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ABSTRACT

In this papera local Radonrepresentatiors proposedand ap-
plied to 3-D seismicdataanalysis. The deriation of the local
Radonpower spectrunis basedn anextensionof therelationbe-
tweenthe global Radontransformand multi-dimensionaFourier
transformto the non-stationarycase. This WignerRadonpower
spectrumis closelyrelatedto the Cohens classof quadratidime-
frequeng representations.The local Radonpower spectrumis
verywell suitedto characterizéhe geometryof seismicreflection
surfaces.The normalizedfirst momentof the WignerRadonrep-
resentatiorcanbe usedasa measurdor the dip angleof the 3-D
signal. Analysisof this geometricalnformationgreatlyfacilitates
thegeologicalinterpretatiorof thedata.

1. INTRODUCTION

Three-dimensionadeismicimagingplaysa crucialrole in the ex-
plorationfor oil andgasreserwirs. Thegrowing demandor more
detailed but lesstime-consuminginterpretatiorof large 3-D seis-
mic datavolumeshasinitiated anincreasecffort to developmore
effective methoddfor seismicdataanalysis.In threedimensions,
seismicreflectionsare surfacesthat delineatea transitionin the
physicalpropertiesof the earth. Geologicalinterpretatiorof seis-
mic datais basedn anassessmeiof thegeometricapropertieof
thesereflective surfaceslin this papemwewill describeatechnique
for extractinggeometricalnformationfrom 3-D seismicdata.
TheRadontransform or slantstack,is awidely useddatarep-
resentationn explorationseismology The Radontransformation
playsaprominentrole in the analysisof acoustiovave -fields, be-
causeit essentiallyperformsa decompositiorof the datainto its
plane-wae componentsHowever, in certainseismicapplications
the global Radontransformis not the ideal analysistool. Some-
timesit is not sufiicient to know which planewave components
or dip anglesare presentin the data, but alsowherethey occut
For instance usinga Radontransformatiorfor the geologicalin-
terpretatiorof a seismicimage,only makessensef thelocations
of the dipping reflectorsare known. In this type of applications
a localized Radontransformationwould be required. Localized
Radontransformationtiave beendefinedandappliedfor different
purposed?2], [3], [4]. Theselocal Radonrepresentationare all
basedon the applicationof the classicalslantstackon windowed
portionsof thedata.ln thesameway asthe sliding-windav powver
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spectrunor spectrograns amembeiof avery largeclassof possi-
blelocal power spectrathe sliding-windav Radontransformation
is just one choicefrom an infinite numberof possiblelocalized
RadontransformationsThis new classof localizedRadonrepre-
sentationdasmary propertiesn commonwith Cohens classof
time-frequenyg representations.

Instantaneougemporalfrequeny and bandwidthare widely
usedto characterizeseismicsignalsin onedimension. They can
beextractedasthenormalizedirst andsecondnomentsf atime-
frequeny frequeng representatioof the signal.In orderto char
acterizethe geometryof a seismicreflectionsurfacein threedi-
mensionsve proposehe normalizednomentf thelocal Radon
representatioin cylindrical coordinatesThe volumedip andaz-
imuth attributeseffectively revealthediscontinuitiesn thesignal.
Thesesignaldiscontinuitiesn mary caseslelineatesignificantge-
ologicalfeatures.

2. THELOCAL RADON POWER SPECTRUM

TheglobalRadontransformatiorof the 3-D seismicsignalu(, t)
is definedas

u(p,7) = / . u(x, 7+ p - x)de, 1)
rE

wherex = {z1, z2} is the spatialcoordinatevector and¢ is the
time coordinate. The vectorp = {p1, p=} representshe angles
with respecto the (z1, z2)-planein thez; andz, directionsand
7 is theintercepwith thetime axis. TheFouriertransformatiorof
Eq. (1) with respecto intercepttime = of Eq. (1) is givenby

u(p, f) = /GIR2 exp(j2nfp - ®)i(e, f)de, f € IRY, 2)

whered(x, f) denoteghetemporalFouriertransformof u(x, t).
In all practicalcasesve considereitherthatu(t) is real-valuedor
its associatedomplec-valuedanalyticsignal.In bothcasesvecan
restricttheanalysigto positive frequeng f. Thedomainoccupied
by positive frequenciess introducedas IR* = {f € IR; f > 0}.
The characteristidunction of this domainy z+(f) is given by
xm+(f) ={0,%,1} for {f <0, f =0, f >0} . Equation2 is
a 3-D Fourier transformatiorof u(x,t). Consequentlywe can
obtainthetemporalfrequeny domainrepresentationf theRadon
transformfrom the 3-D Fourier transforma(k, f) of the signal
u(x, t). i.e.

i(p,f) = a(fp, f)=a(k, f), f€ IR, ©)



wherek = {k1,k2} = fp is the spatialfrequeny vector We
shall exploit this relationin orderto definea local Radonpower
spectrumpasedon the multi-dimensionaWigner distribution of
thesignalu.

The Wignerdistribution of the 3-D seismicsignalwill be de-
finedasthe Fouriertransformof a local auto-correlatioriunction.
The3-D local autocorrelatioriunctionof u(x, t) is definedas

R(x,t;€,7) = u(x + %ﬁ,t—l— %T)u*(m — %ﬁ,t — %T), 4

where¢ = {¢1, &} andr arespaceandtime shift variables.The
Wigner distribution of the signalis found by Fouriertransforma-
tion of R(x,t; £, 7) with respectthe spaceandtime correlation
variablest andr, givenby

W, t;k, f) =

‘/‘EIR ~/ IReXp(sz(k&_fT))R(mvtf,T)dEdﬂ ©)
€IR2 Jre

wherek = {ki,k.} is the spatialfrequeny vectorand f is
the temporalfrequeng. Invoking the relationshipk = fp, as
in Eqg. (3), we canobtaina local angle-frequeng representation
W (e, t;p, f) fromtheWignerdistribution, i.e.

W(a, t;p, f) = W(a,t; fp, f) = W(z, t;k, f), f € IRT.
©)

The WignerRadonrepresentatioiis obtainedby inverseFourier
transformatiorof thelocal power spectrumV («, ¢; £, 7) with re-
spectto temporalfrequeny f, i.e.

exp(j27 fT)x mt+ (F)W (=, t; p, f)d .
7

The local angle-frequeng representatioV («, ¢; p, f) can be
computedy interpolationof amulti-dimensionaWignerdistribu-
tion Wz, t; k, f) ontoaregular (p, f)-grid. Becausef this re-
lation betweerthe Wignerdistribution andthe WignerRadorrep-
resentationthe kernelmethodcanalsobe appliedto derive agen-
eral classof WignerRadonrepresentationfl],[6]. The sliding-
window Radontransformand Wignerradontransformboth be-
long to this generalclassof local Radonpower spectra. Similar
asin the time-frequeng case,the propertiesof the generalized
WignerRadonrepresentatioaredeterminedy thechoiceof ker
nel.

Furtheranalysig(cf. Eqs.(1)) and(2) shawsthatS (=, ¢; p, 7)
is the Radontransformatiorof thelocal auto-correlatiorfunction
with respecto the shift variablest andr,

5’(m,t;p,r) :/

fEIR

Satpr)= [ Retgrip&de. @

xEIR2

Seismic attribute extraction

Seismicattribute analysisaimsat the extractionof signalcharac-
teristicsthat bring forward geologicalrelevant information from
thedata.Thevolume-dipis definedastheanglewith respecto the
(z1,r2)-planeandis givenby |p| = \/p? + p2. Theanglewithin
this planeis theazimuth whichis definedasa = tan™" {p; /p2}.
For geologicalsurfaceanalysis,it often morecornvenientto work
with theseanglesinsteadof the Cartesianvector p. We can
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Figurel: Ring-shapedntensityprofile, (a)-(d) give the positions
of theWignerRadonrepresentationsf Fig. 2.

obtain the local dip-azimuthrepresentationnterpolationof the

(p1,p2)-9rid to cylindrical coordinateq|p|, o), wherewe have

{|p| cos o, |p| sin o, t} = {p1, p2, t}. Themeanvolume-dipand
meanazimuthof eachsubsurfacesamplepoint (x, t) is estimated
by computationof the relatie first ordermomentwith respecto

|p| anda of thelocaldip-azimutmpectrunﬂ’(m, t;|p|,a, 7 =0).

For instancethe meanvolume-dipis foundas

fo27T flpleIR Ip|S(x, t;|p|, a)d|p|der
2m )
I " Jpiem S(® £ |pl, a)d|p|da

(Ipl) (=, t) =

3. COMPUTATION AND EXAMPLES

Figure 2 shows four local Radon(p, 7) power spectraof a ring-
shapedntensity profile (Fig. 1). The pseudo-Vignerdistribution
wasusedto computethe WignerRadonrepresentationat eachof
thelocations(z;, ¢;) .

For the computationof the pseudoWignerRadon repre-
sentationfirst the two-dimensionalpseudoWigner distribution
W (z:, t:; k, f) is computedby Fourier transformatiorof a win-
dowed local autocorrelation. This local two-dimensionapower
spectrumis theninterpolatedonto a rectangular(p, f)-grid. Af-
ter inverse Fourier transformationof Wz, t;; p, f) over tem-
poral frequeng f, we obtain the WignerRadonrepresentation
5’(1:1', ti; p, 7). TheWignerRadorrepresentatioresultsn asharp
localizationof enegyin the(r, p)-plane.Consequentlythisrepre-
sentatiorwill beverywell suitedto extractdirectionalinformation
from a multi-dimensionakignal.

Becaus®f thenoisycharacteof seismicdata,crosstermsup-
pressionin the Wigner distribution is importantfor robust seis-
mic attribute extraction. Anotherimportantissueis computational
complity andefficient datal/O. Sincethe size of a typical 3-D
seismicdatasetis several 100 megabytesmost of the standard
algorithmsfor time-frequeng analysiscannotbe simply scaled
up to threedimensions. Several algorithmshave beendesigned
to computesmoothedwigner distributions of sliding datacubes.
Themostefficient algorithmsfirst computea 3-D sliding-windav
Fourier transform,eitherwith an FFT of a small datacubeor an
‘update and subtract’algorithm. Better space-timeocalization
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Figure 2: WignerRadon representationst four locations on
the ring-shapedintensity profile of Fig. 1. The modulus
|§(m¢, ti;p, 7)| is shown.

is then obtainedby correlationover frequeng in the 3-D local
Fouriertransform[5], [6].

In Fig. 3 the meanvolume-dipof a seismicdatasetalonga
slice of constanttime is shovn. The local Radonpower spec-
trum wascomputedby interpolationof the 3-D smoothedseudo
Wigner distribution. The resultinglocal (p1, p2) power spectra
wheretheninterpolatedonto a dip-azimuth(|p/|, «) grid by a bi-
linearinterpolation. The meanvolume-dipof the signalwasthen
estimatedit eachsampleocationusingEg. (9).

Thevolume-dipattribute bringsforwarddiscontinuitiesn the
reflection surfaces. The steeplydipping featuresindicate geo-
logical discontinuities suchasfaults. The signaldiscontinuities,
whichgenerallydelineatemportantgeologicafeaturescanbede-
tectedwith moreaccurag in the attribute imagethanin the origi-
naldata.

4. CONCLUSIONS

A Wignertype local Radonpower spectrumhas beenderived.

This WignerRadonrepresentatioiis very well suitedfor the ex-

traction of geometricalpropertiesof seismicreflectionsurfaces.
The closerelationbetweernthe WignerRadonrepresentatioand
the multi-dimensionalWigner distribution permitsthe extension
of mary of the techniquesthat have beendevelopedfor one-
dimensionaltime-frequeng analysisto multi-dimensionallocal

Radonpower spectra. The increaseccompleity of 3-D analy-
sisandthe sizeof seismicdatasetsposedimits on this extension.
However, efficient algorithmshave beendesignedhathave made
routineapplicationof 3-D local frequeng analysisof seismicre-

flectiondatafeasible.
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Figure3: (top) Constantime sliceat 1.3[s] througha 3-D seismicdatasetand(below) correspondingolume-dipattribute slice. A 4x4x4
sliding analysiscubewasusedto computethe WignerRadonrepresentatiofrom which the meanvolume-dipwasestimated.Steepdips
aregivenin black,zerolocal dip is white.



