





Curvelet Interpolation

This section describes a strategy to estimate W from the data, which is
a key component of our algorithm. We first use the curvelet transform
to find an initial vector of coefficients ¢ (equation 2). The coefficients
are divided into two groups according to their scale: alias-free and
alias-contaminated scales. Let us define the indices j and / that indi-
cate scale and angle, respectively. Furthermore, the parameter j, indi-
cates the index of the maximum alias-free scale. With this definition
in mind, the mask function for the alias-free scales can be computed
as follows

W] = { (1) Hﬁm ; ;j if j <o ®)

where [c];; is used to indicate all the coefficients for scale j and angle
[. Similarly, [W];; represents all the elements of the diagonal mask
function for scale j and angle /. The parameter A; is a user defined
threshold value for scale j.

The remaining problem is to compute the mask function for alias-
contaminated scales. For this purpose, we use the following algorithm

(Wlj=A W) if > Ja, ©

where in the expression above .4~ denotes the nearest neighbor opera-
tor that is needed to upscale the mask function from scale j—1 to j and
[ indicates the directionality (angle) index closest to [. In essence, we
use the mask function from a lower scale (alias-free) to constrain the
curvelet coefficients of higher scales that are contaminated by aliasing.
The mask behaves like a local and directional all-pass operator for the
coefficients that are modeling the alias-free signal. In summary, equa-
tions 8 and 9 are used to estimate the mask function that will be used
in the reconstruction algorithm outlined in the preceding section.

Figure 3: Synthetic data example with conflicting dips. a) Original
data. c) Data after decimation by a factor of 2. c) Interpolated data.
The panels b), d) and f) display the f-k spectra of (a), (c), and (e),
respectively.

SYNTHETIC EXAMPLES

Regularly sampled aliased data with conflicting dips

To continue with the synthetic data analysis, we have created a syn-
thetic gather that consists of 8 events with conflicting dip and variable
curvature. The data and their f-k spectrum are portrayed in Figures 3a
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Figure 4: a) Pre-processed data for interpolation via the curvelet trans-
form. Pre-processing is needed to guarantee that the desired signal
does not have wrap-around energy in f-k domain. These data were ob-
tained from Figure 3c by interlacing 4 zero traces between each pair
of existing traces. This is the input to the curvelet interpolation algo-
rithm proposed in this article. b) The f-k spectrum of the pre-processed
data. The solid box in (b) represent the region in f-k where alias-free
coefficients are found (scales 1-4).

and 3b, respectively. The decimated data and their f~k spectrum are
portrayed in Figures 3c and 3d, respectively. The results of our inter-
polation algorithm are provided in Figures 3e and 3f. The input data
to the algorithm, again, are prepared in order to secure that there is no
wrap-around energy in the f~k domain. This is achieved by interleaving
the data with zero traces (Figure 4a and b).

Figure 5a shows the curvelet panels of the input data in Figure 4a. It
is easy to see that scales 1 to 4 are free of alias. On the other hand,
scales 5 and 6 are heavily contaminated by aliased energy. Figure 5b
shows the mask function computed from Figure 5a using Equations
8 and 9 for j, = 4. Figure 5c shows the curvelet domain representa-
tion of the coefficients obtained via the minimum norm least squares
method. These coefficients were used to synthesize the interpolated
data portrayed in Figure 3e. Finally, the reconstruction quality for this
example is given by Q = 13.9dB.

DISCUSSIONS

Curvelet coefficients have different sizes for different scales and direc-
tions. Therefore, it is not easy to provide a simple physical represen-
tation of the curvelet coefficients. In this paper, we use upscaling (or
downscaling) methods to form image patches of size 50 x 50 samples
for each individual scale and direction. This leads to an uncompli-
cated way of representing the curvelet transform that is amenable to
seismic data processing tasks. We need to emphasize, however, that
the computation of the mask function does not require us to form the
50 x 50 patches that we have used for visualization. The mask function
is upscaled from a coarser scale to a finer scale via a simple nearest
neighbor algorithm that directly operates on the curvelet coefficients
at a given scale and direction. Other "tricks” could have been used to
design the mask function, however, our tests indicate that our simple
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Figure 5: a) Curvelet domain representation of the data in Figure 4a.
b) Mask function computed from (a) using thresholding for scales 1 to
4. The mask for scales 5-6 was bootstrapped from scale 4 using the
algorithm described in the text. ¢) Curvelet patches of the interpolated
data. The recovered data in Figure 3e were obtained by applying the
adjoint curvelet operator to the inverted coefficients in (c).

nearest neighbor upscaling suffices for our needs.

We have also found that our algorithm works quite well when we set
the regularization parameter i = 0 and rely on the number of iter-
ations as an equivalent trade-off parameter. This is also often used
when solving large scale linear problems (Hansen, 1987). It is also
important to mention that a maximum of 10 iterations of conjugate
gradients were used in all our examples. Again, the number of iter-
ations does not seem to be a critical parameter for our interpolation
scheme. The algorithm converges quite fast (approximately at 8 to 10
conjugate gradient iterations) and we have never seen any evidence of
numerical instabilities.

The thresholding constant A; was set with the following criteria. For
synthetic data, we keep 10% of the largest amplitude coefficients at
a given scale. For the real data examples, we keep about 20% of the
largest coefficients at a given scale. These parameters were obtained
with numerical tests where we visually examined the residual data af-
ter interpolation to decide for an optimal threshold constant. When
working with real data, the thresholding constant was increased be-
cause a larger number of coefficients were needed to properly model
the data.

In addition, we would like to mention that existing curvelet reconstruc-
tion methods often use sparsity promoting algorithms to find a parsi-
monious data representation in terms of a small number of curvelet
coefficients (Herrmann and Hennenfent, 2008). In this work, we have
avoided sparsity-promoting algorithms and we solely relied on a min-
imum norm least squares algorithm implemented via the method of
conjugate gradients. Finally, we stress that other methods could be
used to interpolate regularly sampled aliased data with strong variation
of dips. As an example we cite f-x adaptive interpolation (Naghizadeh
and Sacchi, 2009); a fast alternative for the type of interpolation intro-
duced here.

CONCLUSIONS

The curvelet transform is an effective tool for the decomposition of
seismic data based on their local dip and frequency content. In this
paper, we propose a novel method for interpolation of aliased seis-
mic data using the curvelet transform. We have shown that spatially
aliased data can be represented in the curvelet domain by two types
of coefficients. Those that belong to coarser scales and that have been
minimally affected by spatial sampling and those at finer scales that
have been contaminated by alias. We assume that the seismic signal
is expected to have similar local dips in lower and higher scales. This
assumption is used to design a mask function that allows us to filter out
aliased coefficients. The coefficients that survive the filtering process
are fit via a minimum norm least squares algorithm that was imple-
mented via the conjugate gradients method. The curvelet coefficients
obtained via inversion are finally used to reconstruct a de-aliased ver-
sion of the original data.
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