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Summary

The application bFX Singular Spectrumnalysis (SSA)r Cadzow filteringapproactor random noise
attenuation orseismicdata startedrom the works of Ulrych et al (1988n eigenimage filtering afeismic
data. Trickett furthered thisawk by applying eigenimage filteng to 3D data frequency slicesdlater
extended-X Cadzow filtering by forming &rgerHankel matrix of Hankeiatrices irmultiple spatial
dimensiongTrickett, 2003, 2009We propose to add ana@hdimensiorfor creating extended Hankel
matrices Instead ofisinga singlefrequency slicdor composinghe extendednatrix, we propose taise a
range of frequency slice$his additional dimension of the matrix increases our statistics which improves
the filter quality Thesynthetic éamplesllustrate the filter qualitymprovementcompared tdhe
conventionaFX Cadzow filter. Application of Frequency Extensid¢RE) filter in combination with FX
Cadzow filter on real data showed better noise reduction compared teXalgdzow filtering

Introducti on

FX Singular Spectrum Analysis (SSAas been successfully applied to seismic data.application to
seismic data,Trickett appliedSSA separately on individutiequency slice Later, bllowing applications
outside seismiprocessing Golyandina (Golyandina et al2001,2007)andDologlou(Dologlou et. al,
1996) Trickettfurthered thismethod by extendinthis FX Cadzow filtering(Cadzow 1988)by means of
forming a larger Hankel matrix of Hankel tmaes in multiple spatial dimensions.

The pupose of this preseation is to introducan additionatlimensionfor conposing the Hankel matrices
Instead of using only spatialndensiors for composing these matrice® propose tadda frequency
dimensionto create aextendednatrix froma serie®f frequency slices. ThiBrequency Extension
approach improves filter qualitihiroughbetter satisticsby utilizing thesemulti-frequency slices.

Theory

The following two exampleshow how a extendedlock matrix A may be created:
a. Extended matrix

A, 4, - A Qi1 Gz 77 Oy,

A, A e A @iz G e By
A=|"7 3 m+l whereA;=| . : . :

A, A ., A,y Qi Dins1 i am—1
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b. Extended matrix an example
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In Hybrid (C*-FX) filtering (Trickett, 2009) or 2BExtension (Golyandinat.al, 2007)ablock matrix A is
composed of sumatrices (4 which may be constructed froneighboring shot gatherblere eacla; ; is a
complex Fourier coefficierfor tracej from ensemblé. After matrix construction, rank reduction is
performed using singulaalue decompositio(SVD). Then Fourier coefficiena; ; for eah trae is
recovered from theank-reducedmatrix by averaging over multiple entriekthe sam a; ; in A, andan
inverse Fourier transform returns the filtered traces.

Instead 6composing these extended matrioesy over space dimensisandfor a singlefrequencyslice,
we propose tereate extended matricesm several frequencyises. To illustratethis FE approachlet us
use the samemplateof the extended matrices in exampleabove but the meaning of subscriptal be
different In theexampleof the extended matrixd), thesecondsubscripf in a; ; will denotethe same trace

number adbefore but thefirst subscripti will refer now to the sequentiafrequency slicemumber

To showthe validity ofthis FE filtering concept let us consider a simpéxample in2D FX domain Given
a twodimensional evenwith constandip, it will be represented ifX and FX domains a®llows:

utx) = Apxft 1 Ur, x)' P Ae (1)

whereA is an arbitrary coefficienepresenting the amplitude of the everig time,x is a spatiatoordinate,
¥ is angular frequencgndp is some coefficient representing the dip of the eussttus assume thatis
data isregularly sampleay=  kagpoky =kgpy . Sacchi (Sacchi, 200@resentecn example showing that
thetrajectory matrix built alon¢ghe x coordinate in FX domain will have a rankarfe and thereforemay
beapproximatd byarank one matrixn rank reduction.

Similarly, we can builcatrajectory matrixalong thex coordinate in FX domaiand such trajectory matrix
will also havearankof one.

Let the frequency serid®

Fo=U (X = Ag' "™ P )
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For 7 sample, the trajectory matri is

Fl FZ 'F;i ,F:} Ae—i&m'px He—ﬂii‘nm'px ‘qe—ﬁidm?ﬂx HE_‘H A px
M= Rj 'F;i ,F:; FE- B Ap~2idw px  ga—3idwpx g4 Ao px Ap 5 dw px B

'F;i 'F:} FE F6 Ae—ﬁz&m px Ae—é&z A px AE—EE Aw px HE_E'E Aw px

F4 FE- FE- F? e—d-z Aoy px HE_EE Aoy px HE_SE Aoy px HE_?E Ay px

He—z&m*px Aeg~H A px AE—EE Aes po Ae—f}z Aoy pix
e—z.'_‘nc..l'px .Ae—z&m*p:r e—z.'_‘nc..l'px .He—gz&m'px e—z.ﬁ.m*px .AE—Ez&m'px E—z&m'px .He—ﬂlz&m'px
g2t Aw px ,Ae—z&m DX —2i Aw px Ag Aw px E_‘E'ﬁm px ,AE—EIE Aw px —2i Aw px ,Ae—th Ao px
E—Hz A prx ,Ae—zdm px E—Hz A prx e Aw px e—ﬂz.'l'm.l px ,AE—HE Aw px E—Hz A pix 'HE_‘h Aw px

whichillustratesthat thefrequency extension matrM hasa rank of one.
In the example aboy@ssuming that we have only one linear eventrandom noisef-E filtering means

(1) find matrix M; of rankr=1 nearestin a least square sensethe originaltrajectorymatix M composed
of a range of Fouer slicesof the observed data

(2) recoverFE-filtered tracesby inverse Fourier transforfnom Fourier coefficients iM;.

M3 will have multiple entries of Fourier coefficients corresponding to the same drata, avaage value
of them will be used fatheinverse Fourier transforin the same manneass inC>FX filtering.

Similarly, it is possible to create Fiter with higher ranksaandfor extended block matrices.

Synthetic Examples

Thesynthetic example@-ig. 1-5) show the comparis@rbetween the standard Cadzow FX filter &id
filtering approachFor FE filteringwe usedD extension in botlspatial and frequency dimensioiifie
frequency extension filteesultlooks cleaner thathat afterthe Cadzow FX fter and itsdifferencedisplay
shows hat more noise has been removed.

Figure 1:Input data
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Figure 3 FEfilter, rank 3

Figure 2 FX Cadzowfilter, rank 2
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Figure5: Difference plot: Inpui FEfilter.
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would not remove the signand after that in was applied Cadzow FX with stronger parameters (rank 3).

Figure 6 shows that the result of s@wtombined applicatioof the two filters FE + Cadzow F)oks

this case we apipd FE filter with mild parameters (rank 5) to remove some noise but to make sure that it
better than only Cadzow Fitering.

The following synthetic exampmgFig. 6) showthat FE filterproducedetter resultsvhenapplied together
with the Cadzow FX filter FE filter wasused as a prilter for Cadzow FXto improve the final output. In
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Figure 6:More syntheti@xamples
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Filter series: FE GadzowFX
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Real Data Examples

TheFrequency Extension approadoposd in this papewasapplied to 2D shot ensemblata courtesy
of Olympic Seismig. Figure 7 shows one of the origirgid records ordered by offsetbe results of
application on this record? -FX filter (ranks 2 and 3 FE filter fank 4, FE combned withC? -FX filter,
and the difference plat©n these data, the results of Frequency Exteffisiening werecomparable tohat
for C* -FX filter.

However,when both filters are applied together, et record loks betteii FE rank 4 followed by
C?-FX rank 2.Like in synthetic data example, the basis for selection of parafete¢hese filters (ranks)
was to applyamild filter first (FE with rank 4)andthenapply astronger second filter (GFX with rank 2).

The results of stackgqthese data are shownkigures 810: unfiltered structuretack, staclafter
application ofC%-FX filtering on shots and staeKter application of FE combined wi@fi FX on shots
The applicatiorof C*-FX filtering (Fig. 9) look much better themfiltered stack (Fig. 8), as\tas
expected, but combined filteringth FE and G-FX (Fig. 10) is cleaner thastackafteronly C*-FX
filtering.

Conclusions

The results of using an additional frequency dimension in composing the extended matrie&€3aolzthw
FX filters look promising. Application of proposed Frequency Extension filter togetheOitRX filter
on the real 2D data showed cleaner shot records and stack compared 6%ai##¥ filtering. As in the
Hybrid Cadzow, this-E approach openthe way for composing larger extended matrices ibging more
dimensionswvhich should result in a more accurate filter.
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Figure7: Ensemble and Frequency Extension Cadzow filtering and difference plots.
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