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Summary

The Common-Reflection-Surface (CRS) Stack was originally
introduced as a data-driven method to simulate zero-offset
sections from 2-D seismic reflection pre-stack data. The
noteworthy resultsreceived for varioussyntheticandreal data
examples encouragedus to transfer the approachto more
generalproblems,namelythesimulationof finite-offsetsections
for 2-D pre-stackdataaswell as the simulationof zero-offset
volumes for 3-D data. In the first part of this contribution,
we focus on thesegeneralizationsof the Common-Reflection-
SurfaceStackandbriefly indicateimplementationstrategiesfor
thezero-offsetsimulationin 3-D andthefinite-offsetsimulation
in 2-D. Furthermore,we discussseveral applicationsof the
kinematicCRS wavefield attributes.They are,e.g., suitedfor
trueamplitudeanalysis,inversion,andparsimoniousmigration.
In additionto thisbasicdiscussionof theCRSmethod,practical
exampleswill begivenin thetalk.

Intr oduction

The Common-Reflection-Surface(CRS) Stackwas introduced
by Müller (1998)andMüller et al. (1998)asa data-drivenzero-
offset (ZO) simulationmethodfor 2-D thatdoesnot requirean
explicit knowledgeof themacrovelocitymodel.TheCRSstack
assumesthesubsurfaceto be setup by reflectorsegmentswith
arbitrarylocation,orientation,andcurvature.TheCRSstacking
operatorapproximatesthekinematicreflectionresponseof such
areflectorsegment.In contrast,theoperatorsof, e.g.,Kirchhoff
migration or normal moveout/dip moveout/stackare defined
asthe responsesof diffractorsor ZO isochronsegmentsin the
subsurface, respectively. Obviously, the latter two approaches
representspecialcasesof the CRSstackapproach:on the one
hand,a diffractionpoint canbedescribedasa reflectorsegment
with infinite curvature,on the other hand, the curvature of a
reflectorsegmentcouldalsocoincidewith thecurvatureof aZO
isochronsegment.

A model-basedapplicationof the CRSstackis hardly applica-
ble asit requiresa detaileddescriptionof the model including
all interfaces—asmoothmacrovelocity modelis not sufficient
for this task.However, in the scopeof paraxialzero-orderray
theory, the threepropertiesof the reflectorsegmentare asso-
ciatedwith a set of wavefield attributes that representpropa-
gation directionsand curvaturesof certainhypotheticalwave-
fronts. With thesewavefield attributes,an analyticapproxima-
tion of thekinematicreflectionresponseof thereflectorsegment
canbederived.Thisapproximateresponse,in thefollowing also
called CRS stackingoperator, and its associatedwavefield at-
tributescanbe directly determinedfrom the pre-stackdataby
meansof coherenceanalysis.In otherwords,theoptimumCRS
stackingoperatorfor aparticularZO sampleto besimulatedcan
be determinedin a data-driven way without the needto know
theactuallocation,orientation,andcurvatureof thecorrespond-

ing reflectorsegment.Thus,the CRSstackapproachimplies a
generalizationof thewell-known CMP stackandvelocity anal-
ysis.However, insteadof only onewavefieldattribute,thestack-
ing velocity,1 theCRSstackprovidesanentiresetof wavefield
attributesthat parameterizethesubsurfacemodelandserve for
variousapplications:e.g., thegeometricalspreadingfactorand
the projectedFresnelzonecanbe estimated,or diffraction and
reflectioneventscanbeseparatedby meansof theattributes.

Applicationsof the CRS stack for the simulationof 2-D ZO
sectionscan be found in Mann et al. (1999) and Jäger et al.
(2001). Further improvementsof the “classic” CRS stack for
2-D, namelythehandlingof conflictingdip situations,werein-
troducedby Mann(2001).

3-D zero-offsetsimulation

For theZO case,thereflectorsegment’s propertiesandtheasso-
ciatedwavefieldattributesarerelatedto eachotherby two hypo-
theticalexperiments.For ZO, we assumeonly unconvertedpri-
mary eventswith normal incidenceon the reflectinginterface.
In this case,the up-goinganddown-going ray branchescoin-
cide. The up-goingray branchis called the normal ray in the
following. For the first experiment,a point sourceis placedat
the normal incidencepoint (NIP) of the normal ray on the re-
flectorsegment.Thewavefrontemanatingfrom thisexperiment,
the so-calledNIP wave, propagatesalong the normal ray and
emergesat the acquisitionsurfacewith well-definedcurvature
andpropagationdirection.In thesecondexperiment,a simulta-
neousexcitation of the entire reflectorsegment(exploding re-
flectorexperiment)is performedto obtaintheso-callednormal
wave.Again,thewavefrontpropagatesalongthenormalrayand
emergeswith a certaincurvatureandthe samepropagationdi-
rectionasin thefirst experiment.

For the 2-D case,both curvaturesas well as the propagation
direction can be expressedas scalars.Thus, we receive three
wavefield attributes for this simplestcase.The 2-D ZO case
wasthoroughlydiscussedby Mannet al. (1999)andJägeret al.
(2001).Theseconceptscanbe immediatelygeneralizedto the
3-D caseby performingthesamehypotheticalexperimentsasin
2-D. Somesnapshotsof theemerging wavefrontsaredisplayed
in Figure1 for amodelconsistingof threehomogeneouslayers.
Obviously, thecurvaturescanno longerbedescribedby scalars
but take the form of 2 � 2 matrices.The propagationdirection
cannow bedescribedby aunit vectorwith threecomponentsor,
moreconvenient,by its projectiononto theacquisitionsurface.
Consideringthe symmetryof the curvaturematrices,we come
up with a setof eightwavefieldattributes.Nevertheless,thehy-
perbolicCRSstackingoperatorformally remainsthesameasfor

1In 3-D, thestackingvelocity in generaldependson theazimuth.
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Fig. 1: Hypotheticalexperimentsyielding the wavefield attributesfor the 3-D CRSstackfor ZO. The normal ray (bold blue line) connectsthe
normalincidencepoint on thesecondinterface(brown grid) with theacquisitionsurface(brown plane).Theredandgreensurfacesrepresentthe
emerging NIP andnormalwavefronts,respectively, for threedifferentinstancesof time.

the2-D case:

t2 � � t0 � 2
v

wz � m � 2

� 2t0
v

mT Â m � 2t0
v

hT B̂ h � (1)

The matricesÂ andB̂ dependon the curvaturesof the normal
and the NIP wave, respectively, and the projectedpropagation
direction wz. m and h denotethe relative midpoint displace-
ment vector and the half offset vector, respectively. As in the
2-D case,t0 is thetraveltimeto besimulated,andv denotesthe
near-surfacevelocity.

To fit the optimum stacking operatorto an actual reflection
event, a global optimization in an eight-dimensionalparame-
ter domainwould be required.However, the computationalef-
fort for suchanoptimizationis unacceptable.Similar to theim-
plementationstrategy for 2-D (see,e.g., Jägeret al., 2001),the
eight-parameterproblemcanbesplit into separateoptimizations
with lessparameters.Amongotherstrategies,oneway to solve
this problemis to decomposeit into a setof 2-D problems:in
caseof sufficient azimuthalcoveragein the pre-stackdata,the
CRSstackfor 2-D canbeappliedindependentlyfor lines with
threedifferentazimuths.The3 � 3 wavefieldattributesfrom this
approachcan be combinedto the eight wavefield attributesin
Equation(1).

In caseof poor azimuthalcoverage,the curvatureof the NIP
wavefrontcannotbefully determinedbecauseof thelack of in-
formationin theacquireddata:if, e.g., only onesmallazimuth
rangeis covered,the five-dimensional� t � m � h 	 datadomainis
virtually four-dimensionalasall half-offsetvectorsh arealmost

parallel.An additionalassumption,e.g., sphericalNIP wave-
fronts,is requiredfor acompletedescriptionof theCRSstacking
operator.

2-D finite-offset simulation

For ZOsimulation,weconsideredrayswith coincidentup-going
anddown-goingray branches.However, in caseof finite offset
(FO) and/orconvertedwaves, the two ray branchesno longer
coincide.However, thedescribedtwo hypotheticalexperiments
with NIP andnormalwavefrontsprovideonly informationabout
thereflectorsegmentandthepropagationalongthenormalray.
Thus,different hypotheticalexperimentsare requiredto asso-
ciatethereflectorsegment’s propertieswith wavefieldattributes
in thetimedomain—theseexperimentshaveto provideinforma-
tion aboutbothraybranchesof theFOray.

Appropriatehypotheticalexperimentsfor theFO casewerein-
troducedby Zhanget al. (2000).Thefirst experimentis theso-
calledcommon-shot(CS)experiment2 for which a point source
is placedin the shot point of the consideredFO ray. The CS
wavefront propagatesalong the down-going ray branch,is re-
flectedat the reflectorsegment,andpropagatesbackto the ac-
quisitionsurfacealongtheup-goingraybranch.Thisexperiment
definesthreewavefield attributes,namelythe curvatureof the
wavefront K1 emerging at the receiver andthe propagationdi-
rectionalongtheFO ray at thesourceandthe receiver, respec-
tively. Thepropagationdirectionscanbedescribedby theangles
betweentheFOraybranchesandtheacquisitionsurfacenormal.

2“Common” refersto the paraxialraysin the vicinity of thecentral
FOray.
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Fig.2: Hypotheticalexperimentsyieldingthewavefieldattributesfor the2-D CRSstackfor FO.TheFOray(boldgreenline) connectsthereflection
point on the secondinterfacewith the acquisitionsurface.The blue lines representthe a) CS andb) CMP wavefronts,respectively, for different
instancesof time. The propagationdirectionsalongthe FO ray aregiven by βS andβG at the shotandthe receiver, respectively. K1, K2, andK3
denotethecurvaturesof thewavefrontsat theindicatedlocations.

TheCSexperimentis depictedin Figure2afor amodelconsist-
ing of threehomogeneouslayers.

Thesecondexperiment,theso-calledcommon-midpoint(CMP)
experiment2, is moredifficult to explain: theinitial curvatureof
thewavefrontstartingat thesourceis now no longerzero(asin
the CS experiment)but takesa finite valueK2. This wavefront
alsopropagatesalongtheFO ray via the reflectinginterfaceto
thereceiver andemergeswith thecurvatureK3 (seeFigure2b).
ThepropagationdirectionalongtheFOrayis thesameasfor the
CSexperiment.Thus,wecomeupwith asetof fivewavefieldat-
tributesfor theFOcase.For offsetzero,thenumberof attributes
againreducesto three:thetwo angles,βS andβG, coincideand
the threecurvatures,K1, K2, andK3, canbeexpressedin terms
of thetwo curvaturesrelatedto thenormalandNIP waveexper-
imentintroducedfor theZO case.

The hyperbolic approximationof the kinematic reflection re-
sponseof thereflectorsegmentfor FOin termsof thefivewave-
field attributesis given in Equation(2). � t0 � x0 � h0 	 definesthe
FO sampleto be simulated,whereasxm andh denotethe mid-
point andhalf-offsetcoordinatesof thecontributing traces.The
near-surfacevelocitiesat shotandreceiver aregiven by vS and
vG, respectively. Similar to theZO case,thesearchfor theseat-
tributescanbeperformedin separatestepsandspecificgathers.
In eachgather, theCRSstackingoperatoris atwo-parameterhy-
perbola.We determinetwo parametersin the CMP gather, two
in the common-offset (CO) gather, and the last one in the CS
gather(thesecondCSparameteris not independent).

The presentedapproachfor the simulationof 2-D FO sections
canbegeneralizedto the3-D caseby performingthesamehy-
potheticalexperiments.As for theZO case,thepropagationdi-
rectionsarethengivenby two componentvectors,whereasthe
curvaturesaresymmetric2 � 2 matrices.This yields a total of
13 wavefield attributes.The developmentof efficient strategies
to determinetheseattributesremainsasa futureresearchtopic.

As alreadyindicatedabove, the CRS stackfor FO simulation
canalsohandleconvertedwaves.In this case,the near-surface
velocitiesat shotandreceiver, vS andvG, referto therespective
wave types.

Applications of the attrib utes

The CRSstackingoperatorapproximatesthe kinematicreflec-
tion responseof a curved reflectorsegment.By simply setting
the curvatureof the normalwave equalto the curvatureof the
NIP wave for the ZO case,we obtaina second-orderapproxi-
mationof the kinematicdiffraction responseof the associated
point in depth.The apex of this responsereadily provides the
imagelocationfor time migration.Placingthestackresult into
this apex locationyieldsa time migratedimagewithout requir-
ing anexplicit velocitymodel,seeMannet al. (2000).

The traveltime difference∆t betweenthe approximatedreflec-
tion anddiffraction responsesserves to estimatethe projected
first Fresnelzoneby meansof thecondition∆t 
 1� 2 f , with f
denotingthedominantwavelet frequency (Hubralet al., 1993).
TheprojectedFresnelzoneallows to performa subsequentpar-
simoniousmigration,i. e.,amigrationrestrictedto theactualre-
gion of tangency betweenthemigrationoperatorandthereflec-
tion event.Thisspeedsupthemigrationprocessandprovidesan
optimumsignal-to-noiseratio in themigratedimage.

TheCRSstackmethodusesmuchmoretracesto determinethe
wavefieldattributesthan,e.g., NMO/DMO/stack.Thus,theat-
tributesaremorestableandreliablethanthe stackingvelocity
obtainedfrom conventionalvelocity analysis.The stackingve-
locity canbeexpressedin termsof theCRSattributes.With the
known incidenceandemergencedirections3 of the centralray,

3Both directionscoincidein theZO case.
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t2 �� t0 � � sinβG

vG
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� sinβS
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vS � � h � h0 	����
(2)

this approachalsoprovidesthe RMS velocity that is suitedfor
subsequentprocesseslike a Dix-type inversion,etc.

As shown by Newman(1973),kinematicwavefront properties
also provide information aboutdynamiccharacteristicsof the
wavefield. Generalizinghis approachthe kinematic CRS at-
tributescanberelatedto thegeometricalspreadingfactoralong
thecentralray. Thegeometricalspreadingfactorservesasanat-
ural gain function for the simulatedZO or FO sectionandfor
true-amplitudeanalysis.

Last but not least,we would like to indicatethat the CRS at-
tributesarealsosuitedto constructa layeredmodelwith con-
stantvelocity in eachlayer. However, this layer-stripping ap-
proachrequiresthe picking of key events in the CRS stacked
sectionandtheir associatedwavefieldattributes.Detailscanbe
foundin Majer (2000).

Conclusions

TheCRSstackmethod,originally introducedfor thesimulation
of 2-D ZO sections,hasbeengeneralizedfor the simulationof
3-D ZO sectionsaswell as2-D FOsections.For anefficient im-
plementation,the3-D ZO CRSstackcan,e.g., bedecomposed
to separate2-D ZO problems.An implementationstrategy for
the2-D FO CRSstackwasdiscussed.Its generalizationto 3-D
remainsassubjectfor futureresearch.

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

Several useful seismicapplicationsof the wavefield attributes
havebeendiscussedfor the2-D ZOcase.Analogousexpressions
canbederivedfor themoregeneral3-D and/orFO approaches.
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