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(57) Abstract: Methods for wavetfield extrapolation using measurements ot a wavefield quantity and a component of the gradient of
the wavefield quantity are disclosed. The methods use "exact" representations of scattering reciprocity. The methods can yield "ex -
act", nonlinear, "true-amplitude" receiver wavetields that are beyond the receiver measurement boundary. Methods of evaluating/val -
idating the extrapolated data are also disclosed. Some methods may also evaluate the accuracy of models for the areas where data are
extrapolated or measured. These methods can be used in any industries involving imaging, such as geophysical/seismic exploration,
bio-medical imaging, non-destructive remote sensing, acoustic space architecture, design and engineering.
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IMAGING BY EXTRAPOLATION OF VECTOR-ACOUSTIC DATA

CROSS-REFERENCE TO RELATED APPLICATIONS |

[0001] This application claims the benefit of U.S. Provisional Application No. 61/489,425
filed on May 24, 2011 and titled of “Exact Inverse Receiver Extrapolation of Vector-Acoustic
data” by the same inventor, the disclosure of which is incorporated by reference herein in its

entirety.
BACKGROUND

[0002] This disclosure relates to extrapoiation of vector-acoustic wavefield data for
acquiring data that otherwise cannot be acquired, where the data may be needed in various

fields, such as geophysical exploration, medical imaging, engineering and construction.

[0003] Data extrapolation or interpolation may be used in the situation when data cannot be
directly acquired or it is not reasonable/feasible to directly collect the data. In technologies
where wave phenomenon/properties are being acquired, wavefield extrapolation may be used

to indirectly determine the data.
SUMMARY

[0004] This summary is provided to introduce a selectiori 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 to limit the scope

of the claimed subject matter.

[0005] This disclosure describes methods of depth extrépolation (also known as “wavefield
redatuming in depth”) that use measurements of a physical quantity (e.g. pressuré) and one or
more components of its gradient (which components may be in any form, e.g., pure gradient, or
particle displacement/velocity/acceleration). The methods use exact representations of
scattering reciprocity. The extrapolated data may be used to yield exact, nonlinear, “true-

amplitude™ receiver wavefields and these “true-amplittide” receiver wavefields can then be

CONFIRMATION COPY
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used for vector-acoustic imaging techniques, which are widely used in many fields involving
imaging, such as geophysical/seismic exploration, bio-medical imaging, non-destructive
remote sensing, acoustic space architecture, design and engineering. In addition, methods to
measure the accur‘acy of the extrapolatéd data and the underlying object models are also

described.

BRIEF DESCRIPTION OF DRAWINGS

[0006] Embodiments of this disclosure are described with reference to the following
figures. The same numbers are used throughout the figures to reference like features and

components.

[0007] Figure 1 illustrates a general data adquisition plan implementing methods disclosed

in this application, where the object in interest is entirely outside the sensor boundary.

[0008] Figure 2 illustrates several different source-receiver configurations in accordance
with embodiments of the present invention, where Fig. 2a illustrates a configuration for a

monopole source and Fig. 2b illustrates a configuration for a dipole source.

[0009] Figure 3 illustrates a step in a method for wavefield extrapolaﬁon, in accordance

with one embodiment of the present invention.

(0010} Figure 4 illustrates a step in a method for wavefield extrapolation, in accordance

with one embodiment of the present invention.

[0011] Figure 5 illustrates a plane-based acquisition plan, where two planes “enclose” the

sensor boundary.

.[0012] Figure 6 illustrates a “single” plane acquisition plan, where a “free surface” is

utilized.

[0013] Figures. 7a and 7b illustrate application of wavefield extrapolation to a marine

seismic survey in accordance with Fig. 6.
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[0014] Figure 8 illustrates a diagram where the wavefield extrapolation is applied to a
marine seismic survey in accordance with Fig. 6, where the survey.uses over and under

receivers.

[0015] Figure 9 illustrates a sample processing system that impléments methods described

in the current application.

[0016] Figure 10 illustrates a flow diagram of a method for extrapolating data for an object
that is outside the sensor boundary, in accordance with an embodiment of the present

invention.

[0017] Figure 11 illustrates a flow diagram of a method for extrapolating data for an object
that is outside the sensor boundary with two models, in accordance with an embodiment of the

present invention.

[0018] Figure 12 illustrates a flow diagram of a method for extrapolating data with a

convolution type extrapolation, in accordance with an embodiment of the present invention.

[0019] Figure 13 illustrates a flow diagram of a method for.computing an identity for
evaluating the accuracy of a model, in accordance with an embodiment of the present

invention.

[0020] = Figure 14 illustrates a flow diagram of a methdd for c'omputingv an identity for
evaluating the accuracy of a model and/or an extrapolated wavefield, in accordance with an

embodiment of the present invention.

[0021] Figure 15 illustrates a flow diagram of a method for computing an identity matrix
for evaluating the accuracy of models relative to various model parameters, in accordance with

an embodiment of the present invention.

[0022] Figure 16 illustrates a flow diagram of an indirect data acquisition method, in

accordance with an embodiment of the present invention.
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DETAILED DESCRIPTION

[0023]  Reference ‘will now be made in detail to embodiments, examplés 'of which are
illustrated in the accomparnying drawings and figures. In the following detailed description,
numerous speéiﬁc detailsb are set forth in order to provide a thorough understanding of the
subject matter herein. However, it will be. apparent to one of ordinary skill in the art that the
subject matter may be practiced without these specific details. In other instances, well-known
methods; procedures, components, and systems have not been described in detail so as not to

unnecessarily obscure aspects of the embodiments.

[0024] 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 only used to distinguish one element frorh another. For example, a first object
dr step could be termed a second object or step, and, similarly, a second object or step could be
termed a first object or step. 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.

[0025] The terminology used in the description of the disclosure herein is for the purpose -
of describing particular embodiments orﬂy and is not intended to be limiting of the subject

bR 14

matter. As used in this description and the appended claims, the singular forms “a”, “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 undefstdod that the terms "includes," "including," "comprises," and/or
“"comprising," when used in this specification, specify the presence of stated features, integers,
sfeps, 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.

[0026] 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 "if [a stated condition or event] is detected" may be
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construed to mean "upon determining" or "in response to determining" or "upon detecting [the
stated condition or event]" or "in response to detecting [the stated condition or event],"

" depending on the context.

[0027] In this application, new methods of using wavefield extrapolation are disclosed.
The methods can be used in any fields where wave phenomenon is involved and where not all
relevant parts of the wavefield can be measured. The technical fields include at least:
geophysical exploration such as seismic exploration, seismic imaging; Controlled Source
Electromagnetic (CSEM) surveys; "bio-medical imaging, for example, where ultrasound is
used to construct image of internal body organs; construction and engiﬁeering where internal
structure of an object is to be determined or where aéoustic spaces is determined using active
sound experiments. For simplicity, only eXampl@ in marine seismic survey are given to
illustrate the implementation of the methods. They are for illustrative purposes only and not to
limit the scope of the invention. In the application, the sources are the parts that emit signals.
Receivers are the parts that receive signals. The sources and receivers are interchangeable;
unless specifically stated otherwise. In this application, a monopole source is a source that
generates scalar field, e.g. the common pressure sources, such as explosive discharge or an
airgun etc. A dipole source is a source that is both a sink and a source in close proximity, e.g. a
jet engine or a magnet. For a jet engine, in front of it, there is a negative pressure “source” (i.e.
sink) and at the rear of it, there is positive pressure source. A magnét can generate a magnetic

field. A monopole receiver is a receiver that measures a scalar quantity, such as a hydrophone. |
A dipdle receiver is a receiver that measures at leést one component of a vector quantity, such
as a geophone measuring a vertical component of particle velocity of an elastic seismic

- wavefield, or a magnetometer measuring a horizontal component of magnetic field.

[0028] The wavefield quantity as discussed in this application can be any scalar physical
quantity in a wavefield, such as for example a pressure in an acoustic wavefield, an intensity in
a electromagnetic wavefield (light) and/or the like. The wavefield quantity may also be a
cdmponent of a vector quantity, such as for example the vertical component of a particle.
velocity of a shear wavefield and/or the like. The gradient of the wavefield quantity is simply

the vector field which points in the direction of the greatest rate of increase of the wavefield

\
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quantity (a scalar field) and whose magnitude is the greatest rate of change. As it is apparent in
the discussion below, in some embodiments of the present invention, the measurement of the
wavefield quantity and only one of the three components of its gradient are required for
extrapolation. , Although in most cases moré measurements can make the methods work bettér,
not all components of its gradient are needed. Examples are provided where _the scalar
wavefield quantity is a pressure in a seismic wavefield and/or a component of a vector quantity
is, e.g., a vertical component of a particle velocity in an elastic seismic wavefield. However,
“the interpolation methods of the present invention may be used for analysis of different

wavefields using different scalar wavefield quantities and/or vector quantities.

[0029]  Fig. 1 depicts a general data acquisition plan 100 according to some of the methods

of the present invention. An active source 110 at Xy as indicated with a star in Fig. 1 emits a
signal, which is received by one or more receivers 120 at X, as indicated with a triangle in Fig.
1. The signal received by receivers 120 at X, is influenced by an object 150, as‘indicated with
~ gray shade, where a éoint of interest X 152 is located. It is desirable to find the wavefield or
properties of the object 150 at any point X 152 using the source information at X, and receiver
'informatiorll at Xp. For any surveys, source 110 and receivers 120 are placed within a ﬁnite
volume D, 140 enclosed by a boundary dD,. 130 where D, 132 is the n;)rmal direction of the
boundary at a locatioh X;. If the object at X ié within the boundary 0D, or at least partially

enclosed by the boundary, i.e. a receiver or source can be placed at the location X and a direct

measurement made (not shown in Fig. 1), then the problem is not too difficult. Techniques

like the one described above may be used for X-ray imaging, ultra-sound imaging and/or the
like. However, the described method is not usable when X lies entirely outside the boundary -

130, i.e. no direct measurement can be made, as shown in Fig. 1. Thus, other, “extrapolation”

methods are needed for such situations.
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[0030] In some embodiments of the preseht invention, nonlinear methods may be used for

extracting the unknown scattered-wave response between the source 110 at X and a remote

'subsurface location X 152 (where no measurements are available), from the observed

wavefield quantity (e.g. pressure and its gradient; a vertical component of particle velocity data

and its gfadierit,,on the receiver side) due to that same source, 110, which can be either a
monopole source, a dipole source, or both kinds of sources, and receivers 120 X; on the

enclosing boundary 130.

[0031] In the context of this general geometry as shown in Fig. 1, it is'noted that the output
extrapolation point X and all of the scatterers/reflectors/medium perturbations lie in a remote

location 150 with respect to the acquisition experiment denoted by the enclosing receiver
boundary 0Dy 130. This means that the exact exfrapolated scattering response at a remote
location 152 is obtained without the need for receivers 120 enclosing the subsurface target 152.
Previous methods, such as the previous full-wave extrapolation methods, relied on receiver.
geometries that enclosed the targets for the obtained response to be exact. Given the joint
information from a wavefield quantity and its gradient, the rﬁethods presented here extract
remote scattering responses without the need of receivers 120 to enclose remote targets 152.
The term “exact”, as used in this application, means that the retrieved response comprises all of
the “‘true amplitude” arrivals, including all free-surface and internal multiple-
scattered/reflected waves, as long as the subsurface model used for cxtrapolation is correct.
The subsurface model may contain many physical, geophysical, stratigraphic or other related

properties of the object which may or may not be directly measured.

[0032] Taking advantage of the geometry in Fig. 1 and the fact that pressure and gradient
receivers are jointly available, the combination of both correlation- and convolution-type
scattering reciprocity relations yields integral identities that can be used to determine whether
or not the subsurface model used for extrapolation is adequate. These identities can be used to
update the subsurface model for optimal receiver extrapolation. Also as an example, a

practical marine seismic acquisition plan is presented and discussed below, which utilizes
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many methods disclosed here. This acquisition plan uses a modified geometry as in Fig 1 to

take advantage of the free-surface (i.e., the water surface).
Extrapolation

[0033] One embodiment of the present invention, utilizes the so-called one- and two-way
reciprocity relations for scattered fields. (See Vasconcelos et al., “REPRESENTATION THEOREMS
AND GREEN’S FUNCTION RETRIEVAL FOR SCATTERING IN ACOUSTIC MEDIA”, Phys. Rev. E 80,

036605 (2009), which is incorporated by reference for all purposes herein).

[0034] Combining the so-called one- and two-sided scattering reciprocity relations for the

particular scattering configuration in Fig. 1 yields the following relation:

-1 |
GS(X1 xs) = f P [ver*(mes) GS(X: Xr) - G*(xr:xs) VXTGS(ny'r)} 1y d2xr
oD, WP ' . |

Equation 1

- [0035] In Equation 1, all fields are assilmed to be in the frequéncy domain although
frequency dependence is omitted for brevity. (See Fig. 2 where frequency dependency is kept).
It is noted that the use of frequency domain is for clarity and simplicity only. All methods
discussed here’can be applied in the time domain with the same validity, as long as the proper

time-frequency transformations are done. ~ On the left-hand side (“LHS”) of Eq 1 is the

desired extrapolated scattered receiver field Gs(x,xy), i.e. the wavefield at location X due to a
source at X5. On the right-hand side (“RHS”) of the Eq 1 is the extrapolation integral that Lises

the data G(x,,xs) that are observed by Teceivers at X; due to physical sources at X (together
with the model-derived extrapolator Gs(x,X;)) to predict the subsurface extrapolated receiver
field. Eq 1 provides the exact extrapolated wavefield at X, based on acquired data G(x,xy) and

a model-derived extrapolator Gs(x,x;). The * superscript in Eq 1 denotes the complex-

conjugate in the frequency domain, which translates to time-reversal in the time domain.
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[0036] Fig. 2 is an exemplary illustration of several possible configurations for marine
seismic data acquisition using: (a) a monopole-source 211; and (b) a dipole-source 212. The
signals, excited by abphysical source of either monopole type (a) 211 or (b) dipole type 212, are
recorded by both monopole receivers 221 or 223 (e.g. hydrophones or similar pressure
- receivers, upper figures) and multicomponent gradient receivers 222 or 224 (e.g.
accelerometers or the like, lower figures), which may be disposed in seismic streamers. Here,
the Gs data represent scattered waves only, while- G=Gs+Gy in Eq 1 denotes the full data
acquired at the receivers. Gy is the wavefield without the scatterers. More discussion is

presented in reference to Fig. 3 and 4 below.

[0037]  Fig. 2a illustrates the configurations with monopole sources 211. The upper
illustration shows a monopole source 211 with monopole receivers 221. The lower illustration
shows a monopole source 211 with dipole receivers 222 (e.g. geophones, accelerometers

and/or the like).

[0038] Fig. 2b illustrates the configurations with dipole sources 212. The upper illustration
shows a dipole source 212 with monopole receivers 223. The lower illustration shows a dipole

source 212 with dipole receivers 224.

[0039] In reference to Eq 1 and Fig. 2 and Fig. 10, a method 1000 for extrapolation in

accordance with one embodiment of the present invention may include the following steps:

e start with both pressure G(x,,x;) 261 and gradient data V, G(x,,x;) 262 on the

receiver side (1010);

e start with a known model for subsurface properties, and generate Gs(x,x,)and its

gradient V,,_Gs(x, x,) (1020);

e time-reverse both pressure G*(x,, xs)and gradient data V,,_G*(x,., x;);
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e weight data individually at receiver locations using the known (-imp(x;))" factor prior
to either wavefield injection or convolution with extrapolators Gs, and project pressure

~ and gradient data to local receiver normal direction n.(x,) according to Eq 1 (1030); and

. Jjointly extrapolate time-reversed preésure and gradient receiver data using the model By
evaluating the receiver integral (this yields the subsurface field Gs(x,x;) at all x

locations within the subsurface model (1040)).

[0040] From a subsurface model, there are many ways to generate Gs(x,x,) and its
gradients. Sometimes, Gs(x,x,) is referred to as a propagator. Methods to

implement/generate the propagator Gs(x, x,.) include ray theory, finite difference, etc.

[0041] As mentioned above, the recorded data G is the total wavefield recorded at the
receivers, which includes not only the desired scattering field Gg, but also other waves, such as
direct arrivals, multiples etc. Another way to obtain the extrapolated wavefield Gs(x, x;) is to
start with two models instead of one, where one of the models Should contain all known
heterogeneities/scatterers/perturbations (hereafter referred to as the “full model”) G, while the
other model does not contain heterogeneities/scatterers/perturbations (hereafter referred to as
the “reference model”) that account for the desired scattered field Gy. One way to make the
reference model for this purpose is to “smooth” out the “full mode!” to derive the “reference
model.” The heterogeneities/scatterers/perturbations in the full model, e.g. heterogeneities,
sharp reflectivity/velocity contrasts are smoothed-out. The reference model contains the

homogeneous properties of the object or the medium properties.

.[00‘42] ~ With the assistance of these two models (with reference to Eq 1, Figé. 2, 3 and 4,
and Fig. 11) a method 1100 for extrapolation in accordance with an embodiment of the present

invention may include the following steps:

(1)  start with both pressure 261 and gradient data 262 on the receiver side (see Fig 2)
(1110);

10
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(2) start with 2 separate a priori, known models for subsurface proprieties, the “full
model” G, and the “reference model” G,(1120);

(3) time-reverse both pressure and gradiént data and wéight_ data individually at
receiver locations by the known (-iop(x.))” factor prior to wavefield injeétion or
convolution with extrapolators, project pressure and gradient data to local receiver

normal direction n.(X;) according to Eq 1 (1130); |

(4) - jointly extrapolate time-reversed pressure and gradient receiver data using the full
model according to Fig 3, by simultaneously using data from all receivers (this
implicitly evaluates the receiver integral); this yields the subsurface field G(x,x;) at

all x locations within the subsurface model (1140);

(5) jointly extrapolate time-reversed pressure and gradient receiver data using the
reference model \according to Fig 4, by simultaneously using data from'alllreceivers
(this implicitly evaluates the receiver integral); this yields the subsurface field
Go(x,%,) at all x locations within the subsurface model (1150); and |

(6) obtain the subsurface extrapolated field Gg(x,x,) from Eq 1 by subtracting the result
“from step 5—(1150) Gy(%,%,) from that of step 4—(1140) G(x,x;) (1160).

[0043] Fig. 3 illustrates, in accordance with an aspect of the present inventidn, Step 5 of
the method 1100, above, for receiver wavefield extrapolation based on Eq.1 that uses both
pressure and gradient data, from either monopole or dipole sources. It is 'noteé that in this
extrapolation step the “‘full model” used for extrapolation contains all scatterers/perturbations
that generate scaﬂeﬁng, as the gray-colored object indicat‘es‘. The left side of Fig. 3 shows how
the recorded time-reversed receiver-side gradient data (projected onto the normal my, e.g., Fig.
~ 1) is injected at the model boundary as pressure boundary values. On the right side of Fig. 3,
time-reversed, recorded pressure data (right panel), is injected as dipole (e.g, particle velocity)
boundary values oriented according to m, at each surface point. In both cases, the output
receiver wavefields are stored as pressure responses. Finally, the total subsurface receiver

wavefields G(x,x¢ are obtained by subtracting the fields in the right side from their

11
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counterparts on the right side, I accordance with Eq.1. The short red line in Fig. 3 represents
the “minus sign” of Eq. 1. Two lines of formulae are shown in Fig 3; the top line of formulae
comprise formulae for a monopole source, discussed here, while the bottom line of formulae

are formulae for a dipole source, discussed later on in this Description.

[0044] Fig. 4 illustrétes, in accordance with an aspect of the present invention, Step 6 of
the method 1100, above. It is noted that in this extrapolation step the “reference model” used
for extrapolation does not contain all scatterers/perturbations that generate scattering. The
gray-colored scatterers are not present in this reference model. Other than the scatterers, Fig.4
is the same as Fig. 3. The left side of Fig. 4 shows how the recorded time-reversed receiver-
side gradient data (projected onto the normal n,, é.g., Fig. 1) is injected at the model boundary
as pressure boundary values. The right hand side of Fig. 4, shows time-reverséd, recorded
pressure data (right panel) injected as dipole (e.g, particle velocity) boundary values oriented
according to n, at each surface point. In both cases, the output feceiver wavefields are stored
as pressure responses. Finally, the total subsurface receiver wavefields Go(i,xs) is obtained by
subtracting the fields on the right hand side from their counterparts on the left hand side of the
figure, I accordanée with Eq. 1. Again, the short red line in the figure representsrth‘e minus’
sign present in Eq 1. Similar to Fig. 3, two lines of formulae are shown, where the top line of
formulae are formulae for a monopole source while the bottom line formulae are formulae for a

dipole source.

[0045] It is noted that the extrapolation method in accordance with an embodiment of the

present invention described above may provide for the following:

o The method jointly incorporates directional, amplitude and phase information
from both pressure and gradient data in an exact manner, thus suitable for post-

extrapolation “true amplitude” processing or imaging;

o The method requires the receiver surface to enclose only the source location and

not the subsurface targets;,

12
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. The method is exact regardless of what the properties of the medium may be
outside the receiver domain, thus being equally exact and applicable in cases where
the subsurface target properties are arbitrarily heterogeneous, anisotropic, elastic

and attenuative.

| [0046] ‘Havingv receivers on a 3D ,boundary that completely encloses the sources, as
described in Fig.1 and Eq. 1, is not always convenient or practical. Other survey geometries
are possible. Two examples of other geometries are shown in Figs. 5 and 6, which are based
on planar receiver acquisition surfaces. Corresponding to the change in configuration of the
sources from that of Fig. 1 to that of Figs. 5 or 6, Equation 1 changes into Equations 2 or 3.
-1 X * d?
Gs(x,%s) = — [V, G* (%0, X5) Gg(X, %) — G*(%p,Xs) Vi, Gg(X,%,)] - 1y d°%,
ODEPUgDEet WP

Equation 2
-1 '
Gs(x,x%;) :/ — [V, G* (%, %) Gg(%,%,) — G*(x,,%,) Vi, Gg (X, %,)] - 1, d2x,
: D}got%)p :
Equati6n3

[0047] - In the configuration 500 as shown in Fig. 5 and Eq. 2, the one finite enclosed
surface boundary &D, 130, as also shown in Fig. 1, becomes two “infinite” horizontal planes:
OD:top, @ top plane 535 and ODx-pottom,  bOttom plane 536 that enclose the sources. 510. The
receivers 521; 523 are located on both top plane and bottoin plane and enclose all sources 510
in the volume D, 540. When the boundary planes 535 and 536 are infinitely large, the
configuration in Fig. 5 is equivalent to the configuration in Fig. 1. Correspondingly, for Eq 2
the result is fo integrate along the two planes. It is noted that the horizontal planes 535 and 536
of the receivers 521 and 523”are “enclosing” to the sources 510, not the subsurface structures
550 that are to be explored/investigated. Merely by way of example, in practice, the distance

between the receiver planes 535 and 536 (which may be of the order of meters or 10s of meters
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and the sources are in between the receiver planes 535 and 536) is substantially smaller than
the horizontal crossline or inline extent of the receivers (which may be of the order of

kilometers or the like).

[0048j In the configuration 600, as shown Flg 6 and Eq. 3, the top plane 535, as in Fig. 5,
becomes a free surféce 635, so no receivers are needed. As a result, there is only one plane,
ODr.pottom, the bottom plane 636. In this situation, the receivers 623 are located on the bottom
plane 636. All sources 610 in the volume D, 640 are enclosed by the free surface 635 and the
bottom plane 636. Correspondingly, the result for Eq. 3 is to integrate along the bottofn plane

- 636.

[0049] Both configurations 500 and 600 in Figs. 5 and 6 are special forms of the
configuration 100 as in Fig. 1, so they share the same aspects as the method described above
based on Fig. 1, as long‘ as the receiver acquisition planes are large enough to be considered
“infinite” within the scéle of the experiment or “enclosing” the sources. The method can be
applied to the configurations in depicted Fig. 5 and Fig. 6 with no modification. The free-
surface configuration in Fig 6 and Eq 3 may be directly implemented for marine seismic

acquisition systems.

[0050] In the case of data acquired using physical dipole sources, a dipole subsurface

extrapolated scattered field, analogous to that in Eq 1, can be obtained from

-1 ' _
Vx,Gs(x,%,) = f — [V, Vx, G*(%,, X,) Gg(X,X,) = Vy,G*(%,,%,) Vi Gs(x,%,)] - mp dx,

~Jop, Wp

Equation 4

[0051] The extrapolators in Eq. 4 are the same as those used for the monopole-source fields
in Egs 1-3, therefore, the wavefield extrapolatioh method for dipole-source data is the same as
described above. In Figs. 3-4, the bottom formulas also illustrate extrapoiation of dipole-

source data. The method for extrapolation of dipole-source data shares the same benefits as
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those outlined above for monopole-source data.  Also, the configurations in Figs 5-6 are

equally applicable to dipole-source data.

[0052]  The equations and methodoldgiés described above are based on correlation-type
reciprocity. Other methods, in accordance with embodiments of the présent invention, may be
designed using one- and two-sided scattering reciprocity of the convolution type, which yields
the idenﬁty: |

| |
~Glxx,) = j[ L G0, %) Vs Gsx, %) — Vi Glxe,%,) Gslx, )] -1y d,
8D, Wp _

Equation Sa

which is a convolution-type method, as opposed to the correlation-type extrapolation integrals
in Eqs 1-3. This convolution-type extrapolation integral provides all of the same benefits of
the correlation approaches above, and is also applicable to the cases in Figs 5-6. Eq. S5a is an
equation for a monopole source. However, it may be extended to dipole-source data

analogously to Eq 4, which is{ straight forward as provided in Eq. 5b:

Y, Gl x,) = j( 1,006, 5) Va Gslx 1) = V2,V Gl ) Csli )] 1 P,
ab

lwp

Equatioh 5b

[0053] The correlatioh—type method described abové_ is easily modified to conduct
convolution-type extrapolation 1200 in accordance with an embodiment of the present

invention as follows::
(1) start with both pressure and gradient data on the receiver side (see Fig 2) (1210);

(2) start with two separate, a priori, known models for subsurface proprieties, one of
the models should contain all known heterogeneities/scatterers/perturbations

(hereafter referred to as the “full model”), while the other model does not contain
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)

“)

&)

(6)

heterogeneities/scatterers/perturbations (hereafter referred to as the “reference

model”) that account for the desired scattered field Gs(1220);

no time reversal required (step may be skipped); weight data individually at
receiver locations by the known (iop(x.))" factor prior to wavefield injection or
convolution with extrapolators, project pressure and gradient data to local receiver

normal direction n.(x,) according to Eq 5 (1230);

jointly extrapolate pressure and gradient receiver data (as acquired, no time
reversal required) using the full model according to Fig 3, by simultaneously using

data from all receivers (this implicitly evaluates the receiver integral): this yields

" the subsurface field G(x,X;) at all x locations within the subsurface model (1240);

jointly extrapolate pressure and gradient receiver data (as acquired, no time
reversal required) using the reference model according to Fig 4, by simultaneously
using data from all receivers (this implicitly evaluates the receiver integral): this
yields the subsurface field Gy(x,x,) at all x locations within the subsurface model
(1250); and

obtain the subsurface extrapolated field Gs(x,x,) from Eq 5 by subtracting the result

from Step 5- (1250) from that of Step 4- (1240); the minus sign in Eq 5 is

implicitly accounted for in the order of the subtraction terms in Figs 3-4 (1260).

[0054]  The convolution extrapolation is equivalent to the correlation extrapolation, with

only minor modifications, e.g. no time reversal is required, as noted above.

Example: Marine Acquisition

[00S5] - As mentioned above, the geometry configuration 600 in Fig 6 above is particularly

suitable for acquisition of marine seismic data. That geometry is hereby used to describe the

following marine acquisition geometries.
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[0056] = Referring to Fig. 7a, sources 710 and streamers 723, 724 are towed behind a vessel
702. The streamers are deep-towed, i.e. they are towed deeper than the sources 710 such that
the receivers 723 and 724 in the streamers are located between the sources 710 and the sea
floor 736'6f 738, according to the configuration as in Fig.b6. For inline marine geometries: one
or more consecutive or simultaneous seismic souicgs 710 (of monopole- or dipole-type) are
positioned between water 735/737 and .deep-towed streamers equipped with co-located
pressure and gradient sensors 723/724; for crossline marine geometries: streamers equipped
with co‘-loéated pressure and gradient sensors Y723/724, deep-towed by one or more ’parallel-
sailing seismic vessels in any configuration (as long as streamers are towed deeper than
sources), recording the signal from one or more, consecutive or simultaneous seismic sources
(of monopole- or dipole-type). The upper diagram shows monopole sourcé 710 (e.g. airgun)
with monopole sensors 723 (e.g. pressure sensors or hydrophones); the lower diagram shows
monopole source 710 (e.g. airgun) with dipole/gradient sensors 724 measuring the vertical
component of the gradient. The sehsors are shown separately for clarity purpose. They are

actually co-located on the same streamers.

[0057\] In this example inF ig. 7a, the boundary 736/738 is the streamer plahe. The normal
direction (732/739) of the vboundary (736/738) is simply the downward vertical direction.
Merely by way of exé.mple, in one embodiment of the present invention, the measurements
“used to implement the extrapolation methods discussed earlier for marine seismic data
acquisition are: (1) pressure; and'(i) the vertical component of pressure gradient, which is

equivalent to a measurement of the vertical component of particle velocity.

{0058]  The same configuration as in Fig. 7a can also be used in an Ocean Bottom Cables

(“OBC”) marine seismic survey, where the OBC replace the streamers, as discussed above.

[0059] One simple variation of configuration shown in Figs. 6 and 7a is to arrange the
receivers in a bowl shape 747. The receiver-bowl 747 and the free-surface top 735 form a
completed enclosing boundary that encloses all sources 710. Fig. 7b shows a cross-section ofa
streamer array of one example in the crossline direction. The streémers are towed at different

depths: the streamers towed near the center (or the source) are towed deeper while the
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streamers near the outer sides are towed shallower. The configuration can greatly reduce the
horizontal extent of the receiver plane (or streamers) which in turn can reduce the cost of data
. acquisition and the subsequent data processing. Similar arrangement can be done along the

inline direction.

[0060] Referring to Fig. 8, in many towed marine seismic surveys, over/under streamers
are useful. Related to the method describe here, rather than having multi-component streamers
containing different sensors, e.g. both pressure and pressure gradient sensors, over/under
streamers need only be traditional pressure sensors (i.e. hydrophones or the like). The
measurement (i.e. pressure) is obtained from either the over 846/848 or under 847/849
. streamer. The gradient (i.e. pressure gradient in this example) is obtained from differences of
the two adjacent over/under (846/847 and 848/849) streamers. For inline marine geometries:
one or more consecutive or simultaneous seismic sources 8§10 (of monopole- or dipole-type)
are positioned between water 835 and deep-towed over/under streamers equipped with pressure
sensors 823/824/825/826; for crossline marine geornetries: over/under streamers equipped
pressure sensors, deep-towed by one or more parallel-sailing seismic vessels 802 in any
configuration (as long as streamers are towed deeper than sources), recording the signal frorn

one or more consecutive or simultaneous seismic sources (of monopole- or dipole-type).

[0061] The acquisition geometries shown in Figs 7a, 7b and 8, or their variations, can be
employed in any marine seismic survey, including narrow or wide azimuth acquisition, coil
shooting and revolution survey acquisition technology. Once the data are acquired from
geometries as shown in Figs 7a, 7b or 8, the data can be processed to derive the exact
extrapolated wavefield of subs'urface; which can be used for many subsequent processes or

investigations, one of which is further discussed below.

[0062] As explained above, the methods for data acquisition or extrapolation are applicable
to any industries where wave phenomenon is involved. The examples related to marine
seismic given above are for illustrative purposes and are not to limit the application of the
methods. For example, the acquisition system 100 iltustrated in Fig.1 may be viewed as an

onshore seismic data acquisition system. When the system 100 is interpreted as a top view of
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an onshore survey, the system 100 may be used to acquire or extrapolate surface wave
properties (e.g. ground roll) of an area 150 outside the measurement bouﬁdary 130, where
sources 110 or receivers 120 are located. »The receivers 120 may measure one of the
~ components of a wave (e.g. a vertical particle velocity) and one of its spatial gradieﬂts (e.g. a
horizontal gradient of the vertical particle velbcity where the gradient is normal to the
boundéry 130). The receivers 120 may measure many other wave properties (e.g. pressures,
displacements, accelerations). Similarly, any of the acquisition systems illustrated in Figs. 1 -8
may be viewed as data é.cquisition systems for other industries, such as in CSEM, biomedical
imaging, non-destructive remote sensing; underwater acoustic monitoring, space architecture

design and engineering etc. .

[0063] Methods for data acquisition, in accordance with embodiments of the present
invention, which may be used in any industry for wavefield interpolation, may be summarized

in a flow diagram as illustrated in Fig. 16, wherein the method 1600 may be performed as:
(1) deploying at least one active source 110 at source locations 110 (1610);

(2) deploying a plurality of receivers 120 at receiver locations 120 (1620), where the
receivers 120 measure a wavefield quantity (e.g. a pressure or the like) and a
component of its gradient (e.g. a vertical component of the pressure gradient or the

like) that is normal (132) to a boundary 130 of measurement volume 140;
(3)  activating source 110 (1630); and
(4) recording data from the receivers 120 (1640). ,

The acquiréd data are suitablé for extrapolating wavefield properties within an unknown

object (150) outsidé the boundary 130 of the measurement volume 140.
Evaluation

[0064]) The embodiments above provide methods that allow the extrapolation of exact data

that otherwise would not be available. During the extrapolation, the methods require one or
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two models, and the quality of the models affect the resulting extrapolated data. It is noted that -
there are identities that can be used to measure the quality of the models, whether or not fhey
are used in the methods described above. Similarly, there are related identities that can be used

to measure thé quality of the resulting extrapolai:ed data.

[0065] Combining both correlation- and convolution-type scattering réciprocity from both
the one- and two-sided formulations yields, in accordance with aspects of the present

invention, the following identities:

1
0=1 = f o [R{G (%, x5)} Vi, Gs(%, %) — R{Vy, G(x:, %)} Gg(x,%,)] - m, A,
oD, |

Equation 6

1 ‘ | | |
0=1 = - f ” (G(%,, %) RV, Go(%,%:)} = Vi, (%, %) R{Gy(x, % ))] 1y P,
o, ~

Equation 7

[0066] Both integrals are exaét, can be applied in all configurations discussed above, and
- will hold for arbitrary medium properties away from the receiver domain (e.g., heterogeneity,

" anisotropy, elasticity, attenuation).

[0067)  Itis noted that these integrals have different sensitivity in terms of both the acquired
data and the models used to derive extrapolators: Eq 6 uses the full data G(x,;x¢) and both the
_ reference and full models to compute the extrapolator Gs(x,x,), while Eq 7 relies only on the
scattered portion of the observed data, i.€. Gs(X.,X¢), and on the reference model for the

extrapolator Gy(x,Xs).

[0068] Since the data in séismic surveys are a function of/are affected by the real
subsurface properties, Eqs 6 and 7 will only hold when the extrapolators, i.e., the Earth model

parameters, are “correct” and thus consistent with the recorded data. This in turn implies that
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by evaluating the integrals in Eqs 6-7 and- measuring their deviations from zero, estimates of
how acceptable the current Earth models are for the purpose of our exact extrapolation
methods will be yielded. Although Eqs 6 and 7 are discussed here in relation to the exact
extrapolation methods, they can also be used just for evaluating the quality of the subsurface
model (without any extrapolation). When extrapolation is ndt used, the modeled object (e.g.
150 in Fig. 1) does not need to be outside the me;:lsurement boundary (e.g. 130 in Fig. 1) aS
discussed above. The target object (e.g. 150) may be inside or outside the boundary (e.g. 130)
or partially inside and partially outside. The reférence model niay have scatterer information
and spatially varying model parameters (e.g. P-wave velocity). The reference model does not

need to have all parameters known.

[0069] A method 1400, in accordance with an embodiment of the present invention, to

practically evaluate Eq. 6 using both models can be described as:

(1) perform the exact correlation-based wavefield extrapolation following the steps

described using Eq 1 above, or method 1100 (1410);

(2) perform the exact convolution-based wavefield extrapolation following the steps

described using Eq 5 above, or method 1200 (1420); and
(3) obtain identity (I1) by subtracting the result of Step 2- from that of Step 1- (1430).

[0070}) A method 1300, in accordance with an embodiment of th¢ present invention, as in

Figlire 13, to practically evaluate Eq 7 can be described as:

(1) using a priori information about the data and/or the model, separate the

scattered/perturbed component of the observed data Gs(X,,xy) (1310);

(2) perform the exact convolution-based wavefield extrapolation following the steps
described using Eq 5 above, ensuring that only- the scattered observed fields
~ Gs(XyXs) are used instead of the full data G(x,,Xy), and that only the extrapolation in

the reference model (Fig 4) is carried out (1320);
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[0071]

perform the exact correlation-based wavefield extrapolation following the steps
described usirig Eq 1 above, ensuring that only the scattered observed fields
Gs(x,Xs) are used instead of the full data G(x,,xy), and that only the extrapolatlon in
the reference model (F1g 4) is carried out (1330);

perform time-reversal (in the time-domain) or take the complex conjugate (in

frequency domain) of the extrapolated fields that result from step 3- (1340); and
subtract the result of step 4 (1340) from that of step 2 (1320) (1350). .

Once Eqs 6-7 are evaluated, one possible measure for model inaccuracy, in

accordance with an embodiment of the present invention, is given by:

Jmm=/mmmWM+/mmmw%

Equation 8

where m is a vector with current known model parameters with samples at an x subsurface

location. It is noted that:

this measure may vary at an x location, function of the model at x itself but also at

possibly at all other subsurface locations;

this measure depends on both Eq 6 and Eq 7, but these are independent measures of
model accuracy and can be used jointly as in Eq 8 or with arbitrary weights, or

separately as independent measures;

~ although Eq 8 is in the frequency domain, the measure is equally valid in the time-

domain, or can be jointly evaluated in both domains;

although Eq 8 employs the so-called L2 norm (or power norm) any other norm

‘would yield an admissible measure for model inaccuracy;
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[0072]

although Eq 8 employs a summation over all available sources in the seismic
experiment, estimates of model inaccuracy using Eqs 6-7 can.also be conducted on

a sepai’ate shot-by-shot basis;

using Eqs 6-7 for estimates of model inaccuracy; model inaccuracy estimates using
the measure in Eq 8 or under any of the modifications in the items above is
generally valid under all geometries and experiment configurations presented in

this disclosure.

A method 1500 to evaluate Eq 8, in accordance with an embodiment of the present

invention, can be described as follows:

(D
R,

3)

C)
)

[0073]

evaluate Eq 6 according to method above, compute local power spectra at an x

location in the model domain (1510);
stack result of step 1- over all available shots in the seismic experiment (1520);

evaluate Eq 7 according to method above, compute local power spectra at an x

location in the model domain (1530);
stack result of step 3- over all available shots in the seismic experiment (1540); and
sum the results from steps 2- and 4- (1550).

As discussed above, there are many aspects of embodiments of the presént

invention, including:

a correlation-based - (reverse time) method for exact, nonlinear extrapolation of
subsurface receiver wavefields that uses both pressure and gradient data, from only

monopole sources;

a correlation-based (reverse time) method for exact, nonlinear extrapolation of
- subsurface receiver wavefields that uses both pressure and gradient data, from only

dipole sources;
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e a correlation-based (reverse time) method for exact, nonlinear extrapolation of
subsurface receiver wavefields that uses both pressure and gradient data, from both

pressure and dipole sources;

e a convolution-based (forward time) method for exact, nonlinear extrapolation of
subsurface receiver wavefields that uses both pressure and gradient data, from only

pressure€ sources;

e a convolution-based (forward time) method for exact, nonlinear extrapolation of
subsurface receiver wavefields that uses both pressure and gradient data, from only

dipole sources;

e a convolution-based (forward time) method for exact, nonlinear extrapolation of
subsurface receiver wavefields that uses both pressure and gradient data, from both

pressure and dipole sources;

e two independent evaluation methods of measuring errors in subsurface Earth
models, whether the models are used for extrapolation mentioned above or not,
where the two evaluation methods can be used for parameter estimation jointly or

. separately; and

e methods for acquiring marine vector-acoustic seismic data suitable for

extrapolation.

[0074] In the above discussion where two models (a full model and a reference model) are
~ used, the discussion and the use of extrapolation methods are associated with a single seismic
survey or the like. The same extrapolation methods can be used when two or more surveys are
involved, e.g. a»time-lapse survey and an original survey. The scatterers in a single survey are
the features or singulaﬁties of the subsurface that one is looking for, whose wavefield is
extrapolated using the methods discussed here. In the context of a time-lapse survey, the
scatterers are the perturbations or changes between the time-lapse survey and the original

survey, whose wavefield is desired and which can be extrapolated using the same methods
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discussed here. The physical interpretation of scatterers or perturbations may be different, the
mathematical representations and their wavefield extrapolation methods are the same. All the
methods described here are applicable to time-lapse surveys. In this application, the scatterers
| and the perturbations are interchangeable, depending on the context where the methods are

applied.

[0075] The data processing portions of the methods described above may be implemented
in a computer system 1900, one of which is shown in Fig. 9. The system computer 1930 may
~ be in communication with disk storage devices 1929, 1931, 1933 and 1935, which may be
external hard disk storage devices. It is contemplated that disk storage devices 1929, 1931,
1933 and 1935 are conventional hard disk drives, and as such, will be implemented by way of a
local area network or by remote access. Of course, while disk storage devices are illustrated as
separate devices, a single disk storage device may be used to store any and all of the program

instructions, measurement data, and results as desired.

[0076] In one implementation, data from the receivers may be stored in disk storage device
1931. Various data from different sources may be stored in disk storage device 1933. The
system computer 1930 may retrieve the appropriate data from the disk storage devices 1931 6r
1933 to process data according to program instructiohs that correspond to implementations of
~ various techniques described herein. The program instructions may be written in a computer
programming language, such as C++, Java and the like. The program instructions may be
stored in a computer;readable.medium, such as program disk storage device 1935. Such
computer-readable media may include computer storage media. Computer storage media may
~ include volatile and non-volatile, and removable and non-removable media implemented in
any method or technology for storage of information, such as computer-readable inStructions,
data structures, program modules or other data. Compﬁter storage media may further include
RAM, ROM, erasable programmable read-only memory (EPROM), electrically erasable
‘programmable’ read-only memory (EEPROM), flash memory or other solid state memory
téchnology, CD-ROM, digital versatile disks (DVD), or other optical storage, magnetic
cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices, or any other

- medium which can be used to store the desired information and which can be accessed by the

25



WO 2012/160431 PCT/IB2012/000972

system computer 1930. Combinations of any of the above may also be included within the

scope of computer readable media.

[0077] In one -implementatidn, the system computer 1930 may present output primarily
onto graphics display 1927, or via printer 1928 (not shown). The system computer 1930 may |
store the results of the methods described above on disk storage 1929, for later use and further
analysis. The keyboard 1926 and the pointing device (e.g., a mouse, trackball, or the. like)

1925 may be provided with the system computer 1930 to enable interactive operation.

[0078] The system computer 1930 may be located at a data center remote from an
exploration field. The syétem computer 1930 may be in communication with equipment on
site to receive data of various measurements. The system computer 1930 may also be located
on site in a field to provide faster feedback and guidance for the field operation. Such data;
after cohventional formatting and other im'ti.al processing, may be stored by the system
~ computer 1930 as digital data in the disk storage 1931 or 1933 for subsequent fetrieval and
processing in the manner described above. While Fig. 9 illustrates the disk storage, e.g. 1931
as directly connected to the system computer 1930, it is also contemplated thét the disk storage
device may be accessible through a local area network or by remote access. Furthermore,
while disk storage devices 1929, 1931 are illustrated as separate devices for storing input |
- seismic data and analysis results, the disk storage devices 1929, 1931 may be implemented
within a single disk drive (either together with or bseparately from program disk storage device
1933), or in any other conventional manner as will be fully understood by one of él;ill in the art

having reference to this specification.

- [0079] Although only a few example' emb‘odiments. 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 clauses are intend_ed 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
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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 wooden
parts, a nail and a screw may be equivalent structures. It is the express intention of the . .
applicant not to invoke 35 U.S.C. § 112, paragraph 6 for any limitations of any of Vthe claims
herein, except for those in which the claim expressly uses the words ‘means for’ together with

an associated function.
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WHAT IS CLAIMED IS:

1. A method (1000) for extrapolating wavefield (152) data within an unknown
object (150) where the unknown object (150) is located outside of a boundary (130) of a
measurement volume (140), wherein at least one source (110) is located within the
measurement volume (140) and a plurality of receivers (120) are used in the measurement
volume (140) to measure a wavefield quantity and a component of a gradient of the wavefield
quantity, where the component of the gradient of the wavefield quantity is noﬁnal (132) to the
boundary (130) of the measurement volume (140), the method comprising:
‘ using a first model to derive derived data of a wavefield quantity and a component
of its gradient at one or more receiver locations, wherein the receiver locatiohs are on the
boundary (130) and wherein the component is normal to the boundary of the measurement
volume (1030) at the receiver location (120); and

jointly extrapolating the wavefield data within the unknown object (150) using the

measured data and the derived data according to a reciprocity scattering relation (1040).

2.  The extrapolation method of claim 1, wherein the reciproéity scattering

relation is in the form of a correlation or a convolution.

3. The extrapolation method of claim 1, wherein the source is a monopole

source.
4. . The extrapolation method of claim 1, wherein the source is a dipole source.

5.  The extrapolation method of claim 1, wherein the plurality of receivers

comprise monopole receivers.

6. The extrapolation method of claim 1, wherein the plurality of receivers

comprise dipole receivers.
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7. . The extrapolation method of claim 3, wherein the reciprocity scattering

relation is in the form of the following correlation:

Gs(x,X;) —f [VXTG (%r, %5) Gs(x,%,) — G*(x,x )VXTGS(X x,)] - n, d*x
ap, Wp ,

‘8. The extrapolation method of claim 3, wherein the reciprocity scattering
relation is in the form of the following convolution:

. i 1 ) . .
- Gs(x,x5) = f;m iop [G(%,,%s) Vi, Gs(%, %) — Vi, G(%, %) Gg(x,%,)] - 0, d*x

9.  The extrapolation method of claim 4, wherein the reciprocity scattering
relation is in the form of the following correlation:

Vi sl x,) = ?{8]1) wp [V, Vi, G (%1, Xs) Gg(x,%X,) — vxaG*(xr’XS) Vi, Gs(x,%.)] - 0, d*x

10. The extrapolation method of claim 4, wherein the reciprocity scattering

- relation is in the form of the following convolution:

V,.Gs(x,x,) = f (VG %) Vi G ) = Vi,V Gl ) O 3,)] - i P,

D, iwp

11. The extrapolatioﬁ method of claim 1, wherein the first model comprises
scatterers and the extrapolatlon method (1100) further comprises:

having a second model of the unknown object (150), wherein the second model
includes a homogeneous property of the first model that contains no scatterers;

using the second model to compute derived reference data of a wavefield quantity
and a component of its gradient at receiver locations that is normal to the boundary of the
measurement volume (1130);

wherein jointly extrapolating the wavefield data, further comprises:
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jointly extrapolating time-reversed derived data and its gradient using
the first model by simultaneously using measured data from all receivers yielding a
suBlsurface-ﬁeld G (1140); '

jdintly extrapolating time-reversed derived reference data and its
‘gradient using the second model by simultaneously usingbmeasured data from all
receivers yielding a subsurface field G, (1150); and

obtaining an extrapolated field Gs by subtracting Gy (115) from G
(1160). |

12. The exfrapolation method of claim 1, wherein the first model comprises
scatterers; and the extrapolation method (1200) further comprises:
computing derived reference data of a wavefield quantity and a component of its
gradient at receiver locations, whereih the component is normal to the boundary of the
measurement Qolume (1230), and wherein the step of jointly extrapolating the wavefield
further comprises: -
jointly extrapolating derived data and its gradient using the first model
by simultaneously using measured data from all receivers yielding a subsurface field G (1240);
jointly extrapolating derived reference data and its gradient using the a
second model by Simulfaneously. using measured data from all receivers yielding a subsurface
field Gy (1250), the second model comprising a model of the unknown object containing a
homogeneous property of the first model without scatterers (1220);
obtaining the extrapolated field Gs by subtracting Gy (1250) from G
(1260). |

13. The extrapolation method of claim 1, wherein:

the extrapolated wavefield data comprises is datavextrapolated for a seismic survey;
or

the extrapolated wavefield data comprises data extrapolated from a time-lapse
seismic survey; and the first model and the second model are models for the subsurface at an

original survey and the time-lapée survey.
re
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14. The extrapolatlon method of claim 1, wherein the extrapolated wavefield data
-is used for at least one of the followmg Controlled Source Electromagnet1c surveys; acoustic
space archltecture design and engineering; biomedical imaging with ultrasound or
electromagnetic radiation; underwater acoustic monitoring; and non—destructlve engineering

monitoring.

15. The extrapolatioh method of claim 1, wherein the extrapolating wavefield is

performed in at least one of a time-domain and a frequency domain.

16. A method for evaluating the accuracy of a first physical model of an
unknown object with unknown model parameters (150) outside and/or inside a boundary (130)
of a-measurement volume (140), wherein the first model c'ontains‘ scatterer information and
spatially varying model parameters, wherein at least one source is within the measurement
volume and a plurality of receivers measuring a wavefield quantity and a component of its
gradient at receiver locations, wherein the component is normal (132) to the boundary (130) of
the measurement volume (140), the evaluation method (1300) comprising: |

receiving the measured data of the wavefield quantity and the component of its
gradient at a receiver location, wherein the component is normal to the boundary of the
measurement volume; and o

the evaluation method (1300) is characterized ‘by:

using the first model computing derived data of a wavefield quantity and a
- component of its gradient at receiver locations, wherein the component is normal to the
boundary of the measurement volume (1310); and |

performing a correlation-based wavefield extrapolation (1330) and a convolution-
based wavefield extrapolation (1320) using the measured data and the derived data according
to a reciprocity scattering relation; |

_performing time-reversal on the results (1330) of correlation based extrapolation

(1340);
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obtaining a first identity by subtracting the time-reversed result of correlation
(1340) from the result of convolution (1320), wherein the value of the first identity indicates
- the accuracy of the model (1350).

17. The method of claim 16, the method further comprising:
(1) performing correlation-based wavefield extrapolation, wherein the
correlation-based wavefield extrapolation comprises:
(2) jointly extrapolating time-reversed derived data and its gradient
using the first model by simultaneously using measured data from all receivers yielding a
subsurface field G (1140); -
| (b) joinﬂy extrapolating time-reversed derived reference data and its
“gradient using the second model by simultaneously using measured data from all receivers
‘yielding a subsurface field Gy (1150); and _
' (c) obtaining the extrapolated field Gs by subtracting a result from
step (b) Gy (1150) from a result of step (a) G (1160);
(2) performing convolution-based wavefield extrapolation, wherein the
convolution-based wavefield extrapolation comprises:
(d) jointly extrapolating derived data and its gradient using the first
model by simultaneously using measured data from all receivers yielding a subsurface field G
(1240); '
(e)  jointly extrapolating derived reference data and its gradient uéing
the. second model by simultaneously using measured data from all receivers yielding a
subsurface field G, (1250); and | -
(f)  obtaining the extrapolatéd field Gs by subtracting the result from
step (e) Gy (1250) from the result of step (d) G (1260);
(3) obtaining a second identity by subtracting the result of step (2) from the
result of step (1), wherein the second i‘dentity indicates the accuracy of the model and the

extrapolated wavefields (1430).

18. The evaluation method of claim 17, further comprising:
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(1) evaluating a first identity and computing a local power spectra at an x
location in the model domain (1510); ]

2) stackihg a result of step (1) over all available shots in the data (1520);

(3)-_ evaluating a second identity and computing local power Spectra atan x
location in the model domain (1530); ,

. (4) stacking a result of step (3) over all available shots in the data (1540);
~and
(5) summing results from steps (2) and (4) (/155 0).

19. The evaluation method of claim 17, wherein:
the identities are in the form of I;, I, or J(m,Xx) as follows:

0= T = § o RGO %)} Vi Gl ) = RV Gl )} Gl )] d
oD,

>

1 | | |
0 =1 = "fém :L:)_;-; [GS(XT7 Xs) R{Vx, Go(x, %)} — Vi, Gs(x,,%,) R{Go(x,%,)}] - m, a

. ,Or
Tmx) = [Tl + [ 1Zam, )P,

and deviation from zero indicates a magnitude of inaccuracy.

20. The method of claim 1 is further characterized by using any methods in
claims 16-19 to evaluating the accuracy of the model(s) or the extrapolatéd wavefield (1300,
1400, 1500). ’ |

21. A system processing data for extrapolating wavefield within an unknown
object outside the boundary of a measurement volume, wherein at least one source is within the
measurement volume and a plurality of receivefs measuring a wavefield quantity and a
component of its gradient at receiver locations that is normal to the boundary of the

measurement volume, the system comprising:
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a processor,
a.computer readable storage medium storing computer executable instructions,
wherein when executed by the processor, the processor is to perform any methods as in claims

1-20.

22. The method of claim 1, further comprising:
using the extrapolated wavefield measurement data within the unknown object to

process an image of the Earth’s interior.
23.  The method of claim 1, further comprising:

using the extrapolated wavefield measurement data within the unknown object to

process a medical image.

34



PCT/IB2012/000972

WO 2012/160431

stk

*

[ LR L AL LA ™

"-\‘l

oel

BRARERBBEEBEERARARETBEREECRFEEAA SR EREERRNAIEEE DO Ry

BEEEFAEEE DGV GEERIER DI FIREI T

| 614

0

mk'ﬂﬂq s

acl

X

ol

L]

(P XTI Y T N

cel

1/16



WO 2012/160431 PCT/IB2012/000972

Fig. 2

(a)

2/16



WO 2012/160431 PCT/IB2012/000972

Fig. 3

3/16



WO 2012/160431 PCT/IB2012/000972

Fig 4

4/16



PCT/IB2012/000972

WO 2012/160431

® OB ED @'!iii",’90:"'ﬂ'ﬁ*i%ﬁiimﬂﬂ.iiQ!.ﬁ_ﬂﬂl‘ﬂ_ﬂi@& #Ci Lt ﬂ!‘ﬁﬁ'lﬂ

G 614

00&

CES

,._,\ \//L‘M

9gs

£ 3 1

5/16



PCT/IB2012/000972

WO 2012/160431

g "6i4

009
£cy
tm:wilIliii#lwwtwt_wwilwwimi1&‘*0@#!@&6*&‘&twiﬁﬂ., wwﬁiﬁ Imwﬂt,tw,¢‘

™~ 9c9

“a

ge9

0¥39

6/16



PCT/IB2012/000972

WO 2012/160431

7/16



PCT/IB2012/000972

WO 2012/160431

8/16



WO 2012/160431 PCT/IB2012/000972

1831

Fig. 9

9/16



PCT/IB2012/000972

WO 2012/160431

0v01

0¢01

0201

0101

oL ‘64

uonerel SuLR)eds

Kyoidioer e 03 Surpiodooe
BJRp POALISp Y} PUE BJBp
paInseau oY) SuISn ploIJoARM
ay orejodenxs Apjurof

Suny3rom pue [esIsAal
-own} 3urpnyoul ‘ejep JUITpeId
pue amssaxd paarep andwo))

N\

senadoid aoepmsqns
91} I0J [SPOW ISITJ © 9ARY

elep JUaIpeIs pue
aImssa1d paInseaur Yim 1rels

10/16



PCT/IB2012/000972

WO 2012/160431

0911

.0STI

ovIl

0ctl

0Z11

OITI

L1 B4

[

Op11 da1s Jo Jeyy woLy OST1
deis wroig Jmsas oy 3unoengns

£q pay perejodenxe oy} UTEIGO

Kyooxdioar e 0) Surpioooe

BIED ,,'JO1,, POALISP 3y} pUR BIep
paInseawr ay) SUIsn SpILJoARM
oy orejodenxa Apurof

N\

£1o01d1oa1 ® 03 3urprosde

BJep , JI0J,, PAALIIP 9} pue ejep
paInseaw! aY) SuUIsn SploLJoARM
o arejodenxs Apurof

1

gunySom

pUE [BSISAI SWIT} SUIPN[OUT
[opow yoea 10} ejep juarpeId
pue a1ssaid paAuap andmo))

T

sonzodoId aoByINSqns
91} I0J ‘[OPOUI 9OUSISJAI B pue
[opOW [0 B ‘S[SpOW OM) 9ABH

elep JuaIpeId
pue amnssa1d yjoq Yim yre1s

11/16



PCT/IB2012/000972

WO 2012/160431

10921

0s¢1

74!

0ect

(144!

0121

2L b4

S~

0YZ1 da1s Jo 1eyy woxy 0GT1
days woy 3nsa1 oy Junoenqns

£q proy patejodernxa ay) ureiqo

N\

ad£) uonnjoAuod ‘uonR[RI

Sumraneos Aroo1doar e 03 Surp1oooe BIRp
«'J21,, PoALISp aY) pUR BIEp PINSEIW )
3ursn sprayesem oY) sjejodenxs Apjurof

A

ad£) uonnjoAuod ‘uonerax

Buwrayeos Ayooidioar e 0 Surproooe eyep
.JI0J,, PSALIOD S} pUE BJep PAINSLAW 3}
Bursn sprolyosem oy ajejodenxs AQjurof

N

[eSIARI-OWT) INOYIIM
[opoul Yoea I0J ejep Jusrperd
pue assaid paatop andwo))

N

senrodoId 9oBJINSqNS
31} 10] ‘[SPOWI 90UIDJAI © pUE
[opOW [[NJ B ‘S[OPOU OM) IABE]

BIEp JUSTPRIZ
pue axnssaid yjoq Yum 1els

12/16



PCT/IB2012/000972

WO 2012/160431

0s¢el

ovel

0€€T

0Z¢el

o1l

gl ‘b4

0Z€1 dess Jo Jey) woy Opel
deys Jo jInsaz oY) Junjoenqns

£q pratj pererodenxa sy ureiqO

N

uoneoden;xa
' paseq UOTIR[OLIOD JO J[NSAI
'Y} UO [BSIIASI-OWIT) ULIOJISJ

T

uoneodenxs
paseq UONEB[AII0d WIOHad

T

uorjejodenxa
paseq UOHN[OAUOD ULIOJIS]

eJep paAIasqo oy Jo jusuodwod
paIoneos oy djeredag

13/16



PCT/IB2012/000972

WO 2012/160431

oevl

7474

1184

ANIE
. 1 dois
woy 7 days jJo ynsal Sunoenqns
Aq Aynuept we urelqo
N

00Z1 POYIo ULIOHIS]

0011 POYIOWI ULIOIS]

14/16



PCT/IB2012/000972

WO 2012/160431

08¢t

29!

0€ST

0ZsT

0IST

Gl ‘614

12

pue g dojs woIj s)nsaz oY) wng

N

¢ da1s Jo Jnsa1 oyl Yorls

P

UoIeO0[

X Ue Je )0¢ ] POYIOUWL ULIOFId]

T

1 da1s Jo J1nsa1 ay3 Yoels

uoned0]

X Ue Je OO ] POUIoUI WIOJI]

15/16



PCT/IB2012/000972

WO 2012/160431

091

0€91

0291

0191

9| ‘6i4

M SIOATR03I

9y wroij ejep 3urpIodal

A

S—] $30IN0s 9y} SuneAnoR

\

SISATaJAI
N H

Jo LAreand e urfordap

— SUOTIEO0[ 20IN0S I8 20IN0S
9AnOR 2uo )ses] Je Jurkojdep

16/16



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings

