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DETERMINING AN ELASTIC MODEL FOR A GEOLOGIC REGION

{8881} This application claims the benefit of US. Provisional Patent App. Serial No.
61/619,882 filed April 3, 2012, U.S. Provisional Patent App. Serial No. 61/586,512 filed
Fanuary 13, 2012, and U.S, Non-provisional Patent App. Serial No. 13/588,478 filed August

28, 20172; all of which are hereby incorporated by reference in their entireties.
BACKGROUND

{60821 Seismic exploration may be used in many different applications, such as
applications involving surveying subterranean geologic formations for hydrocarbon deposits.
In a survey, one or more seismic source(s) generate seismic waves, which propagate into the
geologic formations creating pressure changes and vibrations along their way., Changes in
elastic properties of the geologic formations scatter the seismic waves, changing their
direction of propagation and other properties. Part of the energy emitied by the sources
reaches seismic sensors, resulting in measurements that are acquired by the sensors. Some
seismic sensors are sensitive to pressure changes (hydrophones), others to particle motion
{e.g., geophones); and industrial surveys may deploy only one iype of sensor, both
hydrophones and geophones; and/or other suitable sensor types. Time-domain based seismic
amplitude inversion has been used to derive an estimate of the elastic rock properties of the

surveyed geologic formations.
SUMMARY

[0663] The 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,

[0604] In accordance with example implementations, a technique includes determining at
least one impulse response of a modeling and migration of at least one point scatterer for a

subsurface geologic region of interest. The technique includes determining an elastic model

ot
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for the region, based at least in part on the impulse response(s) and a reflection amplitude

image of the region.

{6085] In further example implementations, the technique includes inverting the reflection

amplitude image in the depth domain.

{60881 In further example unplementations, the inversion of the reflection amplitude
image includes directly inverting the image in the depth domain without first transforming the

image into another domain other than the depth domain.

{60871 In further example implementations, the reflection amplitude image includes an

image that is formed from pre-stack seismic data.

[6068] In further example implementations, deterrmining the elastic model includes
simultanecusly inverting a plurality of images, which are derived from pre-stack data for the

elastic model

6069 In: further example implementations, images may include images derived from pre-
stack data selected according to at least one of opening angles, offsets and reflection

azimuths.

(0618} In further example implementations, the technique includes migrating data
acquired by at least one receiver in a seismic survey to generate the reflection amplitude
image based at least in part on a velocity model for the region; and determining an estimate of
the elastic model. This is achieved at least in part by using the impuise response(s) and the
estimated elastic model, (o estimate the modeled reflection amplitude image of the subsurface
geologic region, This determination includes selectively refining the estimated elastic model

based at least in part on a comparison of the images.

6811} In further example implementations, determining the modeled reflection amplitude
image includes determining the reflectivity of the point(s) based at least in part on an estimate
of the elastic model; and determining the modeled reflection amplitude image based at least in

part on the determined reflectivity and the impulse response(s}.

LEW]
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{00121 In further example implementations, selectively refining the estimated elastic

model includes modifying the elastic model to decrease a difference between the images.

0013 In further example implementations, determining the modeled reflection amplitude
image includes determining a reflectivity based at least in part on the estimated elastic model,
and applying one of the impulse response(s) that is a Hessian operator, a blurring operator or a

point spread function (PSF) to the determined reflectivity.

[0014] In further example implementations, the technique includes selectively correcting

at least one of the images based at least in part on a well log-derived image.

(00151 In another example implementation, an apparatus includes an interface and a
processor. The interface receives seismic data acquired in a survey of a subsurface geologic
region. The at least one impulse response of a modeling and migration of at least one point
scatterer for the region; and determines an elastic model for the region based at least in part on

the tmpulse response(s) and a reflection amplitude of the image.

[6416] In another example implementation, a technigue includes determining at least one
impulse response of a modeling and migration of at least one point scatterer of a target
structure and based at least in part on the impulse response(s) and a reflection amplitude

image, determining a model for at least part of the target structure,

{08171 In another example implementation, an article includes a non-transitory storage
medium to store instructions that when executed by a processor-based machine cause the
processor-based machine to determine at least one impulse response of a modeling and
migration of at least one point scatterer of a target structure and determine a model for at least
part of the target structure based at least in part on the impulse response(s) and a reflection

amplitude image.

[6618] Advantages and other features will become apparent from the following drawing,

description and claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

(0819 Fig. 1 is a schematic diagram of a seismic acquisition system according to an

example inplementation.

{88281 Figs. 2 and 3 are flow diagrams depicting techniques to determine an elastic model

according to example implementations.

(8621} Fig. 4 is a schematic diagram of a system to determine an elastic model according

o an example implementation.

{66223 Fig. § is a schematic diagram of a data processing system according to an example
unplementation.

DETAILED DESCRIPTION
(80233 Reference will now be made in detail to embodiments, examples of which are

iilustrated in the accompanying drawings and figures. In the following detailed description,
aumerous specific details are set forth in order to provide a thorough understanding of the
invention. However, it will be apparent to one of ordinary skill in the art that the invention
may be practiced without these specific details. In other instances, well-known methods,
procedures, components, circuits and networks have not been described in detail so as not (o

unnecessarily obscure aspects of the embodiments.

[0624] it will also be understood that, although the terms first, second, etc. may be used
herein to describe various elements, these elements should not be limited by these terms.
These terms are ounly vsed to 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 sieps, respectively, but

they are not 1o be considered the same object or step.

[0825] The terminology used in the description herein is for the purpose of describing
particular embodiments only and is not intended {0 be limiting of the invention. As used in

the description and the appended claims, the singular forms “a,” “an” and “the” are intended
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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

LE I 1 B4

understood that the terms “includes,” "including,

LE 1}

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, clements, components andf/or groups thereof.

[6026) As used herein, the term "it" may be construed to mean "when” or "upon” or "in
response (o determining” or "in response to detecting,” depending on the context. Similarly,
the phrase "if it is determined” or "if {a stated condition or event] is detected” may be
construed to mean "upon determining” or "in response to determining” or "upon detecting [the
stated condition or event]” or "in response (o detecting [the stated condition or event],"

depending on the context.

(50273 Seismic data may be processed in a technigue called "depth imaging” to form an
image (herein called the "depth image") of reflection amplitudes in the depth domain for a
particular target structure {(a geologic subsurface region of interest, for example). In general,
for processing seismic data surveying a geclogic subsurface region of interest, the depth
image may be used o identify the reservoir structure of this region. The seismic data may
also be processed to obtain information (herein called the "elastic model”) about the elastic
properties of the geologic subsurface region, such as density, compressional (P) impedance,
compression velocity (vp)-to-shear velocity (v} ratio, anisotropy and so forth. In general, the
elastic model provides insight into the surveyed region's lithology, reservoir quality and

fluids.

[6028] Une way to determine the elastic model involves using seismic amplitude versas
offset (AVQ) inversion. With AVO inversion, the depth image has traditionally been
converted into the time domain so that the resulting time domain data may be convolved with
a consistent wavelet, which spatially and temporally varies relatively slowly; and the resuiting

processed data has subsequently been transformed back into the depth domain.
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{68291 In accordance with example implementations, techniques and systems are
disclosed herein for purposes of determining an elastic model for a subsurface geologic region
of interest in the depth domain without involving transformations between the time and depth
domains, thereby saving time, expense, and effort. More particularly, technigues and systems
are disclosed herein, which determine the elastic model based at least in part on the depth
image and impulse responses of a combined modeling and migration of selected point
scatterers in the region. In general, the impulse response is the response of the modeling and
migration of a single point scatterer and may be a blurring operator, Hessian operator or point
spread function (PSF), as further described herein. This approach of determining the elastic
model accounts for the variations in the reflection amplitudes, which arise due to such factors
as complex geology, spatial variations in the acquisition geometry and processing sysiem

tmperfections.

{4030] Although techniques and systems that are disclosed herein permit the
determination of the elastic model in the depth domain without conversions between the time
and depth domains, domains other than the depth domain (the time domain, the phase domaia,
and so forth} and thus, one or more transformations may be used to determine the elastic

model, in accordance with further implementations.

[6031) In accordance with example implementations that are disclosed herein, the elastic
model is determined by an inversion process that is based on a comparison of a first depth
image that is derived from actual seismic measurements with a synthetically-generated second

depth image that is derived using the impulse responses and the first depth image.

(D832} The seismic acquisition system that acquires the actual seismic measurements may
take on numerous different forms and configurations, depending on the particular
implementation. As a non-limiting example, Fig. 1 depicts an example seismic acquisition
system 10, although other seismic acquisition systems and/or other survey geometries may be
employed, in accordance with other implementations. Moreover, although the system 10 is a
land-based seismic acquisition system that includes at least one well 30, it is understood that
the technigues and systems, which are disclosed herein may likewise be applied to seabed-

based seismic acquisition systems, towed sireamer-based seismic acguisition systems, and so

&
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forth, regardless of whether such systems include any well or more than one well. Thus,

many variations are contemplated, which are within the scope of the appended claims.

8033} For the specific example that is depicted in Fig. 1, the seismic acquisition system
13 employs a multi-receiver borehole seismic (BHS) geometry (employs a vertical seismic
profile (V8P) survey geometry, as a non-limiting example) in which an array of seismic
receivers (in the form of a "receiver array 417} is deployed in the well 30 or at other suitable
region or regions for seismic surveying and analysis. Moreover, for the example that is
depicted in Fig. 1, the seismic acquisition system 10 includes one or more seismic sources 20
{example seismic sources 20-1, 20-2 and 20-3, being depicted in Fig. 1), which are disposed
at or near the Barth surface 24 of the well 30 at various lateral source-to-receiver offsets from
the receiver array 21, As a non-limiting example, the seismic receivers of the receiver array
41 may be formed on an optical fiber. It is noted, however, that the seismic receivers may
take on vartous different forms, such as discrete receivers that are deploved on a cable, and so

forth, as can be appreciated by the skilled artisan.

6034 fn further implementations, the seismic acquisition system may include multiple
wells, with each well having a similar arrangement of receivers and sources. In yet further
implementations, the seismic acquisition system may include additional receivers andfor

sources located outside/away from any wellbores.

{0835] For the example that is depicted in Fig. |, the seismic sources 20 are disposed at
different positive source-fo-receiver offsets (relative to an offset direction 49). However, the
seismic sources 20 may be deploved at negative source-to-receiver offsets, in accordance with
further implementations. In general, the seismic sources 20 may be arbitrarily distributed in
three-dimensional (3-D) space, in accordance with the many possible implementations, The
actual number of seismic sources 20 that are used, the locations of the seismic sources 20 and
the source spacing, which is employed, depends on the particular implementation. As shown
in Fig. 1, for a given image point 46 (at an example interface boundary 30) the seismic
sources 20 generates energy that propagates along different paths 47 and produces reflected

energy 48, which i1s sensed by the receivers of the aray 41,

o
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{66386} As depicted in Fig. 1, the receiver array 41 may be deployed downhole in the well
30 as part of a ool 40 via a conveyance mechanism 32. As a son-hmiting list of examples,
the conveyance mechanism 32 may be a wireline, a slickline, a coiled tubing, or jointed
tubing, as pon-limiting examples. In accordance with some implementations, the receiver
array 41 may include two or more seismic receiver sub arrays, where each seismic receiver
sub array has one or more seismuc receivers. In accordance with some implementations, the
receiver array 41 may be deployed for seismic acquisition using a plurality of tools andfor a
plurality of conveyance mechanisms. Moreover, in accordance with some implementations,
the receiver array 41 may inclode a plurality of seismic receiver sub arrays, where a first
seismic receiver sub array in the plurality of seismic receiver sub arrays is deployed in a first
seismic survey region, a second receiver sub array is deployed in a second seismic survey
region, and so forth. Thus, many variations are coniemplated, which are within the scope of

the appended claims.

{6037] For example techniques and systems, which are disclosed herein, it is assumed that
a logging operation has been performed in the well 30 to obtain near wellbore logging
measurements that provide or may be processed to provide elastic properties in the near
wellbore region. As can be appreciated by the skilled artisan, various tools may be deploved
in the well 30 for purposes of acquiring these measurements, such as nuclear magnetic

resonance (NMR)} tools, impedance tools, acoustic tools and so forth.

{6038] Conventional AYQ inversion processes the depth image and assumes that the
depth image has preserved relative amplitude information and is relatively free from the
effects of illumination variations, vertically, laterally , with incidence angle and with azimuth.
Under these assumptions, stretching a depth image back o time and applying inversion based
on a one-dimensional (-D) convolutional modeling approach may produce reasonable results,
However, illumination effects in complex geological settings (settings that involve shadow
zones in subsalt imaging, for example) may pose challenges to traditional imaging algorithms,
such as reverse-time migration (RTM}. In accordance with the technigues and systems, which
are disclosed herein, the impulse responses used in the derivation of the elastic model provide
a measure of how well the migration processing operation serves as an inverse to the Earth's

response.
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{6039] Seismic data d may be regarded to be the result of the application of a linear
modeling operator M to a reflectivity model r. The linear modeling operator M may be a
discrete or continuous (L.e., integral) operator, depending on the particular implementation.

The least-sguares inverse {0 this problem (deriving a reflectivity model ) is set forth below:
P (M*M)Y 'M*d, Eq. 1

where M represents the migration operator, which is the adjoint of modeling operator, M.

The resulting migrated depth image, 1, is described as follows:

[=M4d, Eq. 2
[0840] The true reflectivity model 1 is related to the migrated depth image 1 as follows:
{=Hr, Fg. 3

where H represenis the Hessian operator and may be further described as follows:
H=MM. Eq. 4

{6041} In general, the Hessian operator H may be viewed as a measure of illumination

that reflects the effects of velocity variation and the acquisition footprint.

(06423 More specifically, in accordance with example implementations, which are
described herein the processing and migration operator, P, may inclode the effects of applied
processing and imaging methods and may differ in some details from the adjoint of the

modeling operator , such that the depth image is described as follows:
[=Pd=Br=PMr , Eg3
where
B = PM, Eg6

and B may differ in some details from the Hessian of the modeling operator.

e
e
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[6643] The operator B may be alternatively viewed as being a modeling operation
followed by a migration operation. In general, the operator B may be regarded as an operator,

which "blurs” the true reflectivity model ¢ to provide the migrated depth image L

[6844] Each column of the operator B is the result of applying the modeling operation, M,
followed by the processing and imaging operator, P (o the corresponding point in r. This
defines a mulii-dimensional blurring function at that point scatterer which we will also refer

10 as a point spread function or PSF.

[H845] Applying the operator B may be a relatively processing intensive operation, and
therefore, in accordance with some implementations, measures may be undertaken to regulate
the number of calculations used in this operation. For example, in accordance with some
implementations, the operator B may be relatively slow varying spatially, and due to this
characteristic, the operator B may be applied in the wavenumber domain. As another
example, in some implementations, when the operator B is relatively sparse {(contains a
significant number of zero or near zero values), the operator B may be applied by
approximating the operator B using a low rank approximation, such as an eigenvalue-based
approkimation, for example. In this manner, in accordance with an example implementation,

the operator B may be approximated using an eigen-decomposition of the operator B.

[8046] In accordance with the systems and techniques, which are disclosed herein, a
simulated, or synthetic, depth image that is formed from the operator B and an estimated
elastic model, m, is compared with the migrated depth image 1 (i.e., compared with the depth
image derived from the actual seismic measurements); and this comparison is used to further

refine and thus, determine the final elastic model, m, in an inversion process.

(88473 More specifically, the true reflectivity, r, may be modeled as a funciion of the

elastic model, m, as follows:
r= R{m). Eqg. 5§

Using this relationship, a synthetic depth image BR{m} may be corapared with the migrated
depth image 1, such that comparisons may be performed in multiple processing iterations that

refine the estimate for the model m. Therefore, when the synthetic image BR(m) is the same

1
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{or similar or substantially the same) as the migrated depth image L, based on predetermined

matching criteria, a relatively accurate estimate of the elastic model m may be obtained.

{(1848] Referring to Fig. 2, thus, in accordance with some implementations, a technique
100 to determine an elastic model for a subsurface geologic region of interest includes
determining {block 104} at least one impulse response of a modeling and migration of at least
one point scatterer in the region. The elastic model may be determined, pursuant to block
106, for the subsurface geologic region based at least in part on the impuise response(s) and a
reflection amplitude image, i.e., the migrated depth image I that is derived from actual seismic

measurements acquired in a seismic survey of the region.

166497 In general, in accordance with example implementations disclosed herein, the
elastic model parameters may be determined by simultaneously inverting a plurality of images
that are derived from pre-stack data. These pre-stack images may be selected according to
opening angles, offsets and reflection azimuths; and, in general, the inversion may be based
on at least one of these images or a combination of one or more of these images. Thus, many

variations are contemplated, which are within the scope of the appended claims.

{60507 In accordance with example implementations, the above-described impulse
responses provide an estimate of the operator B by modeling  scattering points of the depth
image (using the adjoint of the reverse time migration (RTM) used to derive the migrated
depth image I, for example} and then applying the migration operation (the RTM operation,
for example} to the modeled data. Thus, it is noted that the migration operation may, in
accordance with example implementations, be the same operation (or similar or substantially
the same} used to produce the migrated depth image I, and the modeling operation may be its
adjoint. In this case the impuise responses would be the Hessian of the RTM modeling and
migration. The impulse responses take into account non-ideal effects, which include the
effects of acquisition geometry on the inversion; llumination effects on amplitudes and

inversion; and/or the effects of processing on amplitudes and inversion.

66511 In accordance with some implementations, the impulse response may be a point
spread function (PSF), computed by means other than modeling and migration of a point

scatterers. As a non-limiting example, the PSF for a point scatterer, may be determined using

1
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ray tracing, as forth in Lecomie, 1., 2008, "RESCLUTION AND ILLUMINATION ANALYSES IN
PSDM: A RAY-BASED APPROACH: THE LEADING EDGE,” 27, no. §, 650-663, which is hereby
incorporated by reference, although the PSF may be determined using other techniques, in
accordance with further implementations. Moreover, in accordance with yet other
implementations, the impulse response may be derived using a technique that does not
involve determining a PSF. Thus, many variations are contemplated, which are within the

scope of the appended claims.

[6052] {Other representations or approximations of umpulse responses are  also
contemplated in some implementations, such as simplifications to consider only a one-

dimensional (1D) approximation defined at at least one location in the model.

[0653] In some implementations the modeling operation in equations 3 and 5 may expleit

the structure and sparseness of the operator B, or any low rank approximation to it.

{8834} For implementations that involve determining sparse impulse responses they may
be "cut out” from the migrated depth image I and interpolated dynamically during application
of the blurring operator {i.e., non-stationary convolution). As a non-limiting example, in
accordance with some implementations, a reflection coefficient may be determined at each
depth sample from the an elastic model and multiplied by the corresponding tnpulse response
for that location such that these products may be added together to provide a forward
modeled, synthetically generated depth image. For scatiering locations in which impulse
responses are not determined, they may be interpolated from secattering locations with impulse
responses, in accordance with example implementations.  Impulse responses may be
determined at all locations without employing interpolation, in accordance with further
implementations. Interpolation of impulse responses illusirates one way to reconstruct the
complete blurring operator B in equation 6. Any means of constructing operator B is within

the scope of the claimed subject matter.

(3055} The elastic model, m, may be determined using the above-described synthetically-
generated depth image and the migrated depth image 1 using a technique 150 that is depicted
in Fig. 3. Referring to Fig. 3, pursuant o the technique 150, data acquired by at least one

receiver of a seismic survey of a geologic region of interest are acquired (block 154) and
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mugrated to generate a first depth image. Pursuant to the technigue 150, at least one impulse
response is determined from the modeling and migration for at least one selected scatterer
point, pursuant to block 1536, An initial estimate for the elastic model for the geologic region

of interest is determined, pursuant to block 158,

[8056] The technique 150 next involves performing one or more iterations for purposes of
refining the initial estimate for the clastic model m. In this manner, in accordance with some
implementations, each ieration involves determining (block 160) a synthetic, second depth
image based at least in part on the impulise response(s) and the estimated elastic model (i.e.,
the current version of the elastic model m). The iteration further includes comparing (block
162) the first and second depth images and determining {(decision block 164) whether more
refinement of the elastic model m is to be performed. ¥f so, one or more parameters of the
elastic model, m, are adjusted, pursuant to block 188, and control returns to block 160 for

another iteration.

{6857} As a more specific example, Fig. 4 depicts an example system 200 to determine a
final elastic model 260 for a subsurface geologic region using actnal seismic measurements
acquired in a seismic survey of the region and well log data acquired in a logging operation in
at least one well near or in the region. The system 200 includes a subsystem 204, which
generates the impulse responses. In this regard, the subsystem 204 uses a velocity model 206
and adds (block 208) a grid of point scatterers for purposes of determining (block 210)
impulse responses al the point scatterers. It is noted that the velocity model 206, in
accordance with some implementations, is the same (or similar or substantially the same)
velocity model used for purposes of performing migration to derive a depth image and the
determination of the impulse responses takes into account the kernel of the migration

operation (the kernel of an RTM operation, for example), as well as the velocity model 206,

{6658} The grid of point scatterers may not include all points of the depth image.
‘Therefore, in accordance with some implementations, the subsystem 204 interpolates (block
212} the corresponding additional impulse responses. Regardless of whether interpolation is

used or not, however, the impulse responses determined by the subsystem 204 are provided to
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a system 220, which performs one or more iterations for purposes of determining the final

elastic model 260.

{G059] More specifically, in accordance with example implementations, the subsystem
220 receives an initially-determined (see block 202) depth domain elastic model, It is noted
that this model may be estimated using, for example, angle gathers derived from the actual
seismic measurements 236 (e, the migrated depth image 1 gathers) and the velocity model
206. On the first iteration, the subsystem 220 stores the initial depth domain elastic model
202 as a current elastic model 224, The subsystem 220 performas each iteration using a
complex multi-dimensional convolution (block 226} of the impulse responses with the current
elastic model 224 reflectivity to produce a synthetically-generated depth image, ie., a set of
current synthetic angle gathers 230, The subsystem 220, in turn, compares {via an adder 232,
for example) the current synthetic angle gathers 230 with the angle gathers 236 to determine
an mversion model update 234, In accordance with some implementations, based on the
inversion model update 234, the subsystem 220 either further modifies the current elastic
model 224 or deers that the current elastic model 224 is now the final elastic model 260, If
another iteration is performed, the subsystem 220 modifies the current elastic model 224 and

proceeds to block 226.

[0050] Due to the availability of the well log data for this example, the system 200 may
refine the current synthetically-generated angle gathers 230 andfor refine the angle gathers
236, pursuant to block 250. In this regard, using wavelet refinement, the system 220 may

determine one or more data corrections 254 to be applied to the gathers 230 and/or 236.

{60617 DPepending on the particalar implementation, the system 200 may be performed by
software-based hardware andfor circuitry. Moreover, the system 200 may be implemented
using one or more functional modules in an information processing apparatus, such as general
purpose processors {Central Processing Units (CPUs), or application specific integrated
circuits (ASICs), field programumable gate arrays (FPGAS), programmable logic devices
(PLDs}, or other appropriate devices, as can be appreciated by the skilled artisan). These
modules, combinations of these modules and/or their combination with general hardware are

within the scope of the appended claims.
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(68621 Referring to Fig. §, in accordance with example implementations, a machine, such
as a data processing system 320, may contain a processor 350 for purposes of processing
seismic data acquired in a seismic survey of a subsurface geologic region for purposes of
determining an elastic mode] for the region. Depending on the particular implementation, the
processor 350 may be formed from one or more microprocessors andfor microprocessor
processing cores and thus, may itself be formed from muitiple processors. As non-limiting
examples, the processor 350 may be disposed at the well 30/seismic survey site (see Fig. 1},
or may be disposed at a remote site. Moreover, the data processing system 320 may be a

distributed processing system, in accordance with example implementations,

[6863] As depicted in Fig. §, the processor 3530 may be coupled t0 a communication
interface 360 for purposes of receiving seismic trace data, well log data, parameters of a
velocity model for the subsurface geologic region of interest, data of one or more parameters
of an initial estimate for the elastic model, one or more parameters regulating the migration
operation, one or more parameters regulating the modeling operation, one or more parameters
regulating the determination and/or interpolation of the impulse responses, and so forth. As
nop-limiting examples, the comnunication interface 380 may be a Universal Serial Bug
{USB) interface, a network interface, a3 removable media interface (a flash card-compliant
interface, Compact Disc-Read Only Memory (CD-ROMj-compliant interface, and so forth) or
a magaetic storage interface (Integrated Device Electronics (IDE)-compliant interface or a
Small Computer System Interface (SCSI)-compliant interface, as non-limiting examples).
Thus, the communication interface 360 may take on numerous forms, depending on the

particular implementation.

{(064] In accordance with example implementations, the processor 350 is coupled to a
memory 340, which stores instructions for one or multiple programs 344, which represent
machine executable instructions that when executed by the processor 350, cause the processor
350 to perform various tasks of one or more of the technigues and system that are disclosed
herein, such as the technique 100, the technigue 150 andfor one or more parts of the system
200. As a non-limiting example, in accordance with some implementiations, one or more of
the program instructions 344, when executed by the processor 350, may cause the processor

330 to determine point spread functions, interpolate point spread functions, perform
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mugration, perform modeling, determine a depth image from acquired seismic data, perform
complex multi-dimensional convolution of point spread fonctions with an elastic model
estimate (o determine a synthetically-generated depth image, compare actual and
synthetically-generated depth images for purposes of refining an elastic model, determine
parameters of an elastic model, determine initial parameters of the elastic model, refine the
parameoters of the elastic model based on comparisons of actual and synthetically-depth
images, compare images other than images in the depth domain, correct depth images vsing

well log data, and so forth,

{88651 In particular, the processor 350 may execute the instructions 344 which cause the
processor 330 to determine at least one impulse response of a modeling and migration of at
least one point scatterer for a subsurface geologic region of interest and based at least in part
on the impulse response(s) and a reflection amplitude image of the region, determine an

elastic model for the region

{0066) In general, the memory 340 is a non-transitory memory and may take on numerous
forms, such as (as non-limiting example) semiconductor storage, magnetic storage, optical
storage, phase change memory storage, capacitor-based storage, and so forth, depending on
the particular implementation. Moreover, the memory 340 may be formed from more than
one of these non-transitory memories, in accordance with further implementations. When
executing one or more of the program instruction 344, the processor 350 may store
preliminary, intermediate and/or final resuits obtained via the execution of the instructions

344 as data 348 that may be stored in the memory 340,

{69671 It is noted that the data processing system 320 is merely an example of one out of
many possible architectures in accordance with the technigues and systems that are disclosed
herein. Moreover, the data processing system 320 is represented in a simplified form, as the
processing system 320 may have various other components {(a display to display initial,
intermediate and/or final results of the system's processing, as non-limiting examples) as can
be appreciated by the skilled artisan. Thus, many variations are contemplated, which are

within the scope of the appended claims.

i
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[0968] Other variations are contemplated and are within the scope of the appended claims,
For example, in accordance with example implementations, the target structure may be a non-
geologic structure, human tissue, and so forth. Thus, in general, methods and systems are
disclosed herein to determine at least one impulse response of a modeling and migration of at
least one point scatterer for a target structure and determnine a model for at least part of the
target structure based at least in part on the impulse response(s) and a reflection amplitude

image.

{6069 While a limited number of examples have been disclosed herein, those skilled in
the art, having the benefit of this disclosure, will appreciate numerous modifications and
variations therefrom. It is intended that the appended clairs cover all such modifications and

variations.
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WHAT IS CLAIMED IS:

i A method comprising:

determining at least one impulse response of a modeling and migration of at least one
point scatterer for a subsurface geologic region of interest; and

based at least in part on the at least one impulse response and a reflection amplitude

tmage of the region, determining an elastic model for the region.

2. The method of claim 1, wherein determining the elastic model comprises inverting the

reflection amplitude image in a depth domain.

3. The method of claim 2, wherein inverting the reflection amplitude image comprises
directly inverting the image in the depth domain without first transforming the image into

another domain other than the depth domain,

4. The method of claim 2, wherein the reflection amplitude image comprises an image

formed from pre-stack seismic data.

3. The method of claim I, wherein determining the elastic model comprises:
simultaneously inverting a plurality of images derived from pre-stack data for the elastic

model.

6. The method of claim 5, wherein the plurality of images comprise images derived from
pre-stack data selected according to at least one of opening angles, offsets and reflection

azimuths,

7. The method of claim |, wherein determining the at least one impulse response
comprises determining a response produced by a modeling operation being applied at a point
scatterer to produced synthetic data and a migration operation being applied to the synthetic

data.

8. The method of claim 1, further comprising:
migrating data acquired by at least one receiver in a seismic survey to generate the

reflection amplitude image based at least in part on a velocity model for the region;
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determining an estimate of the elastic model; and

based at least in part on the at least one impulse response and the estimated elastic
model, determining another reflection amplitude image of the subsurface geologic region,

wherein determining the elastic model comprises selectively refining the estimated

clastic mode! based at least in part on a comparison of the images.

9, The method of claim 8, wherein determining the other reflection amplitude image
COMprises:

determining a reflectivity of at the at least one point based at least in part on an
estimate of the elastic model; and

determining the other reflection amplitude image based at least in part on the

determined reflectivity and the at least one impulse response.

10.  The method of claim 8, wherein selectively refining the estimated elastic model

comprises modifying the elastic model to decrease a difference between the images.

{1, The method of claim 8, wherein determining the other reflection amplitude image
comprises determuining a reflectivity based at least in part on the estimated elastic model,
determining a Hessian operator based at least in part on the at least one impulse response and

applying the Hessian operator to the determined reflectivity,

12. The method of claim 8, further comprising selectively correcting at least one of the
reflection amplitude image of the region and other reflection amplitude tmage based at least in

part on a well log-derived image.

13, The method of claim 1, where the at least one impulse response comprises a blurring
function, a Hessian function or a point spread function (PSF) computed for modeled synthetic

data using processing and imaging operations.

i4. An apparatus comprising:

an interface to receive seismic data acquired in a survey of a subsurface geologic
region; and

a processor o

determuine at least one impulse response of a modeling and migration of at least
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one point scatterer for the region; and
based at least in part on the at least one impulse response and a reflection

amplitude of the image, determine an elastic model for the region.

15, The apparatus of claim 14, wherein the processor is adapted to:
determining the elastic model comprises inverting the reflection amplitude image in a depth

domain.

16, The apparatus of claim 14, wherein the processor determines a response produced by
applying a modeling operation (o the al least one point scatterer to produce synthetic data and

applying a migration operation to the synthetic data.

{7. The apparatus of claim 14, wherein the processor further:

migrates data acquired by at least one receiver in a seismic survey of the subsurface
geologic region o generate the reflection amplitude image of the region based at least in part
on a velocity model for the region;

determines an estimaie of the elastic model; and

determines another reflection amplitude image of the geologic surface region based at
teast in part on the at least one impulse response and the estimated elastic model, including
selectively refining the estimated elastic model based at least in part on a comparison of the

images.

18.  The apparatus of claim 17, wherein the processor further:

determines a reflectivity of at the at least one point based at least in part on an estimate
of the elastic model; and

determines the other reflection amplitude image based at {east in part on the

determined reflectivity and the at least one impulse response.

19, The apparatus of claim 14, wherein the processor is further adapted to simultaneously

invert a plurality of images derived from pre-stack data for the elastic model.

20, A method comprising:
determining at least one impulse response of a modeling and migration of at least one

point scatterer of a target structure; and

20
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based at least in part on the at least one impulse response and a reflection amplitude

image, determining a model for at least part of the target structure.

21, The method of claim 20, further comprising:

migrating data acquired by at least one receiver to generate the reflection amplitude
tmage based at least in part on a velocity model for the at least part of the region;

determining an estimate of the model; and

based at least in part on the at least one impulse response and the estimated model,
determining another reflection amplitude image of the at least part of the region,

wherein determining the model comprises selectively refining the estimated model

based at least in part on a comparison of the images.

22. The method of claim 20, wherein determining the model comprises:

applying an operator representing the modeling and migration.

23, The method of claim 22, wherein applying the operator comprises applying the

operator in a wavenumber domain.

4. The method of claim 22, wherein applying the operator comprises approximating the

operator using an eigen-decomposition of the operator.
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