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ABSTRACT

Hu, JL.T., Cao, J.X., Wang, H.Z., Wang, X.J. and Jiang, X.D., 2018. Simultaneous
separation, interpolation and tube wave suppression of vertical seismic profiling using
matching pursuit based sparse beam forming. Journal of Seismic Exploration, 27:

117-135.

Since the vertical seismic profiling acquires seismic data with high resolution and
superior S/N ratio, it is essential for reservoir monitoring in seismic exploration. The
vertical seismic profiling data is usually separated into down-going and up-going
wavefields in its processing procedure. The wavefield separation is mainly achieved by
frequency-wavenumber method and plane wave decomposition method. However, when
the vertical seismic profiling data is aliased, these methods perform poorly. Besides, to
preserve the high frequency component during the wavefield separation, the data
interpolation is required to avoid the aliasing effect of the signal. Furthermore, there is
usually strongly aliased tube wave noise in the vertical seismic profiling data which poses
challenge for the wavefield separation and subsequent processing steps. In this paper, we
propose a solution using matching pursuit based sparse beam forming and it can
simultaneously separate the wavefield, interpolate the data and suppress the tube wave
noise. The matching pursuit based sparse beam forming is guided by the un-aliased
information of the data. Thus, it can handle the aliasing effect of both signal and tube
wave noise. Since the sparse beam forming method obtains beam forming result with
superior resolution of the ray parameter, it can separate the wavefield and suppress the
tube wave noise based on their differences in the ray parameter domain. Then the filtered
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data can be backward transformed to a denser grid for a better preservation of the high
frequency component. Numerical examples on both synthetic and real data show that the
proposed method works well in terms of wavefield separation, tube wave suppression and
data interpolation.

KEY WORDS: wavefield separation, tube wave suppression, wavefield interpolation,
vertical seismic profiling, sparse beam forming.

INTRODUCTION

Vertical seismic profiling (VSP) is an essential method in seismic
exploration and it acquires seismic data in the borehole. Since the receiver is
close to the reflector and the recorded seismic wave only travels though the
weathering layer once, the VSP data is of high resolution and superior S/N
ratio (Goetz et al., 2008). Besides, since the detailed characterization of the
reservoir requires high resolution subsurface image, the high resolution
seismic source (e.g., the frequency range of the source is 1.5-150 Hz) (Dean
et al., 2013) is also adopted to further enhance the resolution of the VSP data.
In the processing procedure of the VSP data, the up-going and down-going
wavefields separation is the fundamental processing step (Moon et al., 1986;
Freire and Ulrych, 1988; Blias, 2007). A high quality wavefield separation is
important for subsequent processing steps, such as deconvolution (Blias,
2007), vector wavefield decomposition (Sun et al., 2009; Lou et al., 2013)
and seismic imaging (Leung et al., 2013; Soni and Verschuur, 2013).
However, the conventional wavefield separation method is inadequate for
the high resolution VSP data. Furthermore, the strongly aliased tube wave
noise poses challenge for the wavefield separation and subsequent
processing steps (Hardage, 1981; Greenwood et al., 2012; Nadri et al.,
2012).

There are several methods developed for VSP up-going and down-going
wavefields separation, such as median filter method (Stewart, 1985),
frequency-wavenumber (i.e., F-K) method (Treitel at al., 1967; Hu and
McMechan, 1987; Liu et al, 2011; Hu et al., 2016), plane wave
decomposition method (Moon et al., 1986), singular value decomposition
filter method (Freire and Ulrych, 1988; Gao et al., 2014) and wave by wave
separation method (Blias, 2007). The singular value decomposition filter
method (Gao et al., 2014) and wave by wave separation method (Blias, 2007)
separate the wavefield by iteratively estimating the velocity of each wave
mode, flattening each wave mode and extracting each wave mode. These
methods separate one wave mode per iteration. The F-K method and plane
wave decomposition method (Hu and McMechan, 1987; Moon et al., 1986)
are widely used. Since the up-going and down-going wavefields are
separated after the F-K transform and plane wave decomposition, these
methods can simultaneously separate all the wave modes. However, the F-K
method and plane wave decomposition method cannot handle the aliasing
effect and the high resolution VSP data is usually aliased at high frequency.
Besides, since the tube wave travels along the borehole with slow velocity, it
is strongly aliased which poses great challenge for the processing method.
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There are two ways to handle the aliasing issue. The first one is to acquire
the data with a small receiver interval. However, an ultra-small receiver
interval (e.g., 3 m) is required to completely avoid the aliasing effect which
greatly increases the cost of data acquisition (Greenwood et al., 2012). The
alternative solution is to use processing method with strong ability of
anti-aliasing. Besides, it is best to interpolate the data into a denser grid (i.e.,
smaller receiver interval) for a better preservation of the high frequency
component (Xu et al., 2005). This is crucial for the detailed description of
the reservoir (Goertz et al., 2008). Moreover, it is best to use the slope (i.e.,
angle or ray parameter) based method in wavefield separation because the
tube wave noise and the signal has different slopes. Thus, the tube wave
noise can be suppressed during the wavefield separation. Conventionally, the
wavefield separation (Hu and McMechan, 1987), data interpolation (Liu and
Sacchi, 2004) and tube wave suppression (Nadri et al., 2012) are regarded as
separated processing steps in the processing procedure and each processing
step requires different processing techniques.

In this paper, a solution to the above issues is proposed using matching
pursuit based sparse beam forming (MPBF). The sparse beam forming has
strong ability to address the aliasing issue and it can simultaneously separate
the up-going and down-going wavefields, interpolate the VSP data and
suppress the tube wave. Numerical examples on both synthetic and field data
demonstrate the feasibility of the proposed method.

UP-GOING AND DOWN-GOING WAVEFIELD SEPARATION

The VSP acquires data by receiving the data in the borehole and firing
the seismic source on the surface. Fig. 1 is a simplified illustration of the
VSP data acquisition. There are many types of wave modes in VSP
geometry, such as down-going direct wave, up-going reflection, up-going
multiple, down-going multiple, etc. Each wave mode illuminates different
areas of the subsurface. These wave modes can be generally categorized into
down-going and up-going wavefields. Decomposing the VSP data into
up-going and down-going wavefields is beneficial for separating each wave
mode. It reduces the artefact in seismic imaging and velocity inversion
(Leung et al., 2013; Soni and Verschuur, 2013). Besides, the three
component (i.e., 3C) receiver is usually used in VSP acquisition.
Decomposing the VSP data into up-going and down-going wavefields also
helps the vector wave decomposition (i.e., compressional and shear wave
decomposition) (Lou et al., 2013).

In the F-K domain, the up-going and down-going wavefields are defined
as (Hu and McMechan, 1987; Liu et al., 2011; Hu et al., 2016),

d(w,k.),if wk. >0

dnp ,k_ 2 ,
(@) {0, if wk <0 M
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0, if wk, 20

du‘mm ,k_ = ,
(@) {d(a),k__ ), if wk. <0 )

where, d(w,k.) is the Fourier transform of the VSP data;  is the angular
frequency; k. is the wavenumber along depth z-axis. A similar expression
can be obtained in the ray parameter p. domain (i.e., plane wave
decomposition method) using the following expression,

p: =k:/60. (3)
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Fig. 1. The schematic illustration of VSP wave paths.

Since the F-K method and plane wave decomposition method are simple
and efficient, they are widely used in VSP data processing. However, these
methods are only appropriate for the un-aliased VSP data. Application of
these methods to the aliased VSP data might distort the signal. The high
resolution VSP data is usually aliased at high frequency. Since the velocity
of shear wave is slower than the compressional wave, it might also be
aliased. Besides, since the tube wave noise travels along the borehole with
slow velocity, it is usually strongly aliased. Fig. 2 shows a real VSP data
from a vibrator. The receiver interval is 20 m. There is strong tube wave in
this data. In its F-K spectrum, the tube wave is strongly aliased and some
weak signal is about to be aliased at 75 Hz. In the design of the acquisition
strategy, the 20 m receiver interval limits the highest frequency of the
seismic source to 90 Hz. This helps to avoid the aliasing effect but prevents
us from using the high resolution seismic source (Dean et al., 2013). And the
high frequency part might not be preserved during the imaging stage (Zhang
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et al., 2003) due to the large receiver interval. Moreover, the aliasing effect
makes the F-K method invalid. Take the down-going tube wave for example,
its un-aliased part remains in the negative wavenumber area but its aliased
part appears in the positive wavenumber area, as shown in Fig. 2(b).
Therefore, if we apply eq. (2), the high frequency part of the down-going
tube wave is lost. And some aliased up-going tube wave remains in the
separated down-going tube wave. This phenomenon also applies to the
signal. If the F-K method is applied to the signal, the high frequency part of
the signal might also be damaged. This will be illustrated in the numerical
examples. Therefore, method with strong ability of anti-aliasing is required
to preserve the signal.

SPARSE BEAM FORMING FOR SEPARATION, INTERPOLATION
AND TUBE WAVE SUPPRESSION

Since beam forming decomposes the local seismic data into their local
plane wave components, it is widely used in seismic exploration, such as
noise suppression (Ozbek, 2000) and migration (Gao et al., 2006). In a local
spatial window, the seismic data can be regarded as the summation of local
plane wave components,

Py e
d(w,z) = 2 m{w; p, )=, (4)

pl: = Pin

where, m is the local plane wave component, z, is the location of beam
center, pmin 1S the minimum ray parameter, ppn. 1S the maximum ray
parameter. Note that the ray parameter here is the local ray parameter instead
of the global ray parameter. The conventional beam forming is usually
achieved by local slant stack,

mw,p)=Y dlwz)e" "=, )

=<min

where, Zpa — Zmin 1S the beam width, z,;, is the minimum receiver depth, z;ax
is the maximum receiver depth, z’ is the j-th receiver depth. But local slant
stack suffers from leaked noise and low resolution (Sacchi and Ulrych, 1995;
Trad et al., 2002). Besides, it is not amplitude preserving.

To improve the beam forming result, it is best to use sparse inversion in
the beam forming process (Sacchi and Ulrych, 1995; Trad et al., 2002; Liu
and Sacchi, 2004). Since the ray parameter may vary rapidly with receiver
depth, it is hard to promote sparsity in the global plane wave decomposition.
However, there are just few local plane wave components in a local
temporal-spatial window and this makes the sparse inversion valid. The
sparse inversion helps anti-aliasing (Liu and Sacchi, 2004). Eq. (4) can be
written in matrix form,

d=Lm , (6)
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Fig. 2. The real VSP shot gather (a) and its F-K spectrum (b).
where L is the transformation matrix constructed by “P:") | The
optimization problem of the sparse inversion is,
min :m|_
- 7
st.:[Lm-d[” <e, @

where, € is the threshold which is used to judge the convergence of the
inversion, @, is a reference frequency range which is essential for
anti-aliasing, s.7. means “subject to”. This optimization problem uses the /0
norm as the model constraint which tries to get the sparsest solution (Elad,
2010). The optimization problem means to find the sparse solution which
best matches the data in the reference frequency range. There are two
reasons to choose the reference frequency range: (1) the seismic data may be
contaminated by certain noise in certain frequency range and the selection of
the reference frequency range may alleviate the influence of the noise; (2)
the data may be aliased at high frequency. If the reference frequency range is
dominated by the signal and free from aliasing effect, the signal dominates
the beam forming process and the aliasing issue is avoided. In the VSP data
processing, the reference frequency range should be free from the aliasing
issue. Fig. 3 is a simplified synthetic VSP panel which contains up-going
wavefield, down-going wavefield and strongly aliased tube wave (i.e., its
slope is bigger). Its F-K spectrum in Fig. 3(b) shows that the wavefield is
aliased at high frequency but it is not aliased at low frequency. To avoid the
aliasing issue in the beam forming process, 15-40 Hz can be selected as the
reference frequency range in this case. Other frequency range can also be
selected as the reference frequency range once it does not contain the
aliasing effect.
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Fig. 3. The synthetic VSP shot gather (a) and its F-K spectrum (b).
We use matching pursuit method (Xu et al., 2005; Elad, 2010; Hu et al.,
2016) to solve eq. (7) and it is briefly summarized as follows,
1. Initialize the solution of matching pursuit based beam forming (MPBF)

to zero,
MPBF _

m)""" =0, (8)
and set the residual data,

dy” =d. ©)

2. The k-th iteration process begins.

2.1. Perform forward beam forming using the adjoint operator and
residual data in the whole frequency range,

m* =Tla, (10)

This is served as the candidate solution m of k" iteration (i.e.,
the dictionary of solution).

2.2. Compute the stack energy curve A(p.) in the reference frequency
range by,
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Wy

Ap)= Y (m(w,p.)), (11)

ek -{UI‘IIIII

where, @y, and o, are the minimum and maximum frequencies
of the defined reference frequency range, respectively.

max

2.3. Find the ray parameter p™* with maximum stack energy and

update the beam forming result in the whole frequency range,

MPBF max HPB.’ max cad max
My (@, p2) =m0, p27 ) + m™ (@, p7) . (12)
2.4. Update the residual data by backward transforming the ray

parameter with maximum energy and subtracting it from the
residual data,

d:ais'l - d;es o mﬁ.rd (GU pmm ) ( 1 3)
where,

T
l . I:euupﬂﬂ\(._mln -z,) emwnﬂ\( "'U) e!ﬂ){)m‘x(‘m“ 2 ):I
!];'ﬂ.‘l.\ . b

By i

2.5. Judge whether the data residual 2 2 (d; (@, 27))* drops

e =Chmin 27 = I,

below the threshold. If yes, the inversion process ends; If no,

repeat step (2.1) to step (2.5).

The above beam forming method works in a moving window fashion
and each window is moving with a half window overlap. It can provide
beam forming result with superior resolution and the leaked noise is also
suppressed. Besides, the aliasing issue is properly addressed and the result is
amplitude preserving. This is good for the high resolution VSP data
processing.

Wavefield separation

For the VSP data without tube wave noise, the down-going and up-going
wavefields can be separated in the ray parameter domain by,
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m”(w, p,) =m(w, p,),if wp, =0, (14)

down
m

(o, p.)=m(w, p.),if wp. <0, (15)

Then the backward beam forming using eq. (4) and the backward Fourier
transform are required to transform the separated wavefields into the
space-time domain.

Tube wave suppression

Since the tube wave travels with a slower velocity than the signal, its
absolute value of ray parameter is usually bigger than the signal. Then the
up-going and down-going wavefields with tube wave noise suppression can
be denoted as,

fmax

m” (@, p.) = m(w, p,),if wp™™ > wp, =0, (16)

Jfmin

mdau'n(w, p:) = m(a), p. ), if wp <wp.< 0, (17)

where, p/™ and p/™ are the rejection ranges of the tube wave noise for
the up-going and down-going wavefields, respectively.

Interpolation

The seismic data interpolation is one of the essential processing steps in
seismic data processing and its key issues are anti-leakage and anti-aliasing
(Liu and Sacchi, 2004; Xu et al., 2005). Since the sparse beam forming used
in this paper has strong ability to suppress the leaked noise and handle the
aliasing issue, the beam forming result can be backward transformed to any
spatial location for the data interpolation purpose,

Pmax

d(a), z"e'{) _ E m"{ (C{), p; )e—i:upi (:""’—:u‘ (]8)

f’i‘ =Prmin

where, z* is the location of backward beam forming, m’ is the filtered

result which can be either the up-going wavefield in eq. (16) or the
down-going wavefield in eq. (17). Note that the location of backward beam
forming should be within the beam width since the assumption of local plane
wave is valid within the beam width.
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NUMERICAL EXAMPLES
Synthetic data example

The synthetic data shown in Fig. 3 is tested in the first example. Fig. 4
shows the separated result using the F-K method. Since the space is limited,
only the F-K spectrum of the up-going wavefield is shown. The result shows
that the F-K method cannot separate the wavefield cleanly. There is a
residual up-going wavefield in the separated down-going wavefield
(horizontal arrow in Fig. 4(a)) and there is also a residual down-going
wavefield in the separated up-going wavefield (horizontal arrow in Fig. 4(b)).
The F-K method also has some boundary effect, as pointed out by the
vertical arrow in Fig. 4(b). The F-K spectrum in Fig. 4(c) also shows that the
high frequency component of the up-going wavefield is lost. This is because
the high frequency component is aliased into the negative wavenumber area
and eq. (1) cannot take that into account. Besides, the F-K method only
separates the wavefield but it does not suppress the tube wave noise.
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Fig. 4. The separated down-going wavefield (a), up-going wavefield (b) and F-K
spectrum of up-going wavefield (c) using the F-K method.

Then the synthetic data is processed using the beam forming method.
After analyzing the F-K spectrum in Fig. 3(b), 15-40 Hz is used as the
reference frequency range for the sparse beam forming. The beam width is
2000 m and its beam center locates at 1000 m. Fig. 5 shows the beam
forming results from local slant stack and sparse beam forming. The result of
local slant stack suffers from low resolution and leaked noise which are not
good for suppressing the tube wave noise. However, the result of the sparse
beam forming shows superior resolution of the ray parameter and the leaked
noise is also suppressed. After analyzing the beam forming result,
-0.00035-0 (s/m) is selected as the ray parameter range of the down-going
wavefield and 0-0.00035 (s/m) is selected as the ray parameter range of the
up-going wavefield. The ray parameter outside these ranges is treated as the
tube wave noise.
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(@) (b}

Fig. 5. The beam forming results from local slant stack (a) and sparse beam forming (b).

Fig. 6 is the separated result using local slant stack. It shows that the
local slant stack performs poorly in wavefield separation. There is some
residual tube wave noise and this is caused by the aliasing issue. Besides, the
amplitude of the separated wavefield is different from the original data and
the dominant frequency moves towards the low frequency. Fig. 7 is the
separated result using sparse beam forming and it works well in wavefield
separation. The tube wave noise is completely removed. This shows that the
sparse beam forming has strong ability to handle the aliasing issue. Then the
separated up-going and down-going wavefields are subtracted from the
original data to get the removed tube wave noise, as shown in Fig. 8. There
is no signal in the removed tube wave noise and this shows that the sparse
beam forming is amplitude preserving.
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Fig. 6. The separated down-going wavefield (a), up-going wavefield (b) and F-K
spectrum of up-going wavefield (c) using the local slant stack method.

Although the sparse beam forming performs well in wavefield separation
and tube wave suppression, the separated down-going and up-going
wavefields are still aliased at high frequency (as shown in Fig. 7(c)). In the
subsequent processing steps [e.g., seismic imaging (Zhang et al., 2003)], this
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aliased high frequency component might be lost. It is best to interpolate the
data into a denser grid for preserving this high frequency component. Then
we simultaneously separate the wavefield, interpolate the data into 10 m
receiver interval and suppress the tube wave noise using the sparse beam
forming. The result is shown in Fig. 9. It still performs well in wavefield
separation and the tube wave is suppressed. Besides, the wavefield looks
more continuous due to the smaller receiver interval and the aliased energy
is corrected to the right place in the F-K spectrum [Fig. 9(c)]. Besides, we
can use seismic source with broader bandwidth (Dean et al., 2013) without
spending too much money in the data acquisition.
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Fig. 7. The separated down-going wavefield (a), up-going wavefield (b) and F-K
spectrum of up-going wavefield (c) using the sparse beam forming method.
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Fig. 8. The suppressed tube wave noise using the sparse beam forming method.
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Fig. 9. The separated down-going wavefield (a), up-going wavefield (b) and F-K
spectrum of up-going wavefield (c) using the sparse beam forming method. The receiver
interval is interpolated to 10 m.

Real data example

Then the field data shown in Fig. 2 is further tested. Fig. 10 shows the
separated result using the F-K method. It shows that the F-K method suffers
from the boundary effect, as denoted by the arrow in Figs. 10(a) and 10(b).
There is strong residual tube wave noise in the separated result, as denoted
by the circle in Figs. 10(a) and 10(b). The F-K spectrum in Fig. 10(c) shows
that there is low frequency up-going tube wave and high frequency
down-going tube wave in the separated up-going wavefield. Since the tube
wave noise is distorted by this processing step, it becomes hard to remove in
the subsequent processing steps. We also find the weak event is not
continuous, it will be shown later in the zoomed-in image.

Then we process the data using the beam forming method. 15-35 Hz is
used as the reference frequency range for the sparse beam forming and the
beam width is 400m. To show the advantage of the sparse beam forming, the
beam forming results are compared first. Then the beam forming is
performed with its beam center locating at 3200 m. Fig. 11 is the comparison
of beam forming results. The result of local slant stack suffers from low
resolution and strongly leaked noise due to the narrow beam width (Sacchi
and Ulrych, 1995). In Fig. 11(a), the signal and the tube wave are not
completely separated in the ray parameter domain. However, the result of
the sparse beam forming is of superior resolution. In Fig. 11(b), the signal
and tube wave have different ray parameter ranges. After analyzing the
beam forming result, -0.0005-0 (s/m) and 0-0.0005 (s/m) are selected as the
ray parameter ranges of down-going and up-going wavefields, respectively.
To process the whole shot gather, the beam center moves from 2000 m to
4200 m with an increment of half beam width. Each beam center is
processed in the same way to get the final result.



130

Depth{m} gggéh(m}

Wavenumber(1/m)
3000 Q

-0.02

20]

=
T

Frequency(Hz)
=]
v

804

(c)

Fig. 10. The separated down-going wavefield (a), up-going wavefield (b) and F-K
spectrum of up-going wavefield (c) using the F-K method.
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Fig. 11. The beam forming results from local slant stack (a) and sparse beam forming (b).
The beam center is located at 3200 m and the beam width is 400 m.

Fig. 12 is the separated result using local slant stack method. It shows
that the local slant stack method does not cleanly separate the wavefield and
suppress the tube wave. For example, there are high frequency down-going
wavefield and aliased down-going tube wave noise in the separated up-going
wavefield, as shown in Fig. 12(c). This is caused by the aliasing issue. Fig.
13 is the separated result using sparse beam forming. It works well in terms
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of separating the wavefield and suppressing the tube wave noise. Then the
separated up-going and down-going wavefields are subtracted from the
original data to get the suppressed tube wave, as shown in Fig. 14. There is
almost no signal in the suppressed tube wave. This shows that the proposed
method works well in terms of amplitude preservation. The weak event in
the separated result of sparse beam forming is also not continuous and this
will be shown in the zoomed-in image later. Then we simultaneously
separate the wavefield, interpolate the wavefield into 10 m receiver interval
and suppress the tube wave. Fig. 15 is the result. It still performs well in
wavefield separation and tube wave suppression. The F-K spectrum shows
that it allows us to use seismic source with much broader bandwidth since
the receiver interval is smaller. This is beneficial for the high resolution data
processing.
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Fig. 12. The separated down-going wavefield (a), up-going wavefield (b) and F-K
spectrum of up-going wavefield (c¢) using the local slant stack method.
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Fig. 13. The separated down-going wavefield (a), up-going wavefield (b) and F-K
spectrum of up-going wavefield (c) using the sparse beam forming method.
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Fig. 14. The suppressed tube wave noise using the sparse beam forming method.
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Fig. 15. The separated down-going wavefield (a), up-going wavefield (b) and F-K
spectrum of up-going wavefield (c) using the sparse beam forming method. The receiver
interval is interpolated to 10 m.

Fig. 16 shows the zoomed-in views of the separated up-going wavefields
from different methods. The F-K method suffers from boundary effect
(denoted by the vertical arrow in Fig. 16(a)) and the wavefield in the circle is
affected by the tube wave noise. Besides, the weak event is not continuous
due to the large receiver interval. In the result of local slant stack [Fig.
16(b)], there is some residual down-going wavefield and the weak event is
not continuous. The result of sparse beam forming in Fig. 16(c) shows good
wavefield separation and tube wave suppression but its weak event is still
not continuous. The result of sparse beam forming with receiver interval
interpolated to 10 m in Fig. 16(d) still shows good wavefield separation and
tube wave suppression. Besides, the event is much more continuous. This
helps to preserve the detailed information in the subsequent processing steps.
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Fig. 16. The zoomed-in view of the separated up-going wavefield using F-K method (a),
local slant stack method (b), sparse beam forming (receiver interval is 20 m) (c) and
sparse beam forming (receiver interval is interpolated to 10 m) (d).

CONCLUSIONS

In this paper, a sparse beam forming based solution is proposed in VSP
data processing which can simultaneously separate the wavefield into
up-going and down-going wavefields, interpolate the data into a denser grid
and suppress the strongly aliased tube wave noise. Since it uses the
un-aliased information of the data to guide the beam forming process, it
handles the aliasing effect of both signal and tube wave noise. It performs
well in terms of wavefield separation and tube wave suppression due to its
superior resolution of the ray parameter. It also interpolates the data into a
denser grid which is essential for the broadband data processing in VSP.
This can be treated as an alternative solution to the high density data
acquisition which is quite expensive. Numerical examples show that the
proposed idea works for both synthetic and real data.
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The proposed method can be further extended into VSP vector wavefield
decomposition to enable a better 3C processing of the VSP data.
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