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Summary

The Common-Reflection-Suate (CRS) Stack was originally
introduced as a data-drven method to simulate zero-ofset
sections from 2-D seismic reflection pre-stack data. The
noteworthy resultsreceved for varioussyntheticandreal data
examples encouragedus to transfer the approachto more
generaproblemspamelythesimulationof finite-offsetsections
for 2-D pre-stackdataaswell asthe simulationof zero-ofset
volumesfor 3-D data. In the first part of this contritution,
we focus on thesegeneralization®f the Common-Reflection-
SurfaceStackandbriefly indicateimplementatiorstratgiesfor
thezero-ofsetsimulationin 3-D andthefinite-offsetsimulation
in 2-D. Furthermore,we discussseveral applicationsof the
kinematic CRS wavefield attributes.They are, e.qg., suitedfor
true amplitudeanalysisjnversion,andparsimoniousnigration.
In additionto this basicdiscussiorof the CRSmethod practical
exampleswill begivenin thetalk.

Intr oduction

The Common-Reflection-Swate (CRS) Stackwas introduced
by Muller (1998)andMilller etal. (1998)asa data-drven zero-
offset (ZO) simulationmethodfor 2-D thatdoesnot requirean
explicit knowvledgeof the macrovelocity model. The CRSstack
assumeshe subsuréceto be setup by reflectorsggmentswith
arbitrarylocation,orientation,andcurvature. The CRSstacking
operatorapproximateshe kinematicreflectionrespons®f such
areflectorsgment.In contrastthe operatorsf, e.g., Kirchhoff
migration or normal moveout/dip moveout/stackare defined
asthe responsesf diffractorsor ZO isochronsegmentsin the
subsuréce, respectiely. Obviously, the latter two approaches
represenspecialcasesf the CRS stackapproachon the one
hand,a diffraction point canbedescribedasareflectorsggment
with infinite curvature, on the other hand, the cunature of a
reflectorsegmentcouldalsocoincidewith thecurvatureof aZO
isochronsggment.

A model-baseapplicationof the CRSstackis hardly applica-
ble asit requiresa detaileddescriptionof the modelincluding
all interfaces—asmoothmacrovelocity modelis not suficient
for this task. However, in the scopeof paraxialzero-ordemray
theory the three propertiesof the reflector segmentare asso-
ciatedwith a set of wavefield attributesthat representpropa-
gationdirectionsand curvaturesof certainhypotheticalwave-
fronts. With thesewavefield attributes,an analyticapproxima-
tion of thekinematicreflectionresponsef thereflectorsegment
canbederived. Thisapproximataesponsein thefollowing also
called CRS stackingoperatoy and its associatedvavefield at-
tributescan be directly determinedrom the pre-stackdataby
meansf coherencanalysisin otherwords,the optimumCRS
stackingoperatorfor a particularZO sampleto besimulatedcan
be determinedn a data-drven way without the needto know
theactuallocation,orientation,andcurvatureof thecorrespond-

ing reflectorsegment.Thus,the CRS stackapproachmplies a
generalizatiorof thewell-known CMP stackandvelocity anal-
ysis.However, insteadof only onewavefieldattribute, the stack-
ing velocity,! the CRSstackprovidesan entiresetof wavefield
attributesthat parameterizehe subsuracemodeland sene for
variousapplicationse.g., the geometricakpreadingactorand
the projectedFresnelzonecanbe estimatedpr diffraction and
reflectioneventscanbe separatethy meansof theattributes.

Applications of the CRS stackfor the simulationof 2-D ZO
sectionscan be found in Mann et al. (1999) and Jageret al.
(2001). Furtherimprovementsof the “classic” CRS stack for
2-D, namelythe handlingof conflicting dip situationswerein-
troducedby Mann(2001).

3-D zero-offsetsimulation

For theZO casethereflectorsggments propertiesandthe asso-
ciatedwavefieldattributesarerelatedto eachotherby two hypo-
theticalexperimentsFor ZO, we assumenly uncorvertedpri-

mary eventswith normalincidenceon the reflectinginterface.
In this case,the up-goingand down-going ray branchescoin-

cide. The up-goingray branchis called the normalray in the
following. For the first experiment,a point sourceis placedat
the normalincidencepoint (NIP) of the normalray on the re-
flectorsegment.Thewavefrontemanatingrom this experiment,
the so-calledNIP wave, propagateslong the normal ray and
emepgesat the acquisitionsurfacewith well-definedcunature
andpropagatiordirection.In the secondexperiment,a simulta-
neousexcitation of the entire reflectorsegment(exploding re-
flector experiment)is performedto obtainthe so-callednormal
wave.Again,thewavefrontpropagatealongthenormalray and
emegeswith a certaincurvatureand the samepropagatiordi-

rectionasin thefirst experiment.

For the 2-D case,both cunaturesas well asthe propagation
direction can be expressedas scalars.Thus, we receve three
wavefield attributes for this simplestcase.The 2-D ZO case
wasthoroughlydiscussedby Mannetal. (1999)andJageretal.
(2001). Theseconceptscan be immediatelygeneralizedo the
3-D caseby performingthe samehypotheticakexperimentsasin
2-D. Somesnapshot®f the emeging wavefrontsaredisplayed
in Figurel for amodelconsistingof threehomogeneoukayers.
Obviously, the cunaturescanno longerbe describedy scalars
but take the form of 2 x 2 matrices.The propagatiordirection
cannow bedescribedy aunit vectorwith threecomponentsr,
moreconvenient,by its projectiononto the acquisitionsurface.
Consideringthe symmetryof the curvaturematriceswe come
up with a setof eightwavefield attributes.Neverthelessthe hy-
perbolicCRSstackingoperatoiformally remainghe sameasfor

1In 3-D, the stackingvelocity in generaldepend®n the azimuth.
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Fig. 1: Hypotheticalexperimentsyielding the wavefield attributesfor the 3-D CRS stackfor ZO. The normalray (bold blue line) connectshe
normalincidencepoint on the secondnterface (brown grid) with the acquisitionsurface(browvn plane).The red andgreensurfacesrepresenthe
emepging NIP andnormalwavefronts,respeciiely, for threedifferentinstance®f time.

the2-D case:
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The matricesA andB dependon the cunaturesof the normal
andthe NIP wave, respectiely, andthe projectedpropagation
directionw,. m and h denotethe relative midpoint displace-
ment vector and the half offset vector respectrely. As in the
2-D case}, is thetraveltimeto be simulatedandv denoteshe
nearsurfacevelocity.

To fit the optimum stacking operatorto an actual reflection
event, a global optimizationin an eight-dimensionaparame-
ter domainwould be required.However, the computationakf-
fort for suchanoptimizationis unacceptableSimilar to theim-
plementatiorstrat@y for 2-D (see.e.qg., Jageretal., 2001),the
eight-parametegproblemcanbesplit into separat®ptimizations
with lessparametersAmong otherstratgjies,oneway to solve
this problemis to decompossét into a setof 2-D problems:in
caseof sufiicient azimuthalcoveragein the pre-stackdata,the
CRSstackfor 2-D canbe appliedindependentlyfor lines with
threedifferentazimuths The 3 x 3 wavefield attributesfrom this
approachcan be combinedto the eight wavefield attributesin
Equation(1).

In caseof poor azimuthalcoverage,the cunature of the NIP
wavefrontcannotbe fully determinedecaus®f thelack of in-
formationin the acquireddata:if, e.g., only onesmallazimuth
rangeis covered,the five-dimensionalt,m,h) datadomainis
virtually four-dimensionabsall half-offsetvectorsh arealmost

parallel. An additionalassumptiong.g., sphericalNIP wave-
fronts,is requiredfor acompletedescriptiorof the CRSstacking
operator

2-D finite-offset simulation

For 2O simulation,we consideredayswith coincidentup-going
anddown-goingray branchesHowever, in caseof finite offset
(FO) and/orcorverted waves, the two ray brancheso longer
coincide.However, the describedwo hypotheticalexperiments
with NIP andnormalwavefrontsprovide only informationabout
thereflectorsggmentandthe propagatioralongthe normalray.
Thus, different hypotheticalexperimentsare requiredto asso-
ciatethereflectorsegments propertieswith wavefield attributes
in thetime domain—thesexperimentshave to provide informa-
tion aboutbothray branche®of the FOray.

Appropriatehypotheticalexperimentsfor the FO casewerein-
troducedby Zhanget al. (2000). Thefirst experimentis the so-
calledcommon-shofCS) experiment for which a pointsource
is placedin the shot point of the considered~O ray. The CS
wavefront propagateslong the down-going ray branch,is re-
flectedat the reflectorsegment,and propagatedackto the ac-
quisitionsurfacealongtheup-goingray branch.Thisexperiment
definesthree wavefield attributes,namelythe cunature of the
wavefrontK; emeging at the recever andthe propagationdi-
rectionalongthe FO ray at the sourceandthe recever, respec-
tively. Thepropagatiordirectionscanbedescribedy theangles
betweerthe FOraybranchesndtheacquisitionsurfacenormal.

2*Common” refersto the paraxialraysin the vicinity of the central
FOray.
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Fig. 2: Hypotheticalexperimentsielding thewavefieldattributesfor the2-D CRSstackfor FO. TheFOray (bold greenline) connectghereflection
point on the secondnterfacewith the acquisitionsurface.The blue lines representhe a) CS andb) CMP wavefronts,respectiely, for different
instancesof time. The propagatiordirectionsalongthe FO ray aregiven by 35 and B at the shotandthe recever, respeciiely. K;, K,, andK,

denotethe curnvaturesof the wavefrontsat theindicatedlocations.

The CSexperimentis depictedn Figure2afor amodelconsist-
ing of threehomogeneoukyers.

Thesecondexperimentthe so-calledcommon-midpoin{CMP)
experiment, is moredifficult to explain: theinitial curvatureof

thewavefrontstartingat the sourceis now nolongerzero(asin

the CS experiment)but takes a finite value K,. This wavefront
alsopropagateslongthe FO ray via the reflectinginterfaceto

therecever andemegeswith the cunatureK; (seeFigure2b).
ThepropagatiordirectionalongtheFOrayis thesameasfor the
CSexperiment.Thus,we comeup with asetof five wavefieldat-
tributesfor the FO case For offsetzero,thenumberof attributes
againreducedo three:the two angles,g and B, coincideand
thethreecunatures K;, K,, andK,, canbe expressedn terms
of thetwo cunaturesrelatedto the normalandNIP wave exper

imentintroducedfor theZO case.

The hyperbolic approximationof the kinematic reflection re-

sponsef thereflectorsggmentfor FO in termsof thefive wave-

field attributesis given in Equation(2). (t,,%,,hy) definesthe
FO sampleto be simulated whereas¢, andh denotethe mid-

point andhalf-offset coordinatef the contrituting traces.The
nearsurfacevelocitiesat shotandrecever aregiven by vg and
Vg, respectiely. Similar to the ZO case the searchfor theseat-

tributescanbe performedn separatestepsandspecificgathers.
In eachgatherthe CRSstackingoperatoiis atwo-parametehy-

perbola.We determinetwo parametersn the CMP gathey two

in the common-ofset (CO) gather andthe last onein the CS

gather(the secondCS parameteis notindependent).

The presentedapproachfor the simulationof 2-D FO sections
canbegeneralizedo the 3-D caseby performingthe samehy-
potheticalexperiments As for the ZO case the propagatiordi-
rectionsarethengiven by two componentectors,whereaghe
cunaturesare symmetric2 x 2 matrices.This yields a total of
13 wavefield attributes.The developmentof efficient stratgies
to determinetheseattributesremainsasa future researchopic.

As alreadyindicatedabove, the CRS stackfor FO simulation
canalsohandlecorvertedwaves. In this case the nearsurface
velocitiesat shotandrecever, vg andv, referto therespectie
wave types.

Applications of the attrib utes

The CRS stackingoperatorapproximateghe kinematicreflec-
tion responsef a curved reflectorsegment.By simply setting
the cunatureof the normalwave equalto the cunatureof the
NIP wave for the ZO case,we obtaina second-ordeapproxi-
mation of the kinematicdiffraction responseof the associated
point in depth.The ape of this responseeadily providesthe
imagelocationfor time migration. Placingthe stackresultinto
this apex locationyields a time migratedimagewithout requir
ing anexplicit velocity model,seeMannetal. (2000).

The traveltime differenceAAt betweenthe approximatedeflec-
tion and diffraction responsesenesto estimatethe projected
first Fresnelzoneby meansof the conditionAt < 1/2f, with f
denotingthe dominantwaveletfrequeng (Hubraletal., 1993).
TheprojectedFresnekzoneallows to performa subsequernpar
simoniousmigration,i. e.,amigrationrestrictedto theactualre-
gion of tangenyg betweerthe migrationoperatorandthereflec-
tion event. This speedsip themigrationprocessandprovidesan
optimumsignal-to-noise@atio in themigratedimage.

The CRSstackmethodusesmuchmoretracesto determinethe
wavefield attributesthan, e.g., NMO/DMO/stack.Thus,the at-
tributesare more stableand reliable thanthe stackingvelocity
obtainedfrom conventionalvelocity analysis.The stackingve-
locity canbe expressedn termsof the CRSattributes.With the
known incidenceand emegencedirections of the centralray;

3Both directionscoincidein the ZO case.
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this approachalsoprovidesthe RMS velocity thatis suitedfor
subsequenprocessesik e a Dix-type inversion,etc.

As shavn by Newman (1973), kinematicwavefront properties
also provide information aboutdynamic characteristicof the
wavefield. Generalizinghis approachthe kinematic CRS at-

tributescanberelatedto the geometricabpreadingactoralong
thecentralray. Thegeometricabpreadingactorsenesasanat-

ural gain function for the simulatedZO or FO sectionandfor

true-amplitudeanalysis.

Last but not least,we would like to indicatethat the CRS at-
tributesare also suitedto constructa layeredmodel with con-
stantvelocity in eachlayer However, this layerstripping ap-
proachrequiresthe picking of key eventsin the CRS stacled
sectionandtheir associatedvavefield attributes.Detailscanbe
foundin Majer (2000).

Conclusions

The CRSstackmethod originally introducedfor the simulation
of 2-D ZO sectionshasbeengeneralizedor the simulationof
3-D Z0 sectionsaswell as2-D FO sectionsFor anefficientim-
plementationthe 3-D ZO CRSstackcan,e.g., be decomposed
to separate2-D ZO problems.An implementationstrateyy for
the 2-D FO CRSstackwasdiscussedits generalizatiorto 3-D
remainsassubjectfor futureresearch.

The data-drven simulationof FO sectionsopensup new pos-
sibilities for variousapplications As an example,the FO CRS
stackcan be usedto simulatea setof FO sectionswith high
signal-to-noiseratio which are well suitedas input for tomo-
graphicmethods.

Several useful seismicapplicationsof the wavefield attributes
have beendiscussedor the2-D ZO case Analogousexpressions
canbederivedfor themoregeneral3-D and/orFO approaches.
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