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SUMMARY

Imaging highly complex structures is a challenging problem
in seismic imaging because it can involve dealing with nonlin-
ear scattering effects (e.g., migration of multiples, amplitude
corrections for transmission effects). In this context, two-way
wave-equation methods have received increasing interest be-
cause they allow for the migration of multiply scattered events
at their correct locations in the subsurface. The classic imaging
condition consists of the zero-lag crosscorrelation of the down-
going source wavefield with the upgoing receiver wavefield.
By nature, this imaging condition relies on a single-scattering
approximation, and thus cannot account properly for multiply
scattered waves. To express an imaging condition suitable for
nonlinear problems, we modify the imaging condition using
scattering representations. This new imaging condition builds
on previously established connections between seismic imag-
ing and scattering-based image-domain interferometry. Our
method consists of modifying the conventional imaging con-
dition to account for the autocorrelation of scattered waves
in the receiver wavefields. We address the principles of our
nonlinear imaging conditions, and discuss its importance in
ideal nonlinear imaging experiments. In practice, however,
the nonlinear imaging approach we present faces unsolved
challenges regarding limitations in survey design (e.g., limited
source and receiver aperture) as well as limitations in current
back-propagation approaches. One immediate potential appli-
cation of our technique lies in adaptive removal of the model-
induced artifacts commonly encountered in reverse-time mi-
gration (RTM). To remove RTM artifacts, we use our nonlin-
ear imaging condition in an adaptive filtering scheme based
on regularized non-stationary regression. We illustrate these
concepts with numerical examples using the Sigsbee model.

INTRODUCTION

Two-way wave-equation imaging techniques, including reverse-
time-migration (Baysal et al., 1983; McMechan, 2006) and
full waveform inversion (Tarantola, 1984; Pratt, 1999) are de-
signed to account, in principle, for nonlinear effects in imaging
of finite-frequency data in the presence of complex subsurface
models. Most of these imaging methods, however, rely on the
classic imaging condition that fundamentally requires a single-
scattering approximation. The downgoing source wavefield is
crosscorrelated with the upgoing receiver wavefield to get an
estimate of the reflection coefficient at zero time-lag (Claer-
bout, 1971).

Recently, this imaging condition has been extended to non-
zero time and space lags (Rickett and Sava, 2002; Sava and
Fomel, 2006). Using representation theorem for scattered waves,

Sava and Vasconcelos (2010) have interpreted the resulting ex-
tended images as evaluations of locally scattered wavefields
in the image domain. We expand this interpretation to define
a new imaging condition that accounts for multiply scattered
waves. Crosscorrelating multiply scattered waves gives rise
to erroneous events which the classic imaging condition maps
in the image space. In seismic interferometry, these spurious
arrivals are reduced by crosscorrelating scattered waves with
themselves (Snieder et al., 2008; Fleury et al., 2010). By anal-
ogy, we hypothesize that the addition of the autocorrelation of
scattered waves present in the receiver wavefields generated in
wave-equation imaging can attenuate imaging artifacts.

In seismic imaging, the receiver wavefield, however, is an ex-
trapolation of scattered waves (Esmersoy and Oristaglio, 1988),
and the back-extrapolation of the receiver wavefield is hin-
dered by limited source and receiver apertures as well as errors
in the models used for wavefield extrapolation (Vasconcelos et
al., 2010). Furthermore, using only pressure data in acous-
tic back-propagation (i.e., in the absence of particle velocity
sources and receivers) leads to additional amplitude errors in
wavefield extrapolation. When combined, these limitations of
receiver wavefield extrapolation generate the need for the auto-
correlation of the receiver wavefield to be adaptively summed
to the conventional correlation of source and receiver wave-
fields in our proposed imaging condition. The image obtained
by autocorrelation of receiver wavefield is adaptively added to
the one obtained with the classic imaging condition. We use
a non-stationary matching filtering method (Fomel, 2009) to
carry out this adaptive summation.

First, we present our nonlinear imaging condition, discussing
its role in ideal imaging experiments. Then, we analyze the
behavior of our method in reverse-time migration using a nu-
merical experiment, where we elaborate on the necessity of the
adaptive filtering scheme and illustrate its potential for RTM
artifact removal.

IMAGING CONDITION FOR NONLINEAR IMAGING

Theory

The analogy between imaging and interferometry (Vasconce-
los et al., 2010) has been used to define the image / as

1(x) = Gs(x,%,7 = 0) = / Gsxx,)do: (1)

that is, a representation of the locally scattered wavefield Gg
between two points coinciding in space at the image point X,
and evaluated at time T = 0. The representation theorem of
the correlation-type for scattered acoustic waves (Vasconcelos
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etal., 2009) is in the frequency domain (®) given by

Gs(x,x,0) = 27{ Gy(x,r, ©)Gg(x,r,0)d>r
oD
1 23
+ YN V(I’,(D)|GO(X,I’,(D)| d r (2)
JO Jp
1
+ PN V(I‘,(D)GB(X,I‘, (J))Gs(X,l', w)d:;r»

jo Jp
where D is the imaging domain bounded by 0D, V is the scat-

tering potential, and Gy is the wavefield that propagates in the
reference model (e.g., migration velocity model). Therefore,

I(x) = %£D</k%@JJMGﬂXJdew>d% 3)
+ /D < / jiwv(r,w)c;g(x,r,w)cs(x,r,w)dw>d3r.

Expression (3) defines an imaging condition (IC), generalizing
the classic imaging condition (Claerbout, 1971, 1985). The
classic image /; is obtained by crosscorrelating the source wave-
field (modeling of Gg) and the receiver wavefield (extrapola-
tion of Gy), and summing over sources located on 8D:

L(x)= }iD (/GZ‘)(x,r, 0)Gs(x,r, a))da)) dr. @

In the classic image, the volume integral on the right-hand side
of (3), which contains the nonlinearity with respect to the scat-
tering potential, is neglected. This makes the classic IC unsuit-
able for nonlinear imaging, which does require the evaluation
of the volume term in equation (3) (Vasconcelos et al., 2010).

Although in principle the evaluation of the volume term in
equation (3) should account for nonlinear effects, this evalu-
ation is computationally challenging because it requires mod-
eling sources at every point inside the volume (Vasconcelos
et al., 2010). The nonlinear IC we present here is designed
to precisely circumvent the computation of the volume term,
without any loss of generality. As an alternative to equation
(4), we modify the imaging condition according to a represen-
tation theorem for the real part of the scattered field Gy,

R(Gs(x,x,0)] = 2¢ R[Gy(r,x,0)Gs(r,x,0)]d>r

6D

+ f|@u@wau 5)
D

where now the volume terms are replaced by the surface in-
tegral of the power of the scattered wavefield |Gg(r,x, ®)|*
(Carney et al., 2004). Since the image defined in (1) can be
obtained via

I(x) = / R(Gs(x.x, 0)ldo ., ©)
the new image I, is defined as

L(x) =1 (x) +1s(x), @)
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Figure 1: 1(a) is the background velocity model and 1(b) is the
stratigraphic velocity model used in the synthetic examples.

Ideally, the image /s obtained by autocorrelation of the receiver
wavefield compensates for the nonlinear effects neglected in
definition (4). Physically, the addition of the extra term in
equation (8) follows from energy conservation: it corresponds
to the power loss associated with the scattered field (Carney
et al., 2004). This term, albeit being zero-phase, can have non-
negligible side lobes in presence of multiple scattering that
must be accounted for in the imaging condition.

Example

Imaging conditions (4) and (7) are compared for the synthetic
model presented in Figure 1 (subset of Sigsbee 2A model). The
background model (Figure 1(a)) is used to model Gy. The
stratigraphic model (Figure 1(b)) allows for the computation
of the exact scattered wavefield Gs. An array of sources is lo-
cated at 2 km depth. This example is referred as “case study”.
The classic image I; (Figure 2) contains strong artifacts due
to the presence of multiply scattered waves resulting from the
high velocity contrast at the interface with the salt. After ad-

where dition of image Ig (Figure 3), the new image I, reveals the
1 ) ) structure of the image in its top salt portion without altering
Is(x) = 5 7{61]]) (/ |Gs(r,x, @) da)) dor. ®) reflectors in the subsalt (Figure 4).
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Figure 2: Classic image /; in the “case study”
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Figure 3: Image Ig in the “case study”
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Figure 4: New imaging condition /; in the “case study”
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ADAPTIVE REDUCTION OF IMAGING ARTIFACTS

The theory assumes sources and receivers distributed all over
surface 6D that bounds the imaging domain. In practice, the
subsurface illumination is always limited and often has com-
plicated and irregular patterns in complex models. In addi-
tion, the imaging condition (7) relies on unique and well-posed
back-extrapolation of the scattered wavefields: this is seldom
achievable in practice from pressure-only seismic data com-
bined with inaccurate subsurface models. Consequently, the
estimate of the scattered-wave power from the back-propagated
receiver fields is also inaccurate. This, as we show here, calls
for the image I to be adaptively added to the classic image .

Just as crosscorrelation of scattered waves account for the can-
cellation of spurious arrivals in seismic interferometry (Fleury
et al., 2010), we expect the autocorrelation of scattered wave-
field Gg to play a similar role in the estimation of artifacts in
nonlinear imaging. This makes it possible to consider apply-
ing adaptive filtering techniques. The signature of the artifacts
observed in Figure 2 is comparable to the well-known RTM
artifacts (Yoon and Marfurt, 2006). As suggested by Guitton
etal. (2007), the suppression of such artifacts may benefit from
the use of non-stationary filtering. Using the regularized non-
stationnary regression method implemented by Fomel (2009),
the image I provides a model for the artifacts in order to build
a local matching filter, and removes the artifacts from the clas-
sic image I;. The filtered image /) is the result of an adaptive
imaging condition potentially suitable for nonlinear imaging.
The reduction of the imaging artifacts can also be optimized
by signal prediction filtering of /; by analogy with adaptive
subtraction of multiples (Spitz, 1999; Guitton, 2005).
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Figure 5: New image I} in the “case study”

We apply the adaptive imaging condition to images /; and Ig
obtained in the “study case”. After removing the imaging ar-
tifacts, the filtered image Z is shown in Figure 5. Comparing
image Ié to image I (Figure 4), the definition of the image
structure is improved. Some low-frequency artifacts still visi-
ble in image I, have been attenuated.
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ON THE CONNECTION WITH RTM IMAGING x(km)

The reasoning that leads toward the adaptive imaging condi-
tion relies on a parallel between representation theorems for
scattered waves and imaging condition. In practice, only an
estimate of the scattered wavefield is obtained by extrapola-
tion. In RTM, the recorded data is back-propagated with a
two-way propagator in a background velocity model. Only
multiply-scattered waves that originate from the sharp bound-
ary of this velocity model can be mapped properly in the im-
age. Back-propagation also gives rise to discrepancies with
the scattered wavefields such as backscattered waves that con-
tribute to RTM artifacts. Finally, the limited aperture affects
both the reconstruction of the receiver wavefield, and the imag-
ing condition. While scattering representation theorems allow
for an insightful descriptions of the nonlinear imaging prob-
lem, further work is still needed to clarify many different as-
pects that influence its practical performance.

z(km)

. . . . . Figure 6: Classic image /1 for RTM
The imaging condition (7) potentially accounts for the imag-

ing artifacts due to multiply scattered waves that are extrapo- x(km)

lated with the correct kinematics. RTM is applied to the syn- 140 145 150 155 16.0 16.5
thetic data recorded at receivers located at 2 km depth, and
modeled with the stratigraphic model (Figure 1(b)). Figure 6
and 7 present the classic image /1, and the image /g obtained
by autocorrelation of the receiver wavefield, respectively. Af-
ter applying the adaptive imaging condition, the filtered image
Ié is shown in Figure 8. Empirically, the image appears im-
proved, and particularly, for the sediment layers on the top of
salt body. However, while the imaging condition (7) in princi-
ple accounts for nonlinear scattering artifacts associated with
the true scattered field Gg, the dominant contribution to RTM
artifacts are associated with the backscattered waves that are
estimated from the extrapolation of the receiver wavefield un-
der severe experimental and model limitations. Futher investi-
gation into issues such as back-propagation, boundary condi-
tions and aperture effects is necessary to extract more from the
potential value of our method for extrapolated wavefields.
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Figure 7: Image Iy for RTM

CONCLUSION
x(km)
14.5 15.0 15.5 16.0

To image complex subsurface structures, nonlinear scattering
cannot be neglected. Approaching this imaging problem with
scattering theory leads to define a new adaptive imaging condi-
tion that can be potentially applied toward nonlinear imaging.
The use of this method for RTM imaging reveals limitations
that are subjects for ongoing research. Improving the under-
standing of the connection between imaging condition and rep-
resentation theorems is crucial to achieve practical value of our
imaging condition in enhancing nonlinear imaging practice.

z(km)
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Figure 8: New image 5 for RTM
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