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WAVEFORM INVERSION USING A RESPONSE OF FORWARD MODELING

BACKGROUND

[0001] Survey operations can be performed to characterize content of a subterrancan
structure. Examples of survey operations include seismic survey operations. Survey
operations can be performed using survey equipment deployed at or above an earth surface
that is above the subterranean structure of interest. Alternatively, part or all of the survey

equipment can be deployed in wellbore(s).

[0002] Once survey data is acquired, the survey data can be analyzed to estimate properties

of the subterranean structure.
SUMMARY

[0003] In general, according to some implementations, a method includes performing
forward modeling to compute a response of a target structure that includes a reflector, the
forward modeling using reflection information relating to the reflector and accounting for
distortion of a reflected signal reflected from the reflector. Waveform inversion is performed

using the response of the forward modeling.

[0004] In general, according to further implementations, a system includes at least one
processor to compute a response of a target structure that includes partial and total reflections
from a reflector in the target structure, where the response is computed using forward
modeling that uses reflection information relating to the reflector. The at least one processor
is, based on the response, to produce at least one parameter of the target structure using

waveform inversion.

[0005] In general, according to other implementations, an article includes at least one
machine-readable storage medium storing instructions that upon execution cause a system to
perform forward modeling to compute a response of a target structure including a reflector,

the forward modeling using reflection information relating to the reflector and accounting for
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distortion of a reflected signal reflected from the reflector. Waveform inversion is performed

using the response of the forward modeling.

[0006] In further or other implementations, the reflection information includes reflection

coefficients relating to the reflector.

[0007] In further or other implementations, the forward modeling accounts for distortion
of the reflected signal due to an incident signal impinging on the reflector at a near-critical

angle that is less than, at or greater than a critical angle.

[0008] In further or other implementations, the distortion of the reflected signal is caused
by interference with a head wave associated with energy that travels generally parallel to the

reflector.

[0009] In further or other implementations, performing the waveform inversion produces

at least one parameter that represents at least one characteristic of the target structure.

[0010] In further or other implementations, the at least one parameter is selected from the

group consisting of a velocity, a density, and an elastic property.

[0011] In further or other implementations, performing the waveform inversion comprises

performing amplitude variation with offset (AVO) inversion.

[0012] In further or other implementations, performing the forward modeling comprises

performing WKBJ (Wentzel, Kramer, Brillouin, and Jeffreys) forward modeling.

[0013] In further or other implementations, the WKBJ forward modeling is performed for
the reflector that reflects a reflected signal in response to an incident angle in a near-critical
range. In addition, amplitude variation with offset (AVO) inversion is performed using
forward modeling that does not account for distortion of a reflected signal reflected from a
second reflector in the target structure in response to an incident signal that is at an angle less

than a critical angle.

[0014] In further or other implementations, performing the waveform inversion comprises

using a reference parameter to account for local lateral variation in the target structure.

2
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[0015] In further or other implementations, the reference parameter includes a reference

slowness parameter.

[0016] In further or other implementations, performing the waveform inversion comprises
performing a first optimization stage and a second optimization stage, the first optimization
stage to find an initial model of the target structure, and the second optimization stage to

produce the at least one parameter based on the initial model.

[0017] In further or other implementations, the first optimization stage measures a misfit
between actual survey data and synthetic data to find the initial model, the actual survey data

acquired by survey receivers, and the synthetic data produced by the forward modeling.

[0018] In further or other implementations, the misfit is between an envelope of the actual

survey data and an envelope of the synthetic data.

[0019] In further or other implementations, survey data acquired for the target structure is
preprocessed to produce survey data corresponding to a virtual survey arrangement in the

subsurface.

[0020] In further or other implementations, the forward modeling accounts for interference

between reflected signals from the reflector and a head wave.
[0021] In further or other implementations, the target structure is a subterranean structure.

[0022] Other or alternative features will become apparent from the following description,

from the drawings, and from the claims.
BRIEF DESCRIPTION OF THE DRAWINGS
[0023] Some embodiments are described with respect to the following figures:

[0024] Fig. 1 is a schematic diagram of an arrangement with which a survey operation can

be performed, according to some examples;

[0025] Figs. 2 and 3 are flow diagrams of processes according to various implementations;
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[0026] Fig. 4 is a schematic diagram showing a time shift of a seismogram wavefront,

according to some implementations; and

[0027] Fig. 5 is a block diagram of an example system incorporating some
implementations.

DETAILED DESCRIPTION
[0028] Fig. 1 shows an example survey arrangement that has a survey source 102 and

survey receivers 104-1, 104-2, and 104-3. Even though specific numbers of the survey source
102 and survey receivers 104-1 to 104-3 are shown in Fig. 1, note that in other examples,
other numbers of survey sources and survey receivers can be used. The survey source 102
and survey 104-1 to 104-3 are placed at an earth surface 106. In some examples, the earth
surface 106 can be a land surface or a secafloor. In other implementations, a wellbore can be
drilled into a subterrancan structure 108, such that the survey source 102 and/or survey

receivers 104-1 to 104-3 can be placed in the wellbore below the earth surface 106.

[0029] In another implementation, instead of the surface 106 being the earth surface, the
surface 106 can be a subterranean surface determined using preprocessing (such as imaging to
extrapolate the surface 106 to some depth below the earth surface). The preprocessing
produces subsurface data, which can include either common-image point gather data or
reflection-operator data. In such implementation, the source(s) 102 and receivers 104-1 to
104-3 are virtual source(s) and receivers, which form part of a virtual survey arrangement.
The preprocessing is applied to survey data acquired for the subterrancan structure, and the
preprocessing produces survey data corresponding to the virtual survey arrangement in the

subsurface.

[0030] In some examples, the survey source 102 is a seismic survey source (e.g., airgun,
vibrator, explosive, etc.), and the survey receivers 104-1 to 104-3 are seismic receivers (e.g.,
geophones, accelerometers, efc.). The seismic source 102 can produce a seismic wave that is
propagated into the subterranean structure 108. A reflector 110 in the subterranean structure
108 can cause reflection of the incident seismic wave from the survey source 102. Reflected

seismic waves can be detected by the seismic receivers 104-1 to 104-3.
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[0031] Although reference is made to a seismic wave propagated into a subterranean
structure in the ensuing discussion, it is noted that techniques or mechanisms according to
some embodiments can also be applied to other types of target structures, such as human

tissue, a mechanical structure, and so forth.

[0032] More generally, the survey source 102 is considered to produce an incident signal
that is transmitted into a target structure, and portions of the transmitted incident signal
reflected by one or more reflectors in the target structure are detected by the survey receivers

104-1 to 104-3.

[0033] Data acquired by the survey receivers 104-1 to 104-3 are communicated to a
control system 112. The communication can be over a wired communications medium and/or
a wireless communications medium. In other examples, other techniques (such as storing the
acquired survey data on a removable storage medium that is then transferred to the control
system 112 for upload to the control system 112) can be used. The control system 112 is able

to apply waveform inversion techniques according to some implementations.

[0034] Waveform inversion refers to a technique that reconstructs at least one parameter
that represents a corresponding characteristic of the subterranean structure 108, based on
received survey data (such as those acquired by the survey receivers 104-1 to 104-3). As
examples, the at least one parameter can be sclected from among a velocity in the
subterranean structure 108, a density of the subterranean structure 108, or an elastic property
of the subterranean structure 108. In other examples, waveform inversion can produce other

types of parameters representing other properties of the subterranean structure 108.

[0035] As further shown in Fig. 1, incident signals can have different incident angles with
respect to an axis 114 that is normal (perpendicular) to the reflector 110. In examples
according to Fig. 1, an incident signal 116-1 from the seismic source 102 has an incident
angle o¢;with respect to the normal axis 114, an incident signal 116-2 has an incident angle
o, with respect to the normal axis 114, and an incident signal 116-3 has an incident angle of
o5 with respect to the normal axis 114, where «; < &, < ;. The incident angle o¢;of the
incident signal 116-1 is less than a critical angle, such that a portion of the incident signal

116-1 passes from a first portion 108-1 of the subterranean structure 108 (on one side of the

5
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reflector 110) to a second portion 108-2 of the subterranean structure 108 (on another side of
the reflector 110). The portion of the incident signal 116-1 that passes through the reflector
110 is a refracted signal 120.

[0036] Another portion of the incident signal 116-1 is reflected as reflected signal 122-1,
which can be detected by the receiver 104-1. The reflected signal 122-1 is considered a
“partial reflected signal,” since a portion of the incident signal 116-1 has passed through the
reflector 110 as the refracted signal 120. Generally, an incident signal that has an incident
angle less than the critical angle results in a portion of the incident signal passing through the
reflector 110 as a refracted signal, and another portion of the incident signal being reflected as

a reflected signal.

[0037] However, when the incident angle of the incident signal (such as incident signal
116-2), reaches the critical angle (in this case «,), total reflection of the incident signal 116-2
from the reflector 110 occurs, resulting in reflected signal 122-2. Similarly, the incident
signal 116-3, which has an incident angle greater than the critical angle, also experiences total
reflection from the reflector 110, resulting in reflected signal 122-3. The reflected signals
122-2 and 122-3 are considered total reflected signals, since no refracted signals (that pass

through the reflector 110) result from respective incident signals 116-2 and 116-3.

[0038] An incident signal that impinges on the reflector 110 at an incident angle that is at
or greater than the critical angle causes a head wave to be generated. The head wave is
associated with a refracted signal in subterranean portion 108-2 that propagates in a direction
that is parallel to the reflector 110. The head wave can interfere with the corresponding
reflected signal (e.g., 122-2 or 122-3 in Fig. 1). This interference can lead to distortion of the
reflected signal. Generally, reflected signals that are reflected from the reflector 110 in
response to incident signals that have incident angles around and close enough to the critical

angle are subject to distortion due to interference from respective head waves.

[0039] Some waveform inversion techniques rely on use of just pre-critical reflection data
(which includes reflected signals responsive to incident signals that have incident angles less
than the critical angle). Effectively, such waveform inversion techniques rely on near-offset

data (data acquired by survey receivers that are relatively closer to the survey source, such as

6
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survey receiver 104-1 that is relatively closer to the survey source 102 in Fig. 1 than survey
receivers 104-2 and 104-3). These waveform inversion techniques are unable to use long-
offset data, which includes data acquired by survey receivers that are relatively farther away
from the survey source 102 (e.g., 104-2 and 104-3 in Fig. 1), since these long-offset survey
receivers detect distorted reflected signals responsive to incident signals that have incident

angles at or greater than the critical angle.

[0040] In accordance with some embodiments, techniques or mechanisms are provided to
allow for use of acquired survey data that includes pre-critical, near-critical, and post-critical
reflection data. Near-critical reflection data includes reflected signals responsive to incident
signals having incident angles within a predefined range (‘“near-critical range”) that starts just
before the critical angle and extends to a predefined angle just larger than the critical angle.
Post-critical reflection data includes reflected signals responsive to incident signals having

incident angles greater than the incident angles in the near-critical range.

[0041] The ability to perform waveform inversion using pre-critical reflection data, near-
critical reflection data, and post-critical reflection data allows for greater flexibility, since
survey data acquired with a larger number of survey receivers can be used in the waveform

inversion.

[0042] A process according to some implementations is shown in Fig. 2. The process
includes performing (at 202) forward modeling to compute a response of a target structure
(e.g., subterranean structure 108 in Fig. 1 or other type of structure). Forward modeling
generally refers to estimating what a response of a target structure would be, based on use of a
model of the target structure. In accordance with some embodiments, the forward modeling
that is performed accounts for distortion of a reflected signal that is reflected from a reflector
in the target structure, such as distortion caused by interference with a head wave produced
when an incident signal on a reflector has an incident angle in the near-critical range. By
using forward modeling that accounts for such distortion of a reflected signal, the waveform
inversion process can use pre-critical reflection data as well as near-critical and post-critical
reflection data, as discussed above. Examples of forward modeling accounting for distortion

of a reflected signal can include, but are not limited to, any of the following: the forward
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modeling computing a response that includes a contribution from a signal component (e.g., a
head wave as discussed above) that interferes with the reflected signal; the forward modeling
computing a response that is based in part on the presence of interference by a signal
component (e.g., a head wave) with the reflected signal; or the forward modeling computing a
response that considers a representation of interference by a signal component (e.g., a head

wave) with the reflected signal.

[0043] The process performs (at 204) waveform inversion using the response of the
forward modeling. The waveform inversion produces at least one parameter that represents a
characteristic of the target structure. As examples, the at least one parameter can include any

one or more of the following: elastic property, velocity, and density.

[0044] In some implementations, the forward modeling that is performed at 202 includes a
WKBJ (Wentzel, Kramer, Brillouin, and Jeffreys) forward modeling technique, which
produces a synthetic seismogram. A synthetic seismogram is a model of energy (e.g.,
acoustic or other type of energy) traveling through various elements (e.g., layers or other

clements) of a target structure (e.g., subterranean structure).

[0045] The waveform inversion applied at 204 according to some implementations can
include an amplitude variation with offset (AVO) inversion. AVO inversion involves
analyzing variation in amplitudes of undistorted reflected signals with change in distance
between a survey source and survey receivers that indicates differences in lithology and fluid
content in the target structure (both above and below a target element of interest, which in the

case of Fig. 1 is the reflector 110).

[0046] Some AVO waveform inversion techniques can use a 1D (one-dimensional) model
(of the target structure) and a representation of amplitude variations using reflection
coefficients of plane waves. A 1D model of a target structure is a model of a target structure
that represents variations along one direction (e.g., depth direction) of the target structure. A

plane wave represents an acoustic wave in the target structure that is generally planar.

[0047] In practice, the assumption of plane waves can restrict the offset range of acquired

survey data that can be input into a waveform inversion algorithm. As noted above, near-
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critical reflections will not be accurately modeled, because the distortion caused by head
waves will not be accounted for. As a result, longer-offset survey data (survey data acquired
by survey receivers that are farther from the survey source) may not be useable in some AVO
waveform inversion techniques. The restriction on the offset range that can be used for such
AVO waveform inversion techniques can reduce accuracy in producing estimates of

properties of the target structure.

[0048] As noted above, a type of forward modeling that can be employed with waveform
inversion is a WKBJ forward modeling technique that produces a synthetic seismogram (also
referred to as “seismogram” in the ensuing discussion). A WKBJ seismogram is constructed
from ray-traced quantities (data computed based on tracing a ray path of a wave propagating
through a target structure), and can account for non-geometric propagation phenomena, such
as distortion caused by a head wave with a reflected signal. Hence, the WKBJ forward
modeling technique allows a waveform inversion to be carried out using each of pre-critical

survey data, near-critical survey data, and post-critical survey data.

[0049] A WKBJ forward modeling technique can also be computationally relatively
efficient. For instance, the computational cost of synthesizing a WKBJ seismogram is
proportional to a linear combination of the number of output samples (n;) and the number of
slownesses (representing respective plane waves) used in the computations (np)—in other
words, the computational cost of synthesizing a WKBJ seismogram is proportional to n; +
n,. Output samples refer to discrete output values produced in the WKBJ seismogram, and

slowness refers to the inverse of velocity of a seismic plane wave in a target structure.

[0050] The computational cost of the WBKJ forward modeling technique is lower than the
computational costs of other forward modeling techniques that may be proportional to
n Xn,. Additionally, the WKBJ forward modeling technique outputs a band-limited
seismogram (a seismogram having frequency components within a certain band) that can be
directly compared to acquired survey data, such that an intermediate step to map input survey
data (in a time and offset domain) into reflection coefficients as a function of angle of

incidence does not have to be employed. In addition, the WKBJ forward modeling technique
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does not assume that a target structure is isotropic, so that the WKBJ forward modeling

technique can be used for anisotropic waveform inversions as well.

[0051] The WKBJ forward modeling technique is a form of a slowness-based forward
modeling technique, in which the impulse response of a line or point source in a 1D earth
model is obtained by inverting the frequency transform of a particle velocity Green function.
The intermediate result is the impulse response for a fixed slowness, which can then be

evaluated analytically or numerically.

[0052] The following provides further details of the WKBJ forward modeling technique

that is useable to perform waveform inversion according to some embodiments.

[0053] The WKBJ solution for an impulse response of a given ray type (e.g., for a

reflection or any of its multiples) is represented by U4, for each time ¢ and each receiver
Cartesian location Xg (3D location of a survey receiver along x, y, z axes). The function U,

(which can be referred to as the WKBJ Green function) can be defined as:

1

ray (6 Xp) = = S X
d p*/ Zgray(p)
Elm (A(t) * ZTrayzt m) . (Eq. 1)
[0054] In Eq. 1, p is a lateral slowness component, such as the horizontal or x component,

characterizing an incident plane wave, xg is a coordinate of the receiver along the x axis, and

Trqy 18 the traveltime function for the plane wave between a given survey source-receiver pair.
The other parameters in Eq. 1 are discussed further below. The traveltime function

Tray €quals the geometric ray traveltime Ty, if the survey receiver radial position xg (along

ay>
the x axis) coincides with the range of the geometrical arrival X, for the given p. The range
of the geometric arrival X,4, is the offset (distance) between the survey source and receiver
positions in the source-receiver pair. Note that the geometric arrival is the arrival (waveform
on the seismogram) corresponding to the ray that connects the survey source and survey
receiver positions, while satisfying Snell’s law (Snell’s law provides a formula to describe the

relationship between angles of incidence and refraction). More generally,

10
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Tray (p,zr) = Tray (p,zr) + p[xR - Xray (», ZR)] ) (Eq. 2)

where zy is the receiver depth. The main contributions to the summation in Eq. 1 come from
the extrema of the traveltime function Tmy, which correspond to geometrical arrivals. As
noted above, geometrical arrivals are the arrivals (waveforms on the seismogram)
corresponding to the rays that obey Snell’s law. These contributions, in turn, are scaled (in

Eq. 1) by the propagation dyadic G4, (p), which encodes the polarization vectors gg and gg

(that describe the particle movement in the medium of the subterranean structure when a
seismic wave passes through the medium) at the source (g5) and receiver (gg) for a given

slowness p, and the plane-wave reflection and transmissions coefficients, 7;;, along a ray:

gray(p) = (Hray :Tl:j (p))gR(p)gg(p) . (Eq. 3)

[0055] The transmission coefficients represented in T;;(p) of Eq. 3 provide indications of
transmissivity of subterranean layers through which a seismic wave propagates. The
reflection coefficients represented in T;;(p) of Eq. 3 provide indications of reflectivity of a
seismic wave from subterrancan layer(s), including a target reflector (such as 110 in Fig. 1).
The transmission and reflection coefficients can be computed based on impedances of
corresponding subterranean layers. In some implementations, a transmission coefficient is
used to determine an amplitude of a seismic wave that propagates through a boundary of two
subterranean layers. Similarly, a reflection coefficient is used to determine an amplitude of a
seismic wave reflected from a boundary between two subterrancan layers. In Eq. 3, the

operator [, computes a product of the transmission and reflection coefficients 7;;(p).

[0056] More generally, instead of reference to transmission coefficients and reflection
cocfficients, reference can be made to transmission information and reflection information,
respectively. Transmission information relating to a boundary between subterrancan layers
can be used to determine a characteristic of a wave as it propagates through subterranean
layers, while reflection information relating to a boundary between subterranean layers can be

used to determine a characteristic of a wave reflected from the boundary (reflector).

11



WO 2012/138810 PCT/US2012/032239

[0057] As noted above, Eq. 1 models the response of a subterranean structure in response
to incident seismic waves (where the response includes the reflected seismic waves that are
reflected from the target reflector in the subterranean structure). Since Eq. 1 contains the
propagation dyadic Gray (p) expressed in Eq. 3, it is noted that the WKBJ forward modeling
technique that models the response of the subterranean structure uses reflection information
(such as in the form of the reflection coefficients represented in T;;(p) of Eq. 3) of the target

reflector.

[0058] The final shape of the impulse response seismograms is obtained by convolution

1

d = -z
with the operator — Im[A(t)], where A(t) = A(t) + iA(t) = t 2 is an analytic signal,

Im is the imaginary part, and i? = —1.
[0059] In some implementations, Eq. 1 is regularized before computation of the synthetic
seismogram, because of singularities associated with |6'T"ray /dp| =0. Eq. 1 can be

smoothed with a time-domain boxcar filter B(t/At)/At that is twice as long as the sampling

interval of the seismogram, where
B(t) = Z[H(t + 1) — H(t — 1] (Eq. 4)

and H (t) is the Heaviside step function. Then Eq. 1 can be rewritten as

B(t/At) 1

ac ey (BXR) > = oo X
d
Elm (A(t) * ZT‘rayztiAt f pl/zgray (p)dp) . (Eq. 5)
[0060] The integrals are evaluated over the narrow slowness intervals defined by Tmy =

t £ At and then summed to obtain the waveform amplitude for a given time instant ¢.

[0061] The function Uyqy (t,xR) in Egs. 1 and 5 represents the WKBJ Green function,

which can be convolved with a predefined source signature s(t) and the boxcar filter B(t/

12
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At)/At to derive a WKBJ synthetic seismogram W (¢, X;), as represented by Eq. 6 below

(the convolution is represented by *).

5()
W(t, xj) = s(t) = ﬁ * gray(t, x]-). (Eq. 6)
[0062] The predefined source signature s(t) represents the signature of the source signal

(such as that produced by the survey source 102 of Fig. 1).

[0063] Computing Eq. 6 for multiple time points provides a time series, called a synthetic
seismogram W (¢, xj) (seismogram at multiple time points t), as the output of the WKBJ

forward modeling technique for a given model of the subsurface.

[0064] Fig. 3 is a flow diagram of a process according to further implementations. The
process of Fig. 3 receives (at 302) acquired survey data, such as survey data acquired by the
receivers 104-1 to 104-3 depicted in Fig. 1. In some examples, preconditioning can be
applied to the received survey data. Preconditioning can include preprocessing to reduce
ground roll noise and multiple reflections. Ground-roll noise refers to seismic waves
produced by seismic sources that travel generally horizontally along an earth surface towards
seismic receivers. Multiple reflections refer to seismic waves reflected from a surface, such
as a land surface or a seca surface, where these seismic waves can be reflected back and forth
between the surface and a subterrancan reflector, or between a sca surface and an carth

surface. Surface-related multiples can reduce accuracy of survey data interpretation.

[0065] Data preconditioning performed at 304 can also include convolution with the
boxcar filter B(t/At)/At discussed above, such that the same smoothing applied to the
WKBJ seismograms is used for the received survey data. Additionally, the preconditioning
(304) can reduce contributions of survey data outside a predefined frequency range, since the

WKBJ seismogram is also band-limited.

[0066] The process of Fig. 3 further performs two types of optimizations, a global
optimization (performed at 306), and a local optimization (performed at 308). These two

optimizations are performed in two different stages. The global optimization and local
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optimization are stages of the waveform inversion—cach of the global and local optimization

stages employs the WKBJ forward modeling technique according to some implementations.

[0067] The waveform inversion process is divided into the two stages 306 and 308 to
avoid local minima. The global optimization stage (306) performs a search for an initial
model (307) of the target structure in the vicinity of the global minimum of a cost function.
The initial model (307) is used by the WKBJ forward modeling technique to estimate a
response (seismograms) of a subterranean structure. The “cost function” can refer to the
function that measures a residual, which is the misfit between actual survey data (received at
302) and synthetic data produced in the seismograms of the WKBJ technique. The cost
function may measure the least-squares differences between actual survey data and synthetic
survey data, or in another implementation, the cost function may measure the least-squares
differences of envelopes of the actual survey data (waveforms) and synthetic data
(waveforms), or other cost functions may be used. An envelope refers to the modulus of the

analytic signal associated with a seismogram or difference of seismograms.

[0068] Performing a search for an initial model in the vicinity of the global minimum of
the cost function in the global optimization stage (306) refers to finding an initial model that
produces a minimum for the cost function (in other words, the misfit or difference between

actual survey data and synthetic data in WKBJ seismograms is minimized).

[0069] The local optimization stage (308) uses the initial model (307) found in the global
optimization stage (306) as the starting point for a gradient-based constrained optimization to
produce at least one inverted parameter (309) that is an output of waveform inversion. The
inverted parameter (309) represents a characteristic of the subterranean structure, such as an

elastic property, density, and velocity.

[0070] The solution (one or more inverted parameters 309) of the optimization problem in
the local optimization stage 308 can be found using any of various algorithms, such as a
Levenberg-Marquardt algorithm (which produces a numerical solution to the problem of
minimizing a function) or a sequential quadratic programming numerical optimization

algorithm (which is an iterative technique for nonlinear optimization).
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[0071] Due to the relatively fast speed of the computations of the WKBJ forward modeling
technique, the process of Fig. 3 can be iterated multiple times to obtain different realizations
of the inverted parameter(s) (309). The process of Fig. 3 determines (at 310) if a stopping
criterion has been satisfied. In some examples, a stopping criterion is satisfied if the inverted
parameter(s) produced by successive iterations of the Fig. 3 process differ by less than some
predefined threshold. In other examples, a stopping criterion is satisfied if some predefined

number of iterations has been performed.

[0072] Once the stopping criterion is satisfied, the latest realization of the inverted
parameter(s) 309 produced by the waveform inversion is output (at 312) for use, such as to
build a model based on the output parameter(s) 309 (e.g., a model of densities at different
points in the subterrancan structure, a model of velocities at different points in the

subterranean structure, efc.).

[0073] By performing the waveform inversion processing in multiple iterations, it is also
possible to derive a statistical distribution of the inverted parameters, where a statistical
distribution can be represented as a normal distribution (having a mean and standard

deviation) or other distribution.

[0074] The global optimization stage (306) of the Fig. 3 process can include a random or a
Monte-Carlo type search throughout the parameter space to avoid local minima. For an
isotropic medium, the parameter space is made up of the P- and S-wave interval velocities and
densities describing both portions of the media above and below the reflector (e.g., 110 in Fig.
1), as well as the thickness of the medium immediately above the reflector, which determines
the depth of the reflector. In case of an anisotropic medium, the velocities can be substituted

by the appropriate sets of parameters (e.g., elastic stiffness tensor components).

[0075] As discussed above, the global optimization stage (306) performs a search for the
initial model (307) in the vicinity of the global minimum of a cost function, which measures a
residual that corresponds to the misfit between actual survey data and synthetic data in the

seismograms of the WKBJ technique.
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[0076] The residual is represented as a residual vector, which is defined as r =d — cw,
where ¢ is an overall scalar between the input survey data (D) and the synthetic data (W) (or
alternatively, their respective envelopes D, and W,). The survey data or its envelope is
mapped into a column vector d, and the synthetic data or its envelope is mapped into a
column vector w. The norm of r, normalized by the energy in the input survey data, can be
minimized, with the additional constraint that the scalar ¢ is found as part of the least-squares

problem, i.e., the objective function to be minimized is

<dw>?
E=1———+—. :
<d,d><w,w> (Eq 7)
[0077] As pointed out earlier, two types of misfit functions may be used during the
inversion: one based on least squares differences between waveforms and another based on

least squares differences of envelopes (modulus of the analytic signal). The data input into

the envelope-based objective function is given by

D.(t,x;) = |D(t,x;) +iD(t, x;)|,

(Eq. 8)
D(t,x;) = 3[D(¢, x;)],

where, E(t, xj) is the Hilbert transform of D, (t, xj). Hence, D, traces contain the

magnitude of the complex trace obtained from D, (t, xj). Likewise, the envelope of the

WKBJ synthetic seismograms is defined as
W, (¢, x;) = 7 [W(¢, x;)]. (Eq. 9)

[0078] The local optimization stage (308) includes a local, gradient-based, constrained
optimization using the best model found in the global search stage (308) as the starting guess.
The constraints, representing ranges of possible values for the model parameters, are inherited

from the global search stage as well.

[0079] In some examples, a “reference slowness” parameter (p,) accounting for lateral
velocity variations can be introduced at the local optimization stage (308). The norm of the
reference slowness parameter p,. can be added to the objective function being minimized:
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_ _(aw)? 2
where A is a scalar defining the relative importance of the parameter p, in the objective
function. Lateral velocity variations can be caused by a local dip, where “dip” refers to a

magnitude of inclination from a plane. The purpose of the reference slowness p, is to
introduce a small time shift in the WKBJ seismogram traces (wavefronts), t,, = p,x (X is a

relative trace offset), which improves the fit of the movement of the reflection event of the

WKBJ seismograms to that of the data, as shown in Fig. 4.

[0080] Fig. 4 shows an incident signal 402 produced by the survey source 102, which is

reflected from the reflector 110 as reflected signal 404 (for detection by the survey receiver

104). Fig. 4 also depicts an original wavefront (Tj,c) in a seismogram produced by the WKBJ
forward modeling technique. Use of the reference slowness p,- to introduce a small time shift

results in the shifted wavefront (Tgo), which helps to account for lateral velocity variation in

the subterranean structure.

[0081] In another implementation, waveform inversion employing WKBJ forward
modeling, as discussed above for a target reflector, can be augmented by pre-critical angle
AVO inversion at nearby or surrounding reflectors (above and/or below the target reflector).
The AVO inversion for the nearby or surrounding reflectors can employ forward modeling
techniques that do not account for reflected signal distortion, since the incident waves at the
nearby or surrounding reflectors have incident angles less than the critical angle. The
optimization problem then uses a combination of the traditional AVO inversion objective
function for reflections from the nearby or surrounding reflectors and the WKBJ waveform
inversion objective function discussed above (such as the objective function expressed in Eq.

7).

[0082] Fig. 5 is a block diagram of an example of the control system 112 depicted in Fig.
1. The control system 112 includes a waveform inversion module 502 to perform tasks

according to some embodiments, such as those depicted in Figs. 2 or 3. The waveform
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inversion module 502 includes a forward modeling module 504 that can perform the forward

modeling discussed above, such as forward modeling according to the WKBJ technique.

[0083] The waveform inversion module 502 and forward modeling module 504 are
executable on one or multiple processors 506. A processor can include a microprocessor,
microcontroller, processor module or subsystem, programmable integrated circuit,

programmable gate array, or another control or computing device.

[0084] The processor(s) 506 can be connected to a network interface 508 to allow the
control system 112 to communicate over a network (wired and/or wireless network), and to a
storage medium (or storage media) 510 to store various data, such as acquired survey data 512

and inverted parameter(s) 514 output by the waveform inversion module 502.

[0085] The storage medium or media 510 can be implemented as one or more computer-
readable or machine-readable storage media. The storage media include different forms of
memory including semiconductor memory devices such as dynamic or static random access
memories (DRAMs or SRAMs), erasable and programmable read-only memories (EPROMs),
electrically erasable and programmable read-only memories (EEPROMs) and flash memories;
magnetic disks such as fixed, floppy and removable disks; other magnetic media including
tape; optical media such as compact disks (CDs) or digital video disks (DVDs); or other types
of storage devices. Note that the instructions discussed above can be provided on one
computer-readable or machine-readable storage medium, or alternatively, can be provided on
multiple computer-readable or machine-readable storage media distributed in a large system
having possibly plural nodes. Such computer-readable or machine-readable storage medium
or media is (are) considered to be part of an article (or article of manufacture). An article or
article of manufacture can refer to any manufactured single component or multiple
components. The storage medium or media can be located either in the machine running the
machine-readable instructions, or located at a remote site from which machine-readable

instructions can be downloaded over a network for execution.

[0086] In the foregoing description, numerous details are set forth to provide an
understanding of the subject disclosed herein. However, implementations may be practiced

without some or all of these details. Other implementations may include modifications and
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variations from the details discussed above. It is intended that the appended claims cover

such modifications and variations.
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What is claimed is:

1. A method comprising:

performing forward modeling to compute a response of a target structure that includes
a reflector, the forward modeling using reflection information relating to the reflector and
accounting for distortion of a reflected signal reflected from the reflector; and

performing waveform inversion using the response of the forward modeling.

2. The method of claim 1, wherein the reflection information includes reflection

coefficients relating to the reflector.

3. The method of claim 1, wherein the forward modeling accounts for distortion of the
reflected signal due to an incident signal impinging on the reflector at a near-critical angle that

is less than, at or greater than a critical angle.

4. The method of claim 3, wherein the distortion of the reflected signal is caused by
interference with a head wave associated with energy that travels generally parallel to the

reflector.

5. The method of claim 1, wherein performing the waveform inversion produces at least

one parameter that represents at least one characteristic of the target structure.

6. The method of claim 5, wherein the at least one parameter is selected from the group

consisting of a velocity, a density, and an elastic property.

7. The method of claim 1, wherein performing the waveform inversion comprises

performing amplitude variation with offset (AVO) inversion.

8. The method of claim 1, wherein performing the forward modeling comprises

performing WKBJ (Wentzel, Kramer, Brillouin, and Jeffreys) forward modeling.

9. The method of claim 8, wherein the WKBJ forward modeling is performed for the
reflector that reflects a reflected signal in response to an incident angle in a near-critical
range, the method further comprising performing amplitude variation with offset (AVO)

inversion using forward modeling that does not account for distortion of a reflected signal
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reflected from a second reflector in the target structure in response to an incident signal that is

at an angle less than a critical angle.

10.  The method of claim 1, wherein performing the waveform inversion comprises using a

reference parameter to account for local lateral variation in the target structure.

11.  The method of claim 10, wherein the reference parameter includes a reference

slowness parameter.

12. The method of claim 1, wherein performing the waveform inversion comprises
performing a first optimization stage and a second optimization stage, the first optimization
stage to find an initial model of the target structure, and the second optimization stage to

produce the at least one parameter based on the initial model.

13.  The method of claim 12, wherein the first optimization stage measures a misfit
between actual survey data and synthetic data to find the initial model, the actual survey data

acquired by survey receivers, and the synthetic data produced by the forward modeling.

14.  The method of claim 13, wherein the misfit is between an envelope of the actual

survey data and an envelope of the synthetic data.

15.  The method of claim 1, further comprising preprocessing survey data acquired for the
target structure to produce survey data corresponding to a virtual survey arrangement in the

subsurface.

16. A system comprising:
at least one processor to:
compute a response of a target structure that includes partial and total
reflections from a reflector in the target structure, wherein the response is computed using
forward modeling that uses reflection information relating to the reflector; and
based on the response, produce at least one parameter of the target structure

using waveform inversion.
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17.  The system of claim 16, wherein the forward modeling accounts for interference

between reflected signals from the reflector and a head wave.

18. The system of claim 17, wherein the forward modeling includes WKBJ (Wentzel,

Kramer, Brillouin, and Jeffreys) forward modeling.

19.  The system of claim 16, wherein the at least one parameter is selected from the group

consisting of an elastic property, density, and velocity.

20.  The system of claim 16, wherein the target structure is a subterranean structure.
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