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ABSTRACT

We consider the problem of separating simultaneous source
blended data in applied seismology. Cross-source interfer-
ence that masks the desired signal in the common source do-
main can be translated into incoherent noise by rearranging
the data in the common receiver domain. We show that ap-
plying a virtual blending/deblending process to the data in
the common receiver domain enables obtaining an additional
noisy version of the data. By measuring the local similarities
and dissimilarities between the two noisy versions of the data,
it is possible to discriminate between corrupt and non-corrupt
data points. Corrupt data points can be replaced by a weighted
sum (e.g., averaging) of neighboring non-corrupt data points.
The proposed method is applied directly in the time-space do-
main, i.e., no computationally expensive data transformation
is needed. Moreover, it can be straightforwardly extended
to higher-dimensional data scenarios. Simulation results are
given to validate the effectiveness of the proposed method.

Index Terms— Simultaneous data acquisition, signal
separation, seismic data.

1. INTRODUCTION

In conventional seismic data acquisition, sources need to
be separated by sufficient time to avoid overlap between
the responses of different sources. However, this makes
the acquisition process time-consuming and economically-
expensive. Recently, the emerging concept of simultaneous
source blended data acquisition has received a considerable
attention [1]-[3]. Simultaneous data acquisition is used to
either reduce the cost by reducing the time interval between
successive sources or to increase the quality of the data by
increasing the number of sources within a specific survey
interval. The use of simultaneous sources with small random
time delays was presented in [1]. The concept was extended
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to the incoherent shooting in [2], [3]. However, the benefits
of simultaneous source data acquisition comes at the price of
cross-source interference.

The problem of cross-source interference removal in
blended data acquisition has been addressed in [4]-[6]. It has
been shown that the problem of cross-source interference mit-
igation can be treated as a de-noising one. In particular, it has
been shown that the cross-source interference, which appears
as a coherent interference in the common source domain, can
be translated into a non-coherent noise by rearranging the
data in the common receiver domain.

In this paper, we show that by applying the blend-
ing/deblending process to the data in the common receiver
domain an additional noisy version of the desired signal can
be obtained. Due to the random nature of blending, the result-
ing noise component is incoherent. We propose a method for
mitigating the incoherent noise by processing the two noisy
versions of the data jointly. In particular, we use the local
similarities/dissimilarities between the corresponding data at
each time-space point to discriminate between noiseless and
noisy points. Noisy points are replaced with a weighted sum
(e.g., averaging) of neighboring noise-free points. The pro-
posed method is applicable directly in the time-space domain
and can be straightforwardly extended to higher-dimensional
data. Simulation examples are used to demonstrate the effec-
tiveness of the proposed method.

2. RECEIVED DATA MODEL

We assume N, seismic sources and /N, seismic receivers.
Let X,, be the matrix of dimension K x N, which corre-
sponds to the data recorded by the IV, receivers due to the
n-th, n = 1,..., Ng source in the absence of cross-source
interference, where K is the number of samples in the time
dimension. The overall survey time required for conventional
shooting is K Ny which can be too long especially when the
number of sources is too large. To save survey time, sources
are fired simultaneously. Assume that K7 is the total number
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of samples gathered by each receiver due to /N4 simultaneous
sources, where K1 < K N,. Let t,, be the time instant at
which the n-th source is fired where ¢,, is selected randomly
from the set [1, 2, ..., Ky — K].

The K7 x Nr received blended data can be modeled as

N
Xy =) U, (M
n=1

where the K x IV,. matrix U,, associated with the n-th source
is given by
U, = [of X7, ok 1"
n — tn—1,N,» ny “Kp—K—t,,N,

(@)

In (2), 0, is a matrix of dimension n x k with all entries
equal to zero and ()7 stands for the transpose. Given the
recorded blended data X; and the time delays ¢;,...,tN_,
our goal is to obtain the data X, ..., X, after removing the
cross-source interference.

3. PROPOSED SOURCE SEPARATION METHOD

The direct way for obtaining the data associated with the n-
th source from the received blended data X, is the so-called
pseudo-deblending which can be modeled as

D, = PTX,
N,
=P/U,+ > PIU,
m=1,m#n
N
= X,+ Z Cnm; nzly--~;Ns 3)
m=1,m#n
where P,, = [OtTn_LK, Ik, OIT(T_K_%”K]T, Iy is the

identity matrix of size K, and C,,, £ P;{Um is the co-
herent cross-source interference that contaminates X,, due
to overlap with X,,,. The overall cross-source interference
C, = Z;Vz: 1,m=n Cnm occurs when the response of the n-th
source overlaps with one or more responses of other sources.
It is worth noting that the shorter the overall simultaneous
shooting time K7 the larger the cross-source interference and
vice versa. ~

Let the K X Ng matrices D,,,, m = 1, ..., N, be the com-
mon receiver data associated with D,,, n = 1,..., N,. The
common receiver data matrices can be obtained as follows

Dm = [dm,la --~adm,NS]7 m:l,...,Nr (4)

where d, ,, is the m-th column of D,,. Using the principle of
superposition, the common receiver data can be represented
as

m=1,...,N, )
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where

Xm - [Xm,h

Cm = [Cm,la B Cm,NS]7 m = 13--~3N7'- (7)

In (6) and (7), X, and ¢y, 4, correspond to the m-th columns
of X,, and C,,, respectively.

It is worth noting that C,,m=1,...,N, represent in-
coherent' noise [4]. Also, it is worth mentioning that for
the case when the array of sources and the array of receivers
are identical, the reciprocity principle can be applied. In this
case, the cross-source interference-free signal in the common
source domain translates into itself in the common receiver
domain, i.e.,

X, =X,, n=1,...,N,. ®)
Note that in (8), it is assumed that the number of sources and
the number of receivers are equal. In the sequel, we assume
that the reciprocity property holds.

Substituting (8) in (5) yields

D, = X,+C,, n=1,...,N, )

By blending the common receiver domain data (9), we obtain

N,
Y, =3V, (10)
n=1

where the K1 x N,. matrix U,, associated with the n-th source
is given by

~ T
Vi = [0f in, DL 0k ] - aD

Substituting (9) in (11), V,, can be decomposed into two com-
ponents, that is,

vV, =U,+W,, n=1,...,N, (12)
where W,, = [0] _; | Cr, 0%, k¢, n.) - Substitut-
ing (12) in (10), we obtain

Ny
Y, = (U, +W,,)
n=1
N,
=X+ > W,
n=1
= Xy + Cb (13)

where C;, £ 25;1 'W,, is the blended component associated
with the incoherent noise C,,. Note that (1) is used to obtain

INote that the amplitudes of X,,, C,, and ém haye the same statistical
distribution. However due to the random shuffling of C,;, in the space-time
domain, the correla}ion between C,,, and X, is zero V m, n which is the
reason we refer to C,,, as incoherent noise.
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Fig. 1. (a) Top left: Original shot. (b) Top right: Original shot
plus coherent interference (3). (c) Bottom left: Original shot
plus incoherent interference (5). (d) Bottom right: Original
shot plus incoherent interference (15).

the second line in (13) from the first line. It is also important
to stress that X, corresponds to the original received blended
data. Therefore, the blended version of the incoherent noise
can be obtained by subtracting X, from (13). Re-applying
the pseudo-deblending principle to C),, we obtain the K x N

matrices
F, = PIC,

N,.
=P/W,+ Y PIw,
m=1m#n

= C,+G,, n=1,...,N, (14)
where G, 2 Y

=l metn Png is an incoherent noise
component which contaminates C,,. Subtracting (14) from

(5), we obtain

Zn = Dn_Fn

=X,-Gn, n=1,...,N. (15)

Unlike (3), which represents the desired signal X,, contami-
nated by coherent cross-source interference, both (5) and (15)
represent the desired signal contaminated by incoherent noise.
This observation is illustrated in Fig. 1. The top left of that
figure shows the interference free signal while the top right
shows the signal contaminated with coherent cross-source in-
terference. The bottom left shows the corresponding signal
contaminated with incoherent interference in the common re-
ceiver domain which corresponds to (5). The bottom right
shows the signal contaminated with incoherent noise which
corresponds to (15).

To attenuate the incoherent noise, we compare (5) and
(15) at every point in the time-space domain. If the corre-
sponding data at a certain time-space point are similar, that
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point is retained as good data and no filtering is required. On
the other hand, if the corresponding data at a certain time-
space point are dissimilar, then this point is determined to be
corrupt with noise and local filtering is required to obtain an
estimate of that data. Mathematically, the output data can be
expressed as

_[Dn(t,s) i [Dn(t,s) = Znt,)l| < ¢
O R Er I M M

where X, (¢, 5) is an estimate of X, (¢, s) that can be obtained
using a weighted sum (e.g. averaging) of neighboring noise-
free data points and ( is a threshold of user choice. It is worth
noting that choosing large ( means that more points are ac-
cepted as noise free and less points are estimated using lo-
cal filtering and vice versa. A zero-tolerance policy can be
adopted by choosing ¢ = 0 which means that only actual
noiseless points are accepted while all other points go through
local filtering. More sophisticated filtering techniques than
the moving averaging filter can be used, but even with mov-
ing averaging filter the achieved performance improvement
due to the introduction of an additional noisy version of the
desired data as can be seen from the next section.

4. SIMULATION RESULTS

We consider a synthetic example of a survey system equipped
with 57 sources spaced 25 m apart and 57 receivers also
spaced 25 m apart. The received data at the output of each
receiver is sampled with sampling interval 0.04 sec. For
conventional shooting, the sources are activated sequentially
where the time required to record the response of each source
is 376 samples (approximately 15 sec). Fig. 2 shows the
response of the 20-th source in the absence of cross-source
interference. We refer to this shot as original shot.

To reduce the overall time of the survey, the responses of
different sources are allowed to overlap. The total recording
time is reduced by factor 3 and the sequence of the sources
and the time instants at which they are fired are selected ran-
domly. Fig. 3 shows the combined output in the common
source domain of the 20-th source (corrected to its zero time)
and the cross-source interference. It can be observed from
this figure that the cross-source interference introduces am-
biguity to the graph making it difficult to interpret the data.
Fig. 4 shows the same data of Fig. 3 but in the common re-
ceiver domain. It can be observed from this figure that the
coherent interference in the common source domain translates
into incoherent noise in the common receiver domain. Finally,
Fig. 5 shows the filtered output of the proposed method. It is
clear from the figure that the incoherent noise is effectively
removed. Other examples will be given in the journal paper.
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Fig. 2. Original shot.

Original shot plus coherent interference

10 20 30 40 50
Space (receiver number)

Fig. 3. Pseudo-deblended shot in common source domain.

5. CONCLUSIONS

The problem of separating simultaneous source blended data
in seismology is considered. Cross-source interference that
masks the desired signal in the common source domain has
been shown to translate into incoherent noise in the com-
mon receiver domain. A virtual blending/deblending pro-
cess has been applied to the common receiver domain data
which enables obtaining an additional noisy version of the
data. A method for discriminating between corrupt and non-
corrupt data points by measuring the local similarities and
dissimilarities between the two noisy versions of the data has
been proposed. Corrupt points are replaced with a weighted
sum (e.g., averaging) of neighboring non-corrupt data points.
The proposed method does not require computationally ex-
pensive data transformation and it can be straightforwardly
extended to higher-dimensional data scenarios. Simulation
results have been given to validate the effectiveness of the
proposed method.
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Fig. 4. Pseudo-deblended shot in common receiver domain.
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Fig. 5. Filtered shot.
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