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(54) Title: PARAMETERIZING A GEOLOGICAL SUBSURFACE FEATURE

200~

ACQUIRE DATA CORRESPONDING TO A SUBSURFACE,
GEOLOGICAL FORMATION, WHEREIN THE ACQUIRED DATA
INCLUDES DATA CORRESPONDING TO A SUBSURFACE BODY
HAVING A CERTAIN GEOMETRY AND A SUBSURFACE REGION

202~

DIRECTLY INVERT INTO AN INVERSION DOMAIN AT LEAST PART
OF THE SUBSURFACE BODY GEOMETRY, WHEREIN THE DIRECT
INVERSION INCLUDES: PARTITIONING THE INVERSION DOMAIN
INTO A FIRST PARTITIONED REGION, CORRESPONDING AT
LEAST IN PART TO THE SUBSURFACE BODY, AND A SECOND
PARTITIONED REGION, AND USING A LEVEL SET REPRESENTATION
TO PARAMETERIZE THE SUBSURFACE BODY GEOMETRY.

(57) Abstract: A method to parameterize the geometry of a geological, subsurface feature such as a salt body is provided. Data cor-
responding to a subsurface, geological formation is acquired. The acquired formation data corresponds to a subsurface body having a
certain geometry and a subsurface region. At least part of the subsurface body geometry is directly inverted into an inversion do-
main. The direct inversion includes partitioning the inversion domain into a first partitioned region, corresponding at least in part to
the subsurtace body, and a second partitioned region. The inversion further uses a level set representation to parameterize the sub-
surface body geometry. A computing system that includes a processor, a memory, and one or more programs stored in the memory is
also provided. The programs comprise instructions that, when executed by the processor, are configured to perform the provided
method.



WO 2013/106750 PCT/US2013/021289

PARAMETERIZING A GEOLOGICAL SUBSURFACE FEATURE

CROSS-REFERENCE TO RELATED APPLICATION

{0801} This application claims the benefit of U.S. Provisional Patent App. Serial No.
61/586,65% filed January 13, 2012 and U.S. Non-provisional Patent App. Serial No.
13/619,308 filed September 14, 2012, which are both herein incorporated by reference in their

entirety.
BACKGROUND

{60623 Full-waveform inversion (FWI} is a method that may be used to build, for
example, a high resolution seismic velocity model from the nonlinear, Hterative minimization
of the misfit between observed and synthetic data. The task of accurately recovering the
geometry of salt bodies, typically found in geologically complex marine environments like the
Gulf of Mexico, presents a great challenge to FWI for many reasons, one of which being the
tack of low frequencies in the data. Therefore, the salt geometry often must be manually
picked by seismic interpreters, which is not only subjective but is also a time-consuming and
costly process. It also has proved difficult to invert density using traditional FWI when using,
for example, the Gardner approximation at a subsurface boundary. Better definition of the

salt geometry has been shown to improve imaging in the subsalt sedimentary regions.
SUMMARY

{6003 In accordance with some embodiments, a method is performed that includes:
acquiring data corresponding to a subsurface, geclogical formation, wherein the acquired data
includes data corresponding to a subsurface body having a certain geometry and a subsurface
region; and directly inverting into an inversion domain at least part of the subsurface body
geometry, wherein the direct inverting includes partitioning the inversion domain into a first
partitioned region, corresponding at least in part {0 the subsurface body, and a second
pattitioned region, and using a level set representation to parameterize the subsurface body

geometry.
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[6004] In accordance with some embodiments, a computing system is provided that
includes at least one processor, at least one memory, and one or more programs stored in the
at least one memory, wherein the one or more programs are configured to be executed by the
One OF more processors, the one or more programs including instructions for: acquiring data
corresponding to a subsurface, geological formation, wherein the acquired data includes data
corresponding to a subsurface body having a certain geometry and a subsurface region; and
directly inverting into an inversion domain at least part of the subsurface body geometry,
wherein the direct inverting includes partitioning the inversion domain into a first partitioned
region, corresponding at least in part to the subsurface body, and a second partitioned region,

and using a level set representation to parameterize the subsurface body geometry.

{80057 In accordance with some embodiments, a computer readable storage medium is
provided, the medium having a set of one or more programs including instructions that when
executed by a computing system cause the computing system to: acquire data corresponding
to a subsurface, geological formation, wherein the acguired data includes data corresponding
to a subsurface body having a certain geometry and a subsurface region; and directly invert
into an inversion domain at least part of the subsurface body geometry, wherein the direct
inverting includes partitioning the inversion domain into a first partitioned region,
corresponding at least in part to the subsurface body, and a second partitioned region, and

using a level set representation to parameterize the subsurface body geometry.

{6008} In accordance with some embodiments, a computing system is provided that
includes at least one processor, at least one memory, and one or more programs stored in the
at least one memory; and means for acquiring data corresponding to a subsurface, geological
formation, wherein the acquired data includes data corresponding to a subsurface body having
a certain geometry and a subsurface region; and means for directly inverting into an inversion
domain at least part of the subsurface body geometry, wherein the direct inverting includes
partitioning the inversion domain into a first partitioned region, corresponding at least in part
to the subsurface body, and a second partitioned region, and using a level set representation to

parameterize the subsurface body geometry.
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{6067} In accordance with some embodiments, an information processing apparatus for
use in a computing system is provided, and includes means for acquiring data corresponding
to a subsurface, geological formation, wherein the acquired data includes data corresponding
to a subsurface body haviag a certain geometry and a subsurface region; and means for
directly inverling into an inversion domain at least part of the subsurface body geometry,
wherein the direct inverting includes partitioning the inversion domain into a first partitioned
region, corresponding at least in part to the subsurface body, and a second partitioned region,

and using a level set representation to parameterize the subsurface body geometry.

{6008] In accordance with some embodiments, a method is performed that includes:
acquiring data corresponding to a subsurface, geological formation, wherein the acguired data
includes data corresponding to a subsurface body having a certain geomeiry and a subsurface
region; and performing a full waveform inversion using a level set representation to

parameterize the subsurface body geometry.

{00997 In accordance with some embodiments, a computing system is provided that
includes at least one processor, at least one memory, and one or more programs stored in the
at least one memory, wherein the one or more programs are configured to be executed by the
one Of more processors, the one or more programs including instructions for: acquiring data
corresponding to a subsurface, geological formation, wherein the acquired data includes data
corresponding to a subsurface body having a certain geometry and a subsurface region; and
performing a full waveform inversion using a level set representation to parameterize the

subsurface body geometry.

(86101 In accordance with some embodiments, a computer readable storage medium is
provided, the medium having a set of one or more programs including instructions that when
executed by a computing system cause the computing system to: acquire data corresponding
to a subsurface, geological formation, wherein the acquired data includes data corresponding
to a subsurface body having a certain geometry and a subsurface region; and perform a full
waveform inversion using a level set representation to parameterize the subsurface body

geometry,
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{9011} In accordance with some embodiments, a computing system is provided that
includes at least one processor, at least one memory, and one or more programs stored in the
at least one memory; and means for acquiring data corresponding to a subsurface, geological
formation, wherein the acquired data includes data corresponding to a subsurface body having
a certain geometry and a subsurface region; and means for performing a full waveform

mversion using a level set representation to parameterize the subsurface body geometry.

{8012} In accordance with some embodiments, an information processing apparatus for
use i a computing sysiem is provided, and includes meauns for acquiring data corresponding
to a subsurface, geological formation, wherein the acguired data includes data corresponding
to a subsurface body having a certain geometry and a subsurface region; and means for
performing a full waveform inversion using a level set representation to parameterize the

subsurface body geometry,

18613} In accordance with some embodiments, a method is performed that includes:
acquiring data corresponding to a subsurface, geological formation, wherein the acquired data
includes data corresponding to a subsurface body having a certain geometry and a subsurface

region; and using a level set representation to parameterize the subsurface body geometry.

6014 In accordance with some embodiments, a computing system is provided that
includes at least one processor, at least one memory, and one or more programs stored in the
at least one memory, wherein the one or more programs are configured to be executed by the
one or more processors, the one or more programs including instractions for acquiring data
corresponding to a subsurface, geological formation, wherein the acquired data includes data
corresponding to a subsurface body having a certain geometry and a subsurface region; and

using a level set representation to parameterize the subsurface body geometry.

[0815] In accordance with some embodiments, a computer readable storage medium is
provided, the medium having a set of one or more programs including instructions that when
executed by a compuling system cause the computing system to: acquire data corresponding
to a subsurface, geological formation, wherein the acquired data includes data corresponding
to a subsurface body having a certain geometry and a subsurface region; and use a level set

representation to parameterize the subsurface body geometry.
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[016] In accordance with some embodiments, a computing system is provided that
includes at least one processor, af least one memory, and one or more programs stored in the
at least one memory; and means for acquiring data corresponding to a subsurface, geological
formation, wherein the acquired data includes data corresponding to a subsurface body having
a cerfain geometry and a subsurface region; and means for using a level set representation to

parameterize the subsurface body geometry.

{6617} In accordance with some embodiments, an information processing apparatus for
use in a computing system is provided, and includes means for acquiring data corresponding
to a subsurface, geological formation, wherein the acquired data includes data corresponding
to a subsurface body having a certain geometry and a subsurface region; and means for using

a level set representation o parameterize the subsurface body geometry.

[0818) In some embodiments, an aspect of the invention includes that the subsurface body

comprises a salt body and the subsurface region comprises a sediment region.

(6019 In some embodiments, an aspect of the invention includes that the direct inverting
further comprises defining an implicit model using a level set function; mapping the implicit
model onto a grid; generating an objective function and determining a gradient of the
objective function; at an iteration, perturbing the level set boundary by evolving the level set
function; and stopping the evolution of the level set function when the step length along the

time dimension (time step) meets one or more predetermined conditions.

08201 In some embodiments, an aspect of the invention includes that a direction for the
determined time step is determined using a technique selected from the group consisting of a
sieepest descent direction, a conjugate gradient direction, a Newton direction, and a quasi-

Newton direction.

[6621] In some embodiments, an aspect of the invention includes that the direct inverting
further comprises, if using a steepest descent method to determine a direction for the time
step, using a negative of the gradient as a force acting on the level set boundary to evolve the

fevel set function.

a4
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186221 In some embodiments, an aspect of the invention includes that a zero level set of

the level set function represents the boundary of the domain being inverted.

{6623} In some embodiments, aa aspect of the invention invelves providing a continuous

extension of the gradient off of the level set boundary.

{86243 In some embodiments, an aspect of the iavention includes that the direct inverting
further comprises, if the gradient is defined only on the level set boundary and a level set
evolution equation is used to evolve the level set function, choosing the level set function to
be a signed distance funciion; constructing the signed distance function; and computing a

constant extrapolation of the gradient along a direction normal to the boundary.

[0025] In some embodiments, an aspect of the invention includes that the evolving the

level set function comprises using an equation of motion.

[8026] In some embodiments, an aspect of the invention includes that the objective

function is a least-squares formulation.

{8037 In some embodiments, an aspect of the invention includes that the direct inversion

further comprises determining the misfit between the acquired data and synthetic data.

{80283 In some embodiments, an aspect of the invention includes that the level set
representation is positive if representing the first partitioned region and negative if

representing the second partitioned region.

184291 In some embodiments, an aspect of the invention includes that the direct inversion

comprises a full waveform inversion.

(38381 In some embodiments, an aspect of the invention involves determining the

geometry of the subsurface body.

[6031] In some embodiments, an aspect of the invention invelves plotting velocity

profiles of the subsurface body.

f
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8032} This summary is provided to introduce a selection of concepts that are further
described below in the detailed description. This summary is not intended to identify key or
essential features of the claimed subject matter, nor is it intended to be used as an aid in

limiting the scope of the claimed subject matter.
FIGURES

{66331 Embodiments of processing acquired data for geophysical interpretation are
described with reference to the following figures. The same numbers are generally used

throughout the figures to reference hike features and components.

{8834} Figure 1 shows a flowchart in which acquired data is processed for geophysical

interpretation, in accordance with the present disclosure.

(8035} Figure 2 schematically shows a level set function and s domain, in accordance

with the present disclosure.

{6036] Figure 3 shows a flowchart of an inversion workflow, in accordance with the

present disclosure.

{8037} Figure 4 shows a flowchart of an extrapolation workflow, in accordance with the

present disclosure.

{0038] Figure 3 shows a model having a linearly increasing velocity in the sediment

region and two salt bodies, in accordance with the present disclosure.

{9039} Figure 6 is an example graph showing the difference between the true velocity and

the starting velocity, th accordance with the present disclosure.

[6040] Figure 7 is an example graph showing a log of data misfit versus iterations, in

accordance with the present disclosure.

{6841} Figure 8 is an example graph showing the difference between the true velocity and

the inverted velocity, in accordance with the present disclosure,
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8042} Figure 9 is an example graph of the velocity depth profiles showing true velogity,
starting velocity, and inverted velocity at x = 2100 (52,500 £t), in accordance with the present

disclosure.

{0043] Figure 10 is an example graph of the velocity depth profiles showing true velocity,
starting velocity, and 1nverted velocity at x = 3500 (87,500 1.}, in accordance with the present

disclosure.

J0044] Figure 11 is an example graph showing the objective function behavior as the salt
geometry is shrunk (negative axis) and expanded (positive axis), in accordance with the

present disclosure.

{6045] Figure 12 is an example graph showing the steepest descent force on the level set
function when the salt geometry is expanded (X component), in accordance with the present

disclosure,

[0846] Figure 13 is an example graph showing the steepest descent force on the level set
function when the salt geometry is expanded (Z component}, in accordance with the present

disclosure,

{86477 Figure 14 is an example graph showing the steepest descent force on the level set
function when the salt geometry is shrunk (X component), in accordance with the present

disclosure.

[6048] Figure 15 is an sxample graph showing the steepest descent force on the level set
function when the salt geometry is shrunk (2 component), in accordance with the present

disclosure.

{6048} Figure 16 is an example plot of an alternative embodiment velocity model, in

accordance with the present disclosure.

{G050] Figure 17 is an example plot of the data misfit versus iterations for the inversion
on the alternative embodiment {of Figore 16) dataset, in accordance with the present

disclosure,
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{00511 Figure 18 shows the location of the velocity profiles for the inversion on the

alternative embodiment {of Figure 16} dataset, in accordance with the present disclosure.

{8032} Figure 19 is an example plot showing the velocity depth profiles with true velocity,
starting velocity, and inverted velocity at X = 2000 in the aliernative embaodiment {(of Figure

16) dataset, in accordance with the present disclosure.

{6053} Figure 20 is an example plot showing the velocity depth profiles with true velocity,
starting velocity, and inverted velocity at x = 3000 in the alternative embodiment {of Figure

16} dataset, in accordance with the present disclosure.

[6654] Figure 21 is an example plot showing the velocity depth profiles with true velocity,
starting velocity, and inverted velocity at x = 4000 in the alternative embodiment (of Figure

16} dataset, in accordance with the present disclosure.

[0835] Figure 22 is an example plot showing the velocity depth profiles with true velocity,
starting velocity, and inverted velocity at X = 5100 in the alternative embodiment (of Figure

16) dataset, in accordance with the present disclosure.

(88361 Figure 23 is an example graph showing the objective function behavior when the
salt body in the alternative embodiment (of Figure 16) dataset is shrunk (negative axis) and

expanded (positive axis), in accordance with the present disclosure.

{0057} Figure 24 is an example graph showing the steepest descent force acting on the salt
boundary when the salt body is expanded in the alternative embodiment (of Figure 18) dataset

(X component), in accordance with the present disclosure.

[0058] Figare 25 is an example graph showing the steepest descent force acting on the salt
boundary when the salt body is expanded in the alternative embodiment (of Figure 16) dataset

(£ component}, in accordance with the present disclosure,

{90597 Figure 26 illustrates a computing system, in accordance with the present

disclosure.
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(60607 It should be understood that the drawings are not to scale and that the disclosed
embodiments are sometimes illustrated diagrammatically and in partial views. In certain
instances, details that are not necessary for an understanding of the disclosed method and
apparatus or that would render other details difficult to perceive may have been omitted. It
should be understood that this disclosure is not limited to the particular embodiments

illustrated herein.
DETALED DESCRIPTION

{3061 Some embodiments will now be described with reference to the figures. Like
clements in the various figures may be referenced with like numbers for consistency. In the
following description, numerous details are set forth to provide an understanding of various
embodiments and/or features. However, it will be understood by those skilled in the art that
some embodiments may be practiced without many of these details and that numerous
variations or modifications from the described embodiments are possible. As used here, the
terms “above” and “below,” “up” and “down,” “upper” and “lower,” “upwardly” and
“downwardly,” and other like terms indicating relative positions above or below a given point
or element are used in this description to more clearly describe certain embodiments.
However, when applied to equipment and methods for use in wells that are deviated or
horizontal, such terms may refer to a left to right, right to left or diagonal relationship, as

appropriate.

{68621 It will also be understood that, although the terms first, second, etc. may be used
herein {0 describe various elements, these elements should not be limited by these terms.
These terms are only used fo distinguish one element from another. For example, a first
object or step could be termed a second object or step, and, similarly, a second object or step
could be termed a first object or step, without departing from the scope of the invention. The
first object or step, and the second object or step, are both objects or steps, respectively, but

they are not to be considered the same object or step.

{0863} The terminology used in the description of the invention herein is for the purpose
of describing particular embodiments only and is not intended to be limiting of the invention.

As used in the description of the invention and the appended claims, the singular forms “a,”

i
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“an” and “the” are intended to include the plural forms as well, unless the context clearly
indicates otherwise. It will also be understood that the term "and/or” as used herein refers to
and encompasses any and all possible combinations of one or more of the associated listed
items. It will be further understood that the terms "includes,” “including,” "comprises,”
andfor "comprising,” when used in this specification, specify the presence of stated features,
integers, steps, operations, elements and/or components, but do not preclude the presence or
addition of one or more other features, integers, steps, operations, elements, components

and/or groups thereof,

(60641 As used herein, the term "if" may be construed to mean "when" or "upon” or “in
response to determining” or "in response to detecting,” depending on the context. Similarly,
the phrase "if it is determined” or " {a stated condition or event] is detected” may be
consirued to mean "upon determining” or "in response o determining” or "upon detecting {the
stated condition or event]” or "in response to detecting [the stated condition or event],”

depending on the context,

(065} A system and method to parameterize the geometry of a subsurface feature {e.g.,
salt body} are disclosed. While this disclosure invelves the procedure {0 accomplish full
waveform inversion (FWI) using a level set approach to parameterize salt geometry and
recover salt geometry from observed seismic data, those of ordinary skill in the art will
recognize that the various disclosed embodiments may be applied in many contexts for many

types of collected data to image features in a subsurface region.

(066} In one embodiment, one may directly invert the geometry of subsurface features
using FWIL Salt bodies, for example, are subsurface features for which the method disclosed
herein may be used. Providing betiter definition of the salt geometry (e.g., boundary)
improves the imaging in the subsalt sedimentary regions. The FWI technique may include
partitioning the inversion domain into first (e.g., salt) and second {e.g., sediment) regions, and
using a level set representation to parameterize the first body {(salt) geometry. This is
iHlustrated in a flowchart format in Figare 1, which shows that data corresponding to a
subsurface, geological formation is acquired, wherein the acquired data includes data

corresponding o a subsurface body having a certain geometry and a subsurface region (200).

il
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At least part of the subsurface body geometry is directly inverted into an inversion domain,
wherein the direct inversion includes: (1) partitioning the inversion domain into a first
pattitioned region corresponding at least in part to the subsurface body, and a second
partitioned region; and (2} using a level set representation to parameterize the subsurface body

geometry (202},

{6067} The classical least-squares formulation of the full waveform inversion problem can
be described as follows. F is the function or forward modeling operator (F 1 M — R” ) that
maps the property model (e.g., velocity, density, et} {xre M o ®"), defined over the

inversion domain D using a gridded representation, to the data domain, o, where d & R" is

the observed data. One solves the following optimization problemy

min f(x) = -};“F(x} ~d

2
3

{66687 At each {or one or more} iteration &, the model is updated according 1o the rule
Xy X+ P, where & is the step length determined by a line search procedure, and the
direction, p,, could be, for example, depending on the optimization technigue being used, one

of steepest descent, conjugate gradient, or Newton/guasi-Newton direction.

(86691 For any real-valued function f that maps R into R (F:R* - R), a level set is
the set for which the function takes on a given constant value, oy ={xe R": flx)=a}.
The level set representation involves constructing a function, @, which maps 3 into R
(@R — R), such that its zero level set, T(0), is the boundary, d{}, of the domain, €2, that

we wish to represent and invert, as schematically iHustrated in Figure 2.

{6870] The level set function f is made positive in {2 {e.g., the salt) and negative in £2°
{e.g., the sediment). The level set approach may be adapted to solve for the salt geometry
such that it requires minimal changes to the FWT algorithm and does not add significantly to
the computational expense. Using the level set representation to parameterize the salt

geometry, one may reformulate the inversion as follows.

i2
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{8871} Let X be the implicit model defined using a level set function ¢& D, and let g be
the operator that maps the implicit model onio a giid (g: D M). The new objective
function is then given by:

1

min f(2)=~|F (g ()-d]].

The gradient of the new objective function is computed using the chain rule:
[

8 d .
VF(3) = Xémé‘?gg(x},

f=f WAy
where g, (£ =x,.

8672} At each iteration {or one or more iterations), the perturbations to the level set
boundary are made by evolving the level set function @. The eguation of motion controlling

the evolution of the level set function is given by;

g +V - Vo=cxl

v,

\Y . . ) .
where x=V {__ji} is the curvature of the surface, ¢ 2 {0 is the curvature weight, and V is

iz

the directional force acting on the level set surface. By appropriately choosing the directional
force V' and solving the above differential equation, one can control the perturbations that are

made to the leve] set surface, which in this case represents the salt geometry.

10673] In accordance with the steepest descent method, we use the negative of the

gradient as the force acting on the level set surface to evolve ¢. That is, at iteration k,

evolve @ according to:

8, ~Vf, (3) Vo=cxiVy|
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The evolution may be stopped when &, =, ~{,_,. the step length along the time dimension,

meets certain conditions determined by a line search procedure. The line search ensures that
the value of the objective function is reduced at every iteration. At the end of the iteration,
the gradient is recomputed using the new solution for ¢ and a next iteration is performed

using the newly computed gradient.

[0674] One embodiment of this inversion workflow is shown in a flowchart in Figure 3
and summarized here: define implicit model using a level set function, and map the implicit
model onto a grd (300); generate objective function and determine gradient of objective
function {302); iteratively perturb the level set boundary by evolving the level set function
(304); if using steepest descent method, use the negative of the gradient as the force acting on
the level set surface to evolve the level set function (306); stop evolution of the level set
function when the step length along the time dimension (time step) meets certain counditions

{e.g., determined by a line search procedure) (308).

{0875} In some embodiments, the gradient Vji (£} is defined only on the boundary, 0€2.

Thus, to use the level set evolution equation to evolve the level set function, we must provide
a continuous extension of the gradient off the boundary, d€2, onto the gridded domain, D.
There are several ways in which this can be done. According to one technigue, we choose the

fevel set function to be the signed distance function:

p(x)=inf [~ 3], 5 (dy),

P { I xe @

where 9(¢) = T and @ {x)=

P+ 1 -1 xe (¥
The signed distance function is constracted by solving the following differential eguation:
¢ = S(g)1-[Ve).

A constant extrapolation of the gradient along the normal direction to dQ is then computed
by solving the following advection equation:

i4
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where § is the quantity being advected. In our case, that will be the components of the
gradient vector. Because we can assume that the perturbation to the boundary is small at a
given iteration, this extrapolation step can be optimized (or improved) such that the gradient

only has to be defined in a small neighborhood of the boundary 9€2.

{0875] This extrapolation workflow is shown in a flowchart in Figure 4 and summarized
here: if the gradient is defined only on the boundary and a level set evolution equation is used
to evolve the level set function, choose the level set function to be a signed distance function
{400}; construct the signed distance function {e.g., by solving a differential equation) (402);
and compule a constant exirapolation of the gradient along the direction normal to the

boundary {(e.g., by solving an advection equation) (404).

(8677} Note that the following examples are non-limiting examples. In some
embodiments, all of the steps disclosed herein may be used to process the acquired data. In
other embodiments, a subset or a superset of the steps disclosed herein may be used. In yet
ather embodiments, steps disclosed herein may be combined and/or supplemented with other

methods, techniques and processes known to those skilled in the art.

[0078] One embodiment was tested using the 213 model shown in Figure 5. This model
has a linearly increasing velocity in the sediment region and has two salt bodies with
geometries derived from the subsalt multiples attenwation and reduction technology
(SMAART) Pluto 1.5 model. The velocity model is defined on a 5,000 (in X0 by 800 (in
depth} grid with a grid interval of 25 feet in both dimensions. The salt velocity is chosen to
be constant at 14,800 ft./s. The observed data were synthetically generated using an acoustic
propagator with true velocity and counstant density. A fixed-spread acquisition geometry was
used with a source interval of 75 feet and a receiver interval of 25 feet, with a record length of

& seconds. The source depth was the same as the receiver depth: 25 feet.

{80791 To generate the starting model for the inversion, the entire salt boundary was

shrank by a normal force to the surface. The background sediment velocity was assumed to

{5
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be known and kept unchanged throughout the inversion. Figure & shows the difference of the
true velocity and the starting velocity for the inversion. The magnitude is zero everywhere
except in the neighborhood of the salt boundary due to the shrunk salt used in the starting
velocity model. The inversion using the level set approach was run starting with the shrunk
salt model with a 3-Hz low-pass filter applied o both the predicted and observed data. The
objective function (log of data misfit) monotonically decreases along the iterations as the
inversion progresses, suggesting convergence as shown in Figure 7. The converged solution
can be seen in Figure 8, which shows the difference of the true velocity and the inverted
velocity after 18 iterations, and in Figures 9 and 10, which show the velocity profiles at

x=2100 (52,500 ft.) and x=3500 (87,500 ft.}, respectively.

{60807 The behavior of the objective function as the salt geometry is shrunk (negative
axis} or expanded {(positive axis) can be seen in Figure 1. As can be seen, the objective
function is minimum at the true geometry (ie., al zero) and increases as the geometry is
shrunk or expanded. The steepest descent force acting on the level set boundary in both cases
can be seen in Figures 12-15, where Figures 12 and 13 show the expanded case for the X and
Z components, respectively, and Figures 14 and 15 show the shrunk case for the X and Z
components, respectively. It can be observed that forces of opposite polarity act on the salt

boundary when the salt is expanded, as compared to when the salt body is shrunk.

{0881} An alternative embodiment was tested using the subsalt multiples attenvation and
reduction technology (SMAART) Pluto 1.5 model. The true velocity model is shown in
Figure 16. The cbserved data were again synthetically generated using an acoustic propagator
with true velocity and true density. The acquisition geometry and other parameters were kept

the same as those of the original Pluto 1.5 dataset,

[0082] To generate the starting model for the inversion, the entire sali boundary was
expanded by a normal force to the surface. The background sediment velocity and density
was assumed to be known and kept unchanged throughout the inversion. The inversion using
the level set approach was run starting with the expanded salt model with a 3-Hz low-pass
filter applied to both the predicted and observed data. As the salt geometry was updated in

the inversion, both the velocity model and the density model were updated with the new salt
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geometries using the exact values {or substantially similar or equivalent values) of velocity

and density for the salt bodies.

{0683} The objective function behavior along the iterations as the inversion progresses is
shown in Figure 17. Figure 18 shows the locations from which the depth profiles were
extracted. Figures 19-22 show the depth profiles for the four locations at x=2000, 3000,
4000, and 3100, respectively, with true velocity, starting velocity, and inverted velocity
plotted after five iterations of the inversion. As can be observed, the inverted solution is

approaching the true solution and the inversion is converging.

{0084} The behavior of the objective function as the salt geometry is shrunk (negative
axis) or expanded {(positive axis) can be seen in Figure 23. Again, the objective function is
minimum at the true geometry (at zero) and increases as the geometry is shrunk or expanded.
The steepest descent force acting on the level set boundary when the salt geometry is
expanded can be seen in Figures 24 and 23 (X and & components, respectively). As can be

seen, the forces act in the right direction with respect to the geometry of the salt bodies.

{0083} The computing systern 100 shown in Figure 26 can be an individual computer
system 101A or an arrangement of distributed computer systems. The computer system 101A
includes one or more analysis modules 102 that are configured to perform various tasks
according to some embodiments, such as one or more methods disclosed herein {e.g., any of
the steps, methods, technigues, and/or processes, and/or combinations and/or variations and/or
equivalents thereof). To perform these various tasks, analysis module 102 executes
independently, or in coordination with, one or more processors 104, which is {(or are)
connected to one or more storage media 106, The processor{s) 104 is (or are) also connected
to a network interface 108 to allow the computer systermn 101A to communicate over a data
aetwork 110 with one or more additional computer systems and/or computing systems, such
as 1018, 101C, and/or 101D (note that computer systems 1018, 101C andfor 101D may or
may not share the same architecture as computer system 10TA, and may be located in
different physical locations, e.g., computer systems 101A and 101B may be on a ship

underway on the ocean, while in communication with one or more computer systems such as
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101C andfor 101D that are located in one or more data centers on shore, on other ships,

and/or located in varying countries on different continents).

[B686) A processor can inciude a microprocessor, microconiroller, processor module or
subsystem, programmable integrated circuit, programmable gate array, or another control or

computing device,

{0087} The storage media 106 can be implemented as one or more computer-readable or
machine-readable storage media. Note that while in the example embodiment of Figure 26
storage media 106 is depicted as within computer system 1014, in some embodiments,
storage media 106 may be distributed within andfor across multiple internal andfor external
enclosures of computing system 18014 and/or additional computing systems. Storage media
106 may include one or more different forms of memory including semiconductor memory
devices such as dynamic or static random access memories {DRAMs or SRAMs), erasable
and programumable read-only memories (EPROMs), electrically erasable and programmable
read-only memories (EEPROMSs) and flash memories; magnetic disks such as fixed, floppy
and removable disks; other magnetic media including tape; optical media such as compact
disks (CDs} or digital video disks (DVDs); or other types of storage devices. Note that the
instructions discussed above can be provided on one computer-readable or machine-readable
storage medium, or alternatively, can be provided on multiple computer-readable or machine-
readable storage media distributed in a large system having possibly plural nodes. Such
computer-readable or machine-readable storage medium or media is {are) considered to be
part of an article (or article of manufacture}. An article or article of manufacture can refer to
any manufactured single component or multiple components. The storage medivm or media
can be located either in the machine running the machine-readable instructions, or located at a
remote site from which machine-readable instructions can be downloaded over a network for

execution,

{0088} It should be appreciated that computing system 100 is only one example of a
computing sysiem, and that computing system 100 may have more or fewer components than
shown, may combine additional componeats not depicted in the example embodiment of

Figure 26, and/or computing system 100 may have a different configuration or arrangement of
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the components depicted in Figure 26, For example, though not shown explicitly, computing
system 100 would generally include input and output devices such as a keyboard, a mouse, a
display monitor, and a printer and/or plotter. The various components shown in Figure 26
may be implemented in hardware, software, or a combination of both hardware and software,

including one or more signal processing and/or application specific integrated circuits.

[6G89] While certain implementations have been disclosed in the context of seismic data
collection and processing, those of ordinary skill in the art will recognize that the disclosed
method can be applied in many fields and contexts where data involving structures arrayed in
a three-dimensional space may be collected and processed, e.g., medical imaging technigues
such as tomography, ultrasound, magnetic resonance imaging (MRI) and the like, SONAR

and LIDAR imaging technigues and the like.

[0690] Further, the steps in the processing methods described above may be implemented
by running one or more functional modules in information processing apparatus such as
general purpose processors or application specific chips, such as ASICs, FPGAs, PLDs, or
other appropriate devices. These modules, combinations of these modules, and/or their
combination with general hardware are all included within the scope of protection of the

invention,

[0091] While only certain embodiments have been set forth, alternatives and
modifications will be apparent from the above description to those skilled in the art. These
and other alternatives are considered equivalents and within the scope of this disclosure and
the appended claims. Although only a few example embodiments have been described in
detail above, those skilled in the art will readily appreciate that many modifications are
possible in the example embodiments without materially departing from this invention.
Accordingly, all such modifications are intended to be included within the scope of this
disclosure as defined in the following claims. In the claims, means-plus-function clanses are
intended to cover the structures described herein as performing the recited function and not
only structural equivalents, but also equivalent structures. Thus, although a nail and a screw
may not be structural equivalents in that a nail employs a cylindrical surface to secure wooden

parts together, whereas a screw employs a helical surface, in the environment of fastening
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wooden parts, a nail and a screw may be equivalent stroctures. It is the express intention of
the applicant not to invoke 35 U.S.C. § 112, paragraph & for any Hmitations of any of the
claims herein, except for those in which the claim expressly uses the words *means for’

together with an associated function,
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Claims
What is claimed is;

i. A method, comprising:

acquiring data corresponding to a subsurface, geological formation, wherein the
acquired data includes data corresponding to a subsurface body having a certain geometry and
a subsurface region; and

directly inverting into an inversion domain at least part of the subsurface body
geometry, wherein the direct inverting inclodes:

partitioning the inversion domain into a first partitioned region, corresponding

at least in part to the subsurface body, and a second partitioned region, and

using a level set representation to parameterize the subsurface body geometry.

2. The method of claim 1, wherein the subsurface body comprises a salt body and the

subsurface region comprises a sediment region.

3. The method of claim 1, wherein the direct inverting further comprises:
defining an implicit model using a level set function;
mapping the implicit model onto a grid;
generating an objective function and determining a gradient of the objective function;
at an iteration, perturbing the level set boundary by evolving the level set function; and
stopping the evolution of the level set function when the step length along the time

dimension {time step) meets one or more predetermined conditions.

4. The method of claim 3, wherein a direction for the determined time step is determined
using a technique selected from the group consisting of a steepest descent direction, a

conjugate gradient direction, a Newton direction, and a quast-Newton direction.

5. The method of claim 3, wherein the direct inverting further comprises, if using a
steepest descent method to determine a direction for the time step, using a negative of the

gradient as a force acting on the level set boundary to evolve the level set function.
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6. The method of claim 3, wherein a zero level set of the level set function represents the

boundary of the domain being inverted.

7. The method of claim 3, further comprising providing a continuous extension of the

gradient off of the level set boundary.

8. The method of claim 3, wherein the direct inverting further comprises, if the gradient
is defined only on the level set boundary and a level set evolution equation is used 1o evolve
the level set function:

choosing the level set function to be a signed distance function;

constructing the signed distance function; and

computing a constant extrapolation of the gradient along a direction normal to the

boundary.

3. The method of claim 3, wherein the evolving the level set function comprises using an

equation of motion.
10, The method of claim 3, wherein the objective function is a least-squares formulation.

11, The method of claim 1, wherein the direct inversion further comprises determining the

mistit between the acquired data and synthetic data.

12, The method of claim 1, wherein the level set representation is positive if representing

the first partitioned region and negative if representing the second partitioned region.

13, The method of claim 1, wherein the direct inversion comprises a full waveform

mversion,

f4.  The method of claim 1, further comprising determining the geometry of the subsurface

body.

15, The method of claim 1, further comprising plotiing velocity profiles of the subsurface
body.
16. A method, comprising:
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acquiring daia corresponding to s subsurface, geological formation, wherein the
acquired data includes data corresponding to a subsurface body having a certain geometry and
a subsurface region; and

performing a full waveform inversion using a level set representation to parameterize

the subsurface body geometry.

17 A computing systerm comprising at least one processor, at least one memory, and one
or more programs stored in the at least one memory, wherein the programs comprise
instructions, which when executed by the af least one processor, are configured to perform:

acquiring data corresponding to a subsurface, geological formation, wherein the
acquired data includes data corresponding to a subsurface body having a certain geometry and
a subsurface region; and

using a level set representation to parameterize the subsurface body geometry.
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1715

ACQUIRE DATA CORRESPONDING TO A SUBSURFACE,
200~ GEOLOGICAL FORMATION, WHEREIN THE ACQUIRED DATA
INCLUDES DATA CORRESPONDING TO A SUBSURFACE BODY
HAVING A CERTAIN GEOMETRY AND A SUBSURFACE REGION

DIRECTLY INVERT INTO AN INVERSION DOMAIN AT LEAST PART
OF THE SUBSURFACE BODY GEOMETRY, WHEREIN THE DIRECT
202~ INVERSION INCLUDES: PARTITIONING THE INVERSION DOMAIN
INTO A FIRST PARTITIONED REGION, CORRESPONDING AT
LEAST IN PART TO THE SUBSURFACE BODY, AND A SECOND
PARTITIONED REGION, AND USING A LEVEL SET REPRESENTATION
TO PARAMETERIZE THE SUBSURFACE BODY GEOMETRY,
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DEFINE IMPLICIT MODEL USING A |
3001 LevEL SET FUNCTION, AND MAP THE
IMPLICIT MODEL ONTO A GRID. |

GENERATE OBJECTIVE FUNGTION |
3020 "AND DETERMINE GRADIENT OF |
OBJECTIVE FUNCTION.

304~ | ITERATIVELY PERTURB THE LEVEL |
| SET BOUNDARY BY EVOLVING THE |
LEVEL SETFUNCTION. |

IF USING STEEPEST DESCENT METHOD,

306~ USE THE NEGATIVE OF THE GRADIENT AS THE

FORCE ACTING ON THE LEVEL SET SURFACE
TO EVOLVE THE LEVEL SET FUNCTION.

STOP EVOLUTION OF THE LEVEL SET FUNCTION
308~ WHEN THE STEP LENGTH ALONG THE TIME DIMENSION
(TIME STEP) MEETS CERTAIN CONDITIONS (£.G.,
DETERMINED BY A LINE SEARCH PROCEDURE).

FiG. 3
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3/156

IF THE GRADIENT IS DEFINED ONLY ON THE BOUNDARY

400~ AND A LEVEL SET EVOLUTION EQUATION IS USED 1O

EVOLVE THE LEVEL SET FUNCTION, CHOOSE THE LEVEL
SET FUNCTION TO BE A SIGNED DISTANCE FUNCTION.

402~_| CONSTRUCT THE SIGNED DISTANGE FUNCTION |
(E.G., BY SOLVING A DIFFERENTIAL EQUATION).

404 COMPUTE A CONSTANT EXTRAPOLATION OF THE
] GRADIENT ALONG THE DIRECTION NORMAL TOTHE |
BOUNDARY (E.G., BY SOLVING AN ADVECTION EQUATION). |

FiG. 4
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