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ADAPTIVE SINGULAR VALUE DECOMPOSITION FILTERING TO ENHANCE REFLECTORS
AND GEOLOGICAL STRUCTURES IN 3D SEISMIC DATA

Washington Oliveira Martins', Milton José Porsani? and Michelangelo G. da Silva?

ABSTRACT. We applied an adaptive seismic data filtering method, based on the singular value decomposition (SVD) to improve the identification of reflectors and
geological structures in 3D stacked seismic volumes. This was done using the SVD method to perform the decomposition of the seismic data matrix in eigenimages.
SVD filtering can be seen as a multichannel filtering method where each filtered seismic trace retains the coherence of neighboring seismic traces. For the filtering of a
3D volume, we use a matrix operator formed with five adjacent traces of the original volume. At each position of the filter operator, the filtered trace was obtained by taking
the central trace of the first eigenimage. Thus, we reinforce the lateral coherence corresponding to the primary reflections. This filtering technique relies on the property
of the SVD method in which eigenimage associated with the highest single values retains the part of the greater spatial correlation associated to the seismic reflectors.
The proposed SVD filtering method was applied to a 3D volume of synthetic seismic data. The results were compared with those obtained using the conventional FX
deconvolution method. The results demonstrate the efficacy of the SVD approach both in improving spatial coherence of reflections and in noise attenuation.

Keywords: seismic data processing, SVD filtering, 3D pos-stacked filtering, adaptive filtering.

RESUMAO. Nos aplicamos um método de filtragem adaptativa de dados sismicos, baseado na decomposicao em valores singulares (SVD), para melhorar a identifi-
cacdo de refletores e estruturas geoldgicas em volumes sismicos empilhados 3D. Isto foi feito usando o método SVD para realizar a decomposicao da matriz de dados
sfsmicos em autoimagens. A filtragem SVD pode ser vista como um método de filtragem multicanal onde cada trago sismico filtrado retém a coeréncia dos tragos
sismicos vizinhos. Para a filtragem de um volume 3D, utilizamos um operador matricial formado com cinco tragos adjacentes a cada trago sismico do volume original.
Em cada posicdo do operador, o trago filtrado foi obtido tomando o trago central da primeira auto-imagem. Assim, reforgamos a coeréncia lateral correspondente as
reflexdes primarias. Esta técnica de filtragem se vale da propriedade do método SVD no qual a autoimagem associada aos maiores valores singulares retém a parte
de maior correlacao espacial, associada aos refletores sismicos. 0 método de filtragem proposto SVD foi aplicado a um volume 3D de dados sismicos sintéticos. Os
resultados foram comparados com os obtidos utilizando o método convencional de deconvolugdo FX. Os resultados demonstram a eficacia da abordagem SVD tanto na
melhoria da coeréncia espacial das reflexdes quanto na atenuagdo do ruido.

Palavras-chave: processamento sismico, filtragem SVD, filtragem pds-stack 3D, filtragem adaptativa.
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INTRODUCTION

In the petroleum industry the activity of interpretation of seismic
data is fundamental, since the exploratory risk associated to this
activity depends strongly on the quality of the seismic section.
We soon notice the importance of the role of the processing geo-
physicist in the development of new filtering methods with the
purpose of increasing the signal-to-noise ratio to obtain a better
quality seismic image that is representative of the geological real-
ity to be investigated. The functionality of the interpretation tools
and the extraction of seismic attributes are strongly dependent on
the data quality, either for structural or stratigraphic interpretation.
As an alternative in the search to prepare the stacked data to en-
able the application of the interpretation techniques, and to re-
duce the problems of low quality of the sections due to the low
signal-to-noise ratio, we present an application of the SVD adap-
tive filtering in a 3D seismic volume to highlight reflectors and
geological structures.

Many different filtering methods have been used to improve
signal-to-noise ratio of the seismic data. The FX deconvolution
is applied in the frequency x space domain, thus allowing the
reduction of the random noise, and improving coherence (Gulu-
nay, 1986). The SVD filtering can be used to enhance the spa-
tial coherence of seismic data, making reflections more evident,
and at the same time attenuating non-coherent noise. This SVD
filtering technique has been implemented and applied in vari-
ous types of seismic data processing problems. Freire & Ul-
rych (1988) applied SVD filtering to separate the up and down
wave fields of seismic profiling (VSP). Porsani et al. (2009) used
SVD filtering to attenuate ground-roll in earthquake data. Bekara
& Baan (2007) proposed a local SVD approach to noise sup-
pression. Kendall (2005) proposed the use of the SVD method to
obtain polarization filters for attenuation of ground-roll in multi-
component data. Karsli (2008) proposed the use of Wiener fil-
ters to estimate ground-roll through linear (or non-linear) ref-
grence noise, corresponding to sweep generated in the ground-
roll. Chiu & Howell (2008) proposed the method that uses SVD
to generate eigenimages that represent coherent noise in a given
window in the space-time domain. The data inside windows are
transformed into the analytical signal and the complex SVD de-
composition is obtained by extracting eigenimages from the co-
herent part of the noise. Tyapkin (2003) proposed using the event
alignment method to make horizontal noise in one or more sec-
tions of the common-point seismograms. In each section coher-
ent noise (ground-roll) is preserved in the first eigenimages. The
other eigenimages represent the signal and this part is trans-
formed back into the space-time domain.

SVD filtering inthe form used by Porsani etal. (2010a, 2010D)
operates with the SVD decomposition of a subset of traces ex-
tracted from a 2D seismic line or 3D seismic volume. Only a
trace of the interior of the moving window (2D or 3D) associ-
ated with the first eigenimages is chosen to represent the filtered
trace. SVD filtering can be seen as a multichannel filtering method
where each filtered trace maintains a certain degree of coherence
with the immediately neighboring traces. This filtering technique
preserves the relations of amplitude, phase and spatial correla-
tion of the seismic events, while allowing the elimination of the
incoherent noise, usually associated to the last eigenvalues.

In this paper we apply SVD filtering to synthetic data cor-
responding to a maritime 3D volume, comparing the results of
SVD and FX-deconvolution filtering. The obtained results show
the effectiveness of the SVD method, both in improving the spatial
coherence of the reflections and also in the attenuation of uncorre-
lated noise, increasing the signal-to-noise ratio and thus revealing
the features and geological structures present in the sections.

SVD FILTERING

Considering the subset of M seismic traces selected from a 2D
seismic section or a given 3D seismic volume, d(¢;, x;), ¢ =
1,...M and 5 = 1,...N. The data matrix, D =
[dy,...,dn] = {d(ti,z1),...,d(trp,zn)} CaN be de-
composed through of the SVD method as shown below (Golub
& Van Loan, 1996).

D =UxVv” (1)

where U and 'V are orthonormal matrices such that U—1 =
UTand V-1 = VT The SVD in reduced form may be repre-
sented as:

¥ = diag{o1,...,on} matrix of singular values
(NxN),o1>09>--->0n>0;

U = [uy---uy] matrix of eigenvectors (M x N)
corresponding to variable ¢;

V = [vy...vy] matrix of eigenvectors (N x N) cor-
responding to variable z.

Using U = US = [oqyu; ... oarup,] 0ne may rewrite
Eq. (1) as,

D=[d-d;--dy]=0V"
T
v
' (2)
= [o1uy - - -onun]
vi
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From where we get the equation for SVD decomposition of a
trace of the subset of IV traces of the original section.

V1,5
dj = [Ulul .. .ONuN]

UN,j

R

N
= E OkURVE,j
k=1

Note that the seismic trace d ;, columns 5 of the matrix D, can be
obtained through the linear combination of eigenvectors associ-
ated with the temporal dimension. The weights used in the linear
combination are the eigenvector coefficients associated with the
spatial dimension scaled by the corresponding singular values.
Another way to write the Eq. (1) is given below,

TR

alv{
Dz[ul...uN] :
UNV%

201U1V{+---+0NUNV% (4)

+ Dy

N
= E Ukukvg
k=1

_ D,

]3,~c = oruy vy is matrix of unitary rank, also called eigenim-
age of the data matrix D, whereas di & inthe Eq. (3) is the trace
4 of the eigenimage Dy.

Equation (3) represents the SVD decomposition of a trace,
while Eq. (4) represents the SVD decomposition of the entire im-
age associated with the original data matrix. By limiting the sum-
mation in these equations we can obtain approximate represen-
tations of each seismic trace or of the whole image. Thus, the
first singular values have a larger amplitude, making the asso-
ciate eigenimages retain the features of higher spatial correlation
(Freire, 1986). In this way the first eigenvectors are responsi-
ble for the reconstruction of the predominantly horizontal or sub-
horizontal events of greater amplitude. Porsani et al. (2009) used
this method to emphasize horizontal and sub-horizontal events
and to attenuate dip events associated with the ground-roll.

For each trace of a 2D seismic section or a 3D volume to be
filtered, we can collect the subset of N immediately neighboring
traces, perform the SVD decomposition of the corresponding data
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matrix, and partially restore the trace aj through of the equation,

g Ukuk

Thus, the trace d(t;, z: ;) obtained from the first & eigenvec-
tors will represent the filtered trace. The small values of K will
be responsible for the generation of traces, sections and volumes
of greater spatial coherence. SVD filtering can be seen as a mul-
tichannel filtering method where each filtered trace maintains a
certain degree of coherence with immediately neighboring traces.

The proposed SVD filtering method consists of the system-
atic application of the Eq. (5) on all traces of a seismic line or a
3D volume, following the procedure:

t“.’E] vk "Ej (5)

e For each seismic trace (target trace) of the original seismic
data;

e Select a subset of V immediately neighboring traces and
form the matrix D;

e Perform the SVD decomposition of D;

e Reconstruct partially the target trace using only the K first
gigenvalues.

FX DECONVOLUTION
In seismic data processing, the FX deconvolution is a random
noise attenuation method in the spatial direction of the section us-
ing the complex version of the Wiener predictive filter (Gulunay,
1986). Thus, when the data are transformed from the time x dis-
tance domain to the frequency x distance, through the Fourier
transform, a time-slice is now converted to a frequency-slice.
Events with similar diving appear as a complex sine wave along a
given frequency-slice. That is, they can be described in the form:
cos(wt) + isin(wt). The FX deconvolution applied calculates
afilter for each frequency, using a horizontal window of IV, traces
and number of time samples equals to IV, in order to guarantee
the coherence of the reflector.

Assigning the input section as A(¢, x), in the space-time do-
main, the process can be described by the following steps:

e Applies the Discrete Fourier Transform to each seismic
trace;

e For each frequency f;
e Compute the autocorrelation;

e Obtain the complex prediction error operator;
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e Convolve the prediction operator with the data;
o Perform the inverse Fourier Transform.

This process produces an output with a lower random noise
level when compared to the input data.

NUMERICAL RESULTS

The SVD filtering method was applied to synthetic data represent-
ing a marine 3D volume containing interesting structural features
with a high degree of complexity. The SVD filtering, used in this
work, is done on a subset of 5 neighboring traces of a seismic
volume (5 traces spatial filter operator or cross operator), being
the target trace to be filtered the the central trace of the filter op-
erator. It is spatially displaced over the entire volume of data, and
at each new position of the operator a SVD is performed and a
new filtered trace is generated, and the result thus obtained repre-
sents the filtered seismic volume with the same dimension of the
input data.

Figure 1 illustrates the operator applied in the filtering of a 3D
volume of seismic data. Thus, the decomposition of the seismic
data matrix into eigenimages can be applied in different stages
of seismic data processing. And the proper choice of the num-
ber and indexes of eigenimages used in decomposition forms the
basis of coherence filtering methods. Eigenimages are calculated
based on the mathematical concept of linear algebra related to
the eigenvectors and eigenvalues of the corresponding covariance
matrices. This filtering technique is based on the idea that in order
to extract the most correlated or coherent portion of the seismic
data, we must use the eigenimages associated with the highest
singular values.

Traces Inline (X)

&
4 / 8
2}
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Figure 1 — Schematic representation of the 5 points operator extracting 5 adja-
cent traces of the 3D volume of seismic data (adapted from Porsani, 2010b).

Marine Synthetic Data with Noise

In this section we compare the efficiency between SVD and FX
deconvolution methods when applied to a 3D seismic data for the
purpose of attenuating random noise.

We have used a synthetic seismic data that simulates data
from a sea survey and contains some interesting structural fea-
tures that are usually present in real seismic data, such as salt
domes, fault systems, folds, etc. We added to the 3D data vol-
ume the random noise with an S/R ratio in the range of 0.5 of the
maximum amplitude of the signal.

The comparative study between the methods, through the
analysis of the images obtained before and after the application of
the filtering, being presented in the form of seismic sections and
time-slices, allowed us to evaluate how much the SVD filtering
is within certain limits of applicability. It presents good results in
regions of the volume where the structuring is smoother and with
satisfactory results where the structural complexity is higher.

Figure 2 is a section in the XLINE direction, taken from the
filtered 3D volume, where we can compare the response of the
application of SVD filtering to that applied with the FX deconvo-
lution. We can observe how much was removed from the random
noise: a cleaner section with a higher signal-to-noise ratio and an
gvident improvement in the continuity of the reflectors, particu-
larly the top of the body of salt located in the section between the
times 3.2 and 3.9 seconds.

In Figure 3 we show another section in the XLINE direction,
where it is possible to observe a better delimitation of the top and
flank of the salt dome between times 1.6 and 2.2 seconds and the
ILINES (371 and 550) respectively. It can also be observed in the
lower left corner of the section, a greater value and continuity of
the top of the salt layer, located between the ILINES (1 and 160)
and the times 3.3 and 4 seconds, compared to the section after
the application of the FX deconvolution method.

The time-slices in 1.5 and 2.5 seconds obtained with the
application of the SVD filtering and FX deconvolution are illus-
trated in Figures 4 and 5. The results presented by the methods
are equivalent, and both limit the contours of the mini-basin. In
some parts of the illustrated images, a small superiority of the SVD
method is observed, as shown in Figure 6 where we can identify
the existence of the salt wall between the XLINES intervals (XL:
100-150) and (XL: 250-320) after noise attenuation. Analyzing
the five eigenimages and the partial sums between them, together
with the graph of Figure 6 associated with the highest singular val-
ues, we came to the conclusion that the first eigenimage should
be chosen to represent the filtered data. However, it was expected
that the SVD operator would perform better where the events had
horizontal or sub-horizontal behavior.
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Figure 2 — Comparison between SVD and FX deconvolution. A) Original seismic section contaminated with noise, B) result of the SVD filtering and C) result of the FX

deconvolution.
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Figure 3 — Comparison between SVD and FX deconvolution. A) Original seismic section contaminated with noise, B) result of the SVD filtering and C) result of the FX

deconvolution.

Noise-free Marine Synthetic Data

Assuming that the synthetic data without noise is equivalent to
the representation of a migrated data with good quality, it does
not make sense to apply the SVD technique for filtering, but to
perform the decomposition with the purpose of highlighting the
discontinuities usually associated with structural features of real-
ity subsurface.

So we started looking for a new methodology that met our ex-
pectations, and decided to create a new seismic attribute similar

Brazilian Journal of Geophysics, Vol. 34(2), 2016

to a cube of coherence. This new attribute represents a measure
of the magnitude of the eigenimages, being defined as the sum
of the square of the elements (sample of traces) that compose the
matrix of each eigenimage A ;,, whose elements are ay, ; ;; where
k =1,..., K (number of eigenimages); i = 1,. .., M (num-
ber of samples) and 5 = 1,..., N (number of traces, N=5),
according to the following expression:

K
dij = Z ai,i,j (6)
k=1
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Figure 4 — Comparison between SVD filtering and FX deconvolution of time or time-slice in 1.5 seconds. A) Seismic data contaminated with noise, B) result of the

SVD filtering and C) result of the FX deconvolution.

Figure 5 — Comparison between SVD filtering and FX deconvolution of time or time-slice in 2.5 seconds. A) seismic data contaminated with noise, B) result of the

SVD filtering and C) result of the FX deconvolution.

The test with the magnitude of the eigenimages provided en-
couraging results, for we have been able to create a seismic at-
tribute equivalent to a coherence cube. We can observe from the
Figures 7 and 8 by the analysis of the images in time-slices and
sections, how this new methodology emphasized the discontinu-
ities as fault planes, the flanks of domes, as well as the limits
the limits of the mini-basin and folds of layers and improving the
identification of the existing stratifications in the original data.

CONCLUSIONS

The SVD decomposition of the seismic volumes and the appro-
priate choice of the index and the number of eigenimages used
in the reconstruction of the data matrix gave us good results in
terms of filtering efficiency in order to suppress or minimize the
random noise present in the data. From the analysis of the images
in the form of sections and slices of time, after the application of
the filtering, we clearly noticed the increase of the signal-to-noise

ratio. Thus, we improve the continuity of the reflectors (spatial
coherence) and their better identification and tracking, valuing the
stratigraphic aspects of the seismic sections and volumes used
here. However, when we want to highlight the discontinuities in
order to set the limit and value structural features, it is not enough
to simply decompose the data and choose the eigenimages or the
truncated sum between them that can highlight the structures of
interest. The attribute with the magnitude of the eigenimages had
already proved to be a promising tool, since it allowed to high-
light the discontinuities, thus valuing the structural features (fault
planes, dome flanks, etc.) present in the data. The results pre-
sented here show that the SVD adaptive filtering method in 3D
seismic volumes, associated with the attribute that measures the
magnitude of the eigenimages, is effective and can reveal fea-
tures and geological structures that were masked by the pres-
ence of additive noise to the data. In order to promote the im-
provement of the final image quality in the seismic section, this
filtering technique can help the interpreter in the structural and
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Figure 6 — Map of average singular values of the SVD decomposition of the marine 3D volume.
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Figure 7 — Result of applying the SVD filtering approach to highlight structural features. A) Original data and B) Magnitude of SVD eigenimages.
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Figure 8 — Result of applying the SVD filtering to structural features. A) Original data and B) Magnitude of SVD eigenimages.
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