizons #, and H may

be combined and a value for uncertainty associated with the combined horizons may be

computed. In embodiments, consistency between the horizons 7, and A may be measured.

As noted in FIGS. 4A and 4B, the seed used to track a horizon is not limited to a single point.

[0052] FIG. 5 is a diagram 500 showing a top view of a seismic volume with two in-lines

and two cross-lines as boundaries according to an embodiment of the present techniques.

The arca may be defined by point (x,,),), at reference number 504, point (x,, »,), at reference
number 506, point (x,, ), at reference number 508, and point (x, 3), at reference number

510. An in-line vertical cross section at reference number 512 may be represented by 1,
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while another in-line vertical cross section at reference number 514 may be represented by ).

A cross-line vertical cross section at reference number 516 may be represented by x,, while

another in-line vertical cross section at reference number 518 may be represented by x,.

[0053] Two candidate horizons may be tracked from the two interpretation line segments

in the two in-line vertical seismic sections, specifically interpretation line segment 7, at
reference number 520 and interpretation line segment 7, at reference number 522. An

additional two candidate horizons may be tracked starting from the two interpretation
segments in two cross-lines vertical seismic sections, specifically, interpretation line segment

I,, at reference number 524 and /7 at reference number 526. The four candidate horizons
within interpretation line segments at reference numbers 520, 522, 524, and 526 may each
have differing depth values, or z values, not viewable in the x-y view of diagram 500.

[0054] The four depth values at a particular x-y location (x,y,) may be denoted as
z,,(6,p),z,,(x,9),z, ;(y,r), and  z, (y,s) such that z, (x,p) is the z value at (x,y,) from

the horizon constructed by the horizon tracking algorithm from the seed interpretation line

segment 7 . Similarly, z, ;(x,q) is the z value at (x,y,) from the horizon constructed by
the horizon tracking algorithm from the seed interpretation line segment/ . Likewise,
z, ,(y,r) is the z value at (x,y) from the horizon constructed by the horizon tracking
algorithm from the seed interpretation line segment 7, . Finally, z, (y,s) is the z value at (
%,y,) from the horizon constructed by the horizon tracking algorithm from the seed

interpretation line segment/, .

[0055] The four depth values may be combined to find a representative depth value z, |

through averaging using Equation (1a), where

n=4
Z. . = =n=1
L] 4

(la)
andzi,j,l = Zi,j(xap) s Zig2 T Z (x,q), Zii3 = Zi,j(yar) ) and Zi 54 = Zi,j(yas) .
[0056] The uncertainty «, , may be found as in Equation (1b), where

u, ; = standard deviation of (z, ), n=1, 2, 3, 4 (1b)

i L,

- 10 -
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[0057] Another technique to combine the four depth values into a representative depth

value is by finding a weighted average z, ; of the four depth values using their distance and

error as in Equation (2a):

n=4 n=4
2= S e IS (2a)
n=1

where w, ; 18 the weight of each depth value. Each weight may be found as in Equation (2b):

Y. n=1,2,3,4 (2b)

- % ® *
Wi o 1./ (e, *e,;,*d, ;" d,,,

Error may be represented as e, ., and may be found as in Equations (2¢) and (2d)

i,j,n?
€1 “€j2 T I Ziga (20)
A Zijs T Zija (2d)
where Zia- Zi,j(xap): Zija= Zi,j(xaq): Z 3= Zi,j(yar): and Zija Zi,j(yas)-
[0058] Distance d, ;, is the distance between (x,y,) and the points within interpretation

line segments 7_ , 1., 1 and 7, forn=1, 2, 3, and 4. Using the weighted average, the

x,p 2 Txq? Tyr?

uncertainty u, ; may be found as in Equations (2¢) and (2f):

n=4 n=4

U, ; = ZMi)j)n*wi)j)n/z W, (2¢)
n=1 n=1

ui,j,n = |Zi,j B Zz',j,n| * Wi,j,n (2f)

[0059] The representative depth value may also be found using a comparison of the
consistency of the depth values. When depth values are found that “match,” the

representative depth value, z, ., may be computed as an average of the matching depth

i
values.

[0060] Typically, with actual seismic amplitude data, it is uncommon to have equal

values of z. .

i,jn?

forn=1, 2, 3, and 4, due to differing seismic patterns and amplitude noise in
four directions within the seismic volume. Therefore, two horizon depth values at a location
(x, y;) can “match” one another if their difference is less than or equal to a tracking error
tolerance e,, . As used herein, “matching” conveys a condition where two depth values are

within the tracking error tolerance, and may be shown using the approximately equal symbol

(13 2

~”. Further, the two depth values may match, but are not necessarily the same or equal.

S11 -
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For example, when two pairs of depth values are equal, such that z, ;= z and z, ,=

07,22
z, ;4. then z, ., = z .. will be true as well. However when two pairs of depth values match,

such that R, and Z,, R 2

.,3-then z, ..~ z, . may or may not be true.

[0061] FIG. 6 is a diagram 600 of matching relationships according to an embodiment of
the present techniques. At reference number 602, there is a row of values indicating the case
number for each matching scenario. The various matching relationships may be shown in the
columns below each case number at reference number 602. At reference number 604, the

depth value at z, s represented in each case by a black dot. Similarly, at reference number
606, the depth value at z, ,, is represented in each case by a black dot. Likewise, at reference
number 608, the depth value at z, . is represented in each case by a black dot. Finally at

reference number 610, the depth value at z, 4

L

is represented in each case by a black dot. In

the row at reference number 612, the number of matches is indicated for each matching
scenario within the column of the corresponding case number at reference number 602. In
the row at reference number 614, a degree of consistency is indicated for each matching

relationship.

[0062] In diagram 600, a match is indicated by a line from one black dot in one row of a
depth value to another black dot in another row of another depth value. For example, in the
column under case two, a match is indicated by the line at reference number 616 from the

black dot in row 604 to the black dot in row 606. Thus, in case two, the depth value z, |
matches the depth value z, ,,. The one match in case two is indicated in row 612, where the

number of matches in the column under case two is equal to 1. The degree of consistency in
row 614 is equal to two in case two, indicating that two of the depth values are matching each

other.

[0063] Similarly, in the column under case five, three matches are indicated by lines 618,

620, and 622. In case five, the depth value z, ,, matches the depth value z, ;,, as indicated

i,j,22

by line 618. Further, the depth value z, ;, matches the depth value z,

.;2» as indicated by line

620. Finally, the depth value z, ;; matches the depth value z,

i,j,32

as indicated by line 622.

The three matches in case five are indicated in row 612, where the number of matches in the
column under case five is equal to 3. The degree of consistency in row 614 is equal to three,

indicating that three of the depth values are consistent with one another in case five.
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[0064] Generally, when there are more matches among depth values z, ,

a higher
consistency may be assigned. An exception to generality is case three, where there are two
matches, as indicated by lines 624 and 626. The two sets of matches indicated by lines 624

and 626 are separated by more than e,, , as indicated by a lack of lines connecting the two

sets of matches indicated by lines 624 and 626. Since the two matches are separated by more

thane,, , there is no match between the depth values of the two sets of matches and case three

is assigned degree zero consistency. From the matching depth values, the representative

depth value, z, ., may be computed as an average of the depth values that are matching one
another, as shown in each case of Fig. 6.

[0065] For ease of discussion, the present techniques have been described using two in-
line and two cross-line interpretation line segments. However, any number of interpretation
line segments may be used, and the interpretation line segments are not restricted to in-line
and cross-line directions. FIG. 7A is a map view 700 showing an area 702 with multiple in-
lines and cross-lines as according to an embodiment of the present techniques. Interpretation

line segment are shown at reference numbers 704, 706, 708, 710, and 712.

[0066] FIG. 7B is a map view 720 showing the number of depth values available at each
x-y location based on the interpretation line segments in FIG. 7A according to an
embodiment of the present techniques. For example, x-y locations within the cross-hatched
area 722 each have four depth values, and x-y locations within each unshaded area 724 have
three depth values. The x-y locations within the darkened areas 726 each have two depth
values, and the x-y locations with the double-cross-hatched areas 728 each have a single

depth value.

[0067] In the areas with more than one depth value such as the cross-hatched areas 722,
the unshaded areas 724, and the darkened areas 726, the techniques presently described may
be performed with various numbers of depth values. In areas with a single depth value, such
as double-cross-hatched areas 728, a horizon depth may be computed without an associated

measurement of uncertainty or degree of consistency.

[0068] FIG. 8A is a top view 800 of a depth map of a horizon surface constructed based
on four interpretation line segments according to an embodiment of the present techniques.

Top view 800 includes two inline interpretation line segments, 7, and 7, ,, , and two cross

line interpretation line segments, namely 7, and 7, , as seeds. The depth of the horizon is
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shaded with a medium shading at reference number 802, a lighter shading at reference

number 804, and darker shading at reference number 806.

[0069] FIG. 8B is a top view 810 of a consistency map of the horizon surface according
to an embodiment of the present techniques. The areas at reference number 812 represent full
consistency among the depth values found at each point according to embodiments of the
present techniques. The areas at reference number 814 represent a degree of consistency of
three among the depth values found at each point according to embodiments of the present
techniques. The arcas at reference number 816, represent a degree of consistency of two
among the depth values found at each point according to embodiments of the present
techniques. The arcas at reference number 818 represent a degree of consistency of zero
among the depth values found at each point according to embodiments of the present

techniques.

[0070] Table 1 shows the degree of consistency of FIG. 8B and the error rate observed

from the horizon surface constructed as compared to a manually interpreted seismic horizon.

Table 1: Degree of Consistency and Corresponding Accuracy

Consistency Number of points | Number of errors | Percentage of error
4 113,028 (39.9 %) 298 0.26

3 89,135 (31.5 %) 985 1.1

2 25,061 ( 8.8 %) 3,388 13.5

0 56,142 (19.8 %) NA NA

[0071] The first row shows that, out of total 285,500 horizon surface points, 113,028
points have full consistency and only 298 points with full consistency differ from manual

interpretations by more than e,, voxels, where e,, is three. Thus, when the degree of

consistency is four, there is a 0.26 % error rate. Accordingly, if a location has a degree of
consistency of four, the depth of the location will be correct with a probability of 0.9974.
The second row states that, out of total 285,500 horizon surface points, 89,135 points have
degree of consistency of three. For a degree of consistency of three, the error rate increases
to 1.1 %, meaning that a degree of consistency of three will be correct with a probability of
0.99. For a point with a degree of consistency of two, the probability of error increases to
13.5 %.

[0072] Thus, a constructed horizon has less than 1.1% error when the degree of
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consistency is at least 3 or 4. Additional interpretation line segments can be placed into one
or more vertical cross sections in the areas of low consistency. Then, iteratively repeating the
techniques in FIGS. 2 or 3 may update the horizon, the consistency map, and the overall
model of the subsurface region. The new consistency map can be used to further refine the

horizon.

[0073] FIG. 9 is a top view of a map 900 of depth values of a horizon in a subsurface
formation obtained according to an embodiment of the present techniques. When computing
uncertainty, Equations (2a) through (2f) may be used. Here, the z values found with
equations (2a) through (2f) are represented in grey scale. Input seed points are in the form of
interpretation line segments within in multiple in-lines and cross-line sections. The in-lines
are shown as black vertical lines 902 and the cross lines are shown as black horizontal lines

904.

[0074] FIG. 10 is an uncertainty map 1000 according to an embodiment of the present
techniques. The uncertainty map 1000 includes in-lines 1002 and cross lines 1004. The
darker grey areas, such as the area at reference number 1006 represents high uncertainty.
When analyzing the uncertainty map, additional interpretation lines may be added in the areas
where uncertainty is high. High uncertainty occurs mostly along geologically complex area,
where automated horizon tracker fails to follow a complex horizon. The techniques
described in Figs. 2 and 3 may be used to remove the uncertainty in the area by adding more

interpretation lines.

[0075] FIG. 11 is an uncertainty map 1100 with additional interpretation lines according
to an embodiment of the present techniques. Uncertainty map 1100 is updated from
uncertainty map 1000 (FIG. 10) as a result of the additional interpretation lines. Thus,
uncertainty map 1100 contains more in-lines 1102 and more cross-lines 1104 when compared
to the uncertainty map 1000 (Fig. 10). The area at reference number 1106 shows less grey

and less uncertainty when compared to the area at reference number 1006 (Fig. 10).

[0076] FIG. 12 is a block diagram of a computer system 1200 that may be used to
generate candidate horizons, combine the candidate horizons, and compute uncertainty
according to an embodiment of the present techniques. A central processing unit (CPU) 1202
is coupled to system bus 1204. The CPU 1202 may be any general-purpose CPU, although
other types of architectures of CPU 1202 (or other components of exemplary system 1200)
may be used as long as CPU 1202 (and other components of system 1200) supports the

operations as described herein. Those of ordinary skill in the art will appreciate that, while
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only a single CPU 1202 is shown in FIG. 12, additional CPUs may be present. Moreover, the
computer system 1200 may include a graphics processing unit (GPU) 1214. The system may
comprise a networked, multi-processor computer system that may include a hybrid parallel
CPU/GPU system. The CPU 1202 and GPU 1214 may execute logical instructions according
to various exemplary embodiments. For example, the CPU 1202 may execute instructions in
parallel with GPU 1214 for performing processing according to the operational flow
described above in conjunction with FIGS. 2-3. The processing described may be performed

in parallel.

[0077] The computer system 1200 may also include computer components such as non-
transitory, computer-readable media. Examples of computer-readable media include a
random access memory (RAM) 1206, which may be SRAM, DRAM, SDRAM, or the like.
The computer system 1200 may also include additional non-transitory, computer-readable
media such as a read-only memory (ROM) 1208, which may be PROM, EPROM, EEPROM,
or the like. RAM 1206 and ROM 1208 hold user and system data and programs, as is known
in the art. The computer system 1200 may also include an input/output (I/O) adapter 1210, a
communications adapter 1222, a user interface adapter 1224, a display driver 1216, and a
display adapter 1218. The IO adapter 1210, the user interface adapter 1224, and/or
communications adapter 1222 may, in certain embodiments, enable a user to interact with

computer system 1200 in order to input information.

[0078] The 1/0 adapter 1210 may connect additional non-transitory, computer-readable
media such as a storage device(s) 1212, including, for example, a hard drive, a compact disc
(CD) drive, a floppy disk drive, a tape drive, and the like to computer system 1200. The
storage device(s) may be used when RAM 1206 is insufficient for the memory requirements
associated with storing data for operations of embodiments of the present techniques. The
data storage of the computer system 1200 may be used for storing information such as
horizon tracking data and/or other data used or generated as disclosed herein. User interface
adapter 1224 couples user input devices, such as a keyboard 1228, a pointing device 1226
and/or output devices to the computer system 1200. The display adapter 1218 is driven by
the CPU 1202 to control the display on a display device 1220 to, for example, display
information or a representation pertaining to a simulation, such as uncertainty maps, resulting

from calculations according to certain exemplary embodiments.

[0079] The architecture of system 1200 may be varied as desired. For example, any

suitable processor-based device may be used, including without limitation personal
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computers, laptop computers, computer workstations, and multi-processor servers.
Moreover, embodiments may be implemented on application specific integrated circuits
(ASICs) or very large scale integrated (VLSI) circuits. In fact, persons of ordinary skill in the
art may use any number of suitable structures capable of executing logical operations

according to the embodiments.

[0080] The present techniques may be susceptible to various modifications and
alternative forms, and the exemplary embodiments discussed above have been shown only by
way of example. However, the present techniques are not intended to be limited to the
particular embodiments disclosed herein. Indeed, the present techniques include all
alternatives, modifications, and equivalents falling within the spirit and scope of the

appended claims.
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Claims
What is claimed is:

L. A method of creating a model of a subsurface region based on multiple depth

values, comprising:
5 selecting seeds that represent a starting location within a desired horizon surface;
generating a plurality of candidate horizons from the selected seeds;

combining depth values from the plurality of candidate horizons into a representative

depth value;
computing an uncertainty based on discrepancies among the depth values; and
10 creating a model of the subsurface region using the depth values and the uncertainty.

2. The method recited in claim 1, wherein the seeds include interpretation line
segments with differing lengths, interpretation line segments that are not in-line or cross-line

segments, or points.

3. The method recited in claim 1, wherein the model of the subsurface region

15 includes a consistency map and an uncertainty map.
4. The method recited in claim 1, comprising:

combining the depth values into the representative depth value using an average of the

depth values at a location; and
computing an uncertainty as a standard deviation of the depth values at each location.
20 S. The method recited in claim 1, comprising:

combining the depth values into the representative depth value using a weighted
average of the depth values at a location, with a weight computed using a

distance calculation and an error calculation; and
computing the uncertainty as a standard deviation of the depth values at each location.
25 6. The method recited in claim 1, comprising:

combining depth values into the representative depth value using an average of a

matching set of depth values at each location;

computing a measurement of consistency as the number of matching depth values at

each location.
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7. The method recited in claim 1, comprising iteratively creating an uncertainty
map or a consistency map, using additional interpretation lines on the uncertainty map or the

consistency map in each iteration to refine the depth values.

8. A computer system that is configured to create model of a subsurface region

5  Dbased on multiple depth values, the computer system comprising;:
a processor; and

a tangible, machine-readable storage medium that stores machine-readable
instructions for execution by the processor, the machine-readable instructions

comprising:

10 code that is configured to cause the processor to select sceds that

represent a starting location within a desired horizon surface;

code that is configured to cause the processor to generate a plurality of

candidate horizons from the selected seeds;

code that is configured to cause the processor to combine a plurality of
15 depth values from the plurality of candidate horizons into a

representative depth value;

code that is configured to cause the processor to compute an

uncertainty based on discrepancies among the depth values; and

code that is configured to cause the processor to render a model of the

20 subsurface region using the depth values and the uncertainty.

9. The system recited in claim 8, wherein the seeds include interpretation line
segments with differing lengths, interpretation line segments that are not in-line seismic

sections or cross-line seismic sections, or points.

10.  The system recited in claim 8, comprising code that is configured to cause the
25  processor to render the model of the subsurface region by rendering a consistency map and an

uncertainty map.

11. The system recited in claim 8, comprising code that, when executed by the
processor, is configured to cause the processor to combine the depth values into the
representative depth value using an average of the depth values at a location and compute the

30  uncertainty as a standard deviation of the depth values at each location.
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12.  The system recited in claim 8, comprising code that is configured to cause the
processor to combine the depth values into the representative depth value using a weighted
average of the depth values at a location with a weight computed using a distance calculation
and an error calculation, and compute the uncertainty as a standard deviation of the depth

values at each location.

13.  The system recited in claim 8, comprising code that is configured to cause the
processor to combine the depth values into the representative depth value using an average of
a matching set of depth values at each location and compute a measurement of consistency as

the number of matching depth values at each location.

14.  The system recited in claim 8, comprising code that, when executed by the
processor, is configured to cause the processor to render a model of the subsurface region
using the uncertainty by iteratively creating an uncertainty map or a consistency map, using
additional interpretation lines on the uncertainty map or the consistency map in each iteration

to refine the depth values.

15. A non-transitory, computer readable medium comprising code configured to

direct a processor to:
select seeds that represent a starting location within a desired horizon surface;
generate a plurality of candidate horizons from the selected seeds;

combine depth values from the plurality of candidate horizons into a

representative depth value;
compute an uncertainty based on discrepancies among the depth values; and

create a model of a subsurface region using the depth values and the

uncertainty.

16. The non-transitory, computer readable medium recited in claim 15, wherein
the seeds include interpretation line segments with differing lengths, interpretation line

segments that are not in-line seismic sections, cross-line seismic sections, or points.

17. The non-transitory, computer readable medium recited in claim 15,
comprising code configured to direct a processor to combine the depth values into the
representative depth value using an average of the depth values at a location and compute the

uncertainty as a standard deviation of the depth values at each location.
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18. The non-transitory, computer readable medium recited in claim 15,
comprising code configured to direct a processor to combine the depth values into the
representative depth value using a weighted average of the depth values at a location with a
weight computed using a distance calculation and an error calculation, and compute the

uncertainty as a standard deviation of the depth values at each location.

19. The non-transitory, computer readable medium recited in claim 15,
comprising code configured to direct a processor to combine the depth values into the
representative depth value using an average of a matching set of depth values at each location
and compute a measurement of consistency as the number of matching depth values at each

location.

20. The non-transitory, computer readable medium recited in claim 15,
comprising code configured to direct a processor to create a model of the subsurface region
using the uncertainty by iteratively creating an uncertainty map or a consistency map, using
additional interpretation lines on the uncertainty map or the consistency map in each iteration

to refine the depth values.
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