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ABSTRACT

Byusinganarbitrary sourceandreceiverconfigurationa new stack processingcalled
CommonReflectionSurfacewasproposedin therecentyearsfor simulatingzero-offset
sections.Asbyproducts,this techniqueprovidesimportantnormalrayassociatedpa-
rameters, to be known: 1) The emergenceangle; 2) the radiusof curvature of the
Normal IncidencePoint Wave (NIP); and 3) the radiusof curvature of the Normal
Wave. It is basedonthehyperbolictraveltimeparaxial approximation,that is function
of the threementionednormal ray parameters. In this paperwe presenta new op-
timizationstrategy for determiningthesethreeparameters andsimulatingzero-offset
sectionbasedon the CRSstack formalism. This is a threestepin cascadeprocess:
1) Two-parameters global optimization;2) One-parameterglobal optimization;and
3) three-parameters local optimization. This new strategy provideshigh resolution
simulatedzero-offsetsectionsandverygoodestimatesof thethreenormalrayparam-
eters. It is alsopossibleto applyit, withouttoomuch additionalwork,thisstrategyfor
solvingtheconflictingdip problem.

INTRODUCTION

Thispaperconcernswith thesimulationof zero-offsetseismicsection.Thisisaroutine
seismicprocessbasedon stackingof wave field registeredby multi-coverageseismic
datato enhancetheprimaryreflectioneventsandto increasethesignal-to-noiseratio.

TheconventionalCMPstackor NMO/DMO/STACK techniquesgivenby (Mayne,
1962)and(Hale,1991)usea macro-velocity model to simulatethe zero-offset sec-
tion. In thelastyears,severalseismicstackingprocesswereproposedby (Gelchinsky,
1989);(Keydaretal.,1993);(Berkovitch etal.,1994);and(Mueller,1999),whichare
not dependenton themacro-velocitymodel,andinsteadof thatusewavefrontparam-
eters.Oneof hisnew stackmethodwascalledCommon-Reflection-Surface(CRS)by
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(Tygel et al., 1997). In additionto the zero-offset seismicsection,the CRSmethod
providesnew stackparametersthatareassociatedwith thenormalreflectionray and
areusefulfor determinationof themacro-velocitymodel.

TheCRSstackis performedby usinga hyperbolicparaxialtraveltimeapproxima-
tion tocalculatethestacksurfacesasgivenby (Schleicheretal.,1993)and(Tygeletal.,
1997).This formulais usefulfor seismicstackingwith arbitrarysource-receiver con-
figurationin heterogeneousmedia. In the two-dimensionalcase(2-D), this approach
dependson threestackparameters:(a) Theemergenceangleof theprimaryreflection
normalray

� ¶ ��� ; (b) theradiusof curvatureof thenormalincidencepoint (NIP) wave� �����	� � ; and(c) theradiusof curvatureof thenormalwave
� ��� � . Theso-calledNIP

andNormalwavesweredefinedby (Hubral,1983),which play an importantrole for
thesecondorderparaxialtraveltimeapproximation.

TheCRSstackmethodis availableby meansof acoherenceanalysisfor estimating
threeparameters,i.e. ¶ � , �����	� and ��� , by usinganoptimizationstrategy. (Mueller,
1999)hasuseda threestepsoptimizationmethod.First step,oneparametersearch(a
combinationof ¶ � and �����	� ) is madeby usingasinput the multi-coverageseismic
datain a Common-Mid-Point(CMP)configuration;secondstep,theemergenceangle
andtheradiusof curvaturedo theNormalwave parametersareestimatedin thesim-
ulatedzero-offsetsectionobtainedin thefirst step;andasfinal step,theresultsof the
two earlierstepsareusedas initial approachto searchthe bestthreeparametersby
usingthe whole seismicdatawith arbitraryconfiguration.The non-linearoptimiza-
tion processingis basedon theSimplex algorithm. (Birgin et al., 1999)modifiedthe
aboveoptimizationstrategy by applyinga localoptimizationalgorithmcalledSpectral
ProjectedGradientMethod.

In this paperwe presenta new strategy for searchingthe threeCRSstackparam-
eters.This is performedalsoin threesteps:1) Two-dimensionalglobaloptimization
for determining¶ � e �����	� , simultaneously;2) One-dimensionalglobaloptimization
for determiningonly ��� ; and3) Three-dimensionallocal optimizationfor the three
parameters,simultaneously, using as initial approximationthe resultsof the earlier
two steps.In the first two stepsthe SimulatedAnnealingalgorithmis used,andthe
VariableMetric algorithmis usedin thelaststep.

HYPERBOLIC TRAVELTIME APPROXIMA TION

Thesecondorderhyperbolicexpansionapproachesthe traveltimesof the raysin the
vicinity of afixednormalray (calledzero-offsetcentralray),canbederivedby means
of paraxialray theoryfollowing (Schleicheretal.,1993).For two-dimensionalmedia,
andassumingthenearsurfacevelocityis known, thehyperbolictraveltimeapproxima-
tion canbeexpressedasfunctionof threeindependentparameters,i.e. theemergence
angle ¶ � of the normal ray, the radiusof curvature �����	� of the NIP wave and the
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radiusof curvature ��� of theNormalwave. Thesethreeparametersaremeasuredat
theemergencepoint of thezero-offsetcentralray. TheNIP wave (NIP-wave) andthe
Normalwavearefictitiouswavesdefinedby (Hubral,1983),whichareimportantcon-
ceptsfor theseismicimagingtheory. TheNIP-waveis anupgoingwavethatoriginates
at thenormalincidencepoint (NIP) of thezero-offsetcentralray on thereflector. The
N-wave is an exploding reflectorwave with an initial wavefront curvatureequalsto
the local curvatureof thereflectoron thevicinity of thenormalincidencepoint. The
generalexpressionof the hyperbolictraveltime that canbeappliedto heterogeneous
mediawith arbitrarysourceandreceiverconfiguration,is expressedby


 � �1���-������� 0 
	��� � � Z � ¶ �& � �1���)'2���*� 4 � � � 
	�|ã*äw� � ¶ �& � 0 �1���(')���*� ���� � � ������	�54 (1)

where

	�

is thezero-offsettraveltimeand & � is thenear-surfacevelocity;
���

and
�

arethecoordinatesof themidpointandhalf-offsetbetweenthesourceandthereceiver,
respectively; and

���
is thecoordinateat theemergency pointof thezero-offsetcentral

ray. The a ½b�1�����#
	�*� is thereferencepointof thezero-offsetsectionto besimulated.

The physicalinterpretationof the threeparameters( ¶ � , �����	� and ��� ), even in
heterogeneousmedia,is: Theemergenceangleof thezero-offsetraydefinestheangu-
lar orientationof thereflectorat theNIP pointonthereflector. Theradiusof curvature
of the NIP-wave yields informationsaboutthe distancebetweenthe NIP reflection
point andthe emergencepoint of the zero-offset ray. The radiusof curvatureof the
N-waveallowsinformationsabouttheshape(or localcurvature)of thereflector, at the
NIP point. In the particularcasewhen ��� � �����	� , the reflectorelementcollapses
into adiffractionpoint,andno informationabouttheshapeof thescattereris possible.
Applying thisconditionin equation(1), it results


 � �1���-�����¨� 0 
	��å� � Z � ¶ �& � �1���(')���*� 4 � �å� 
	��ãfäw� � ¶ �& � �����	� 0 �1���)')���*� � �æ� � 4�> (2)

The hyperbolictraveltime becomesa two-parameterexpression( ¶ � and ���3�6� ).
For heterogeneousmedia,theso-calledCRSstackingoperatorcalculatedby formula
(2), is similar to thepre-stackKirchhoff migrationoperator.

2-D CRSSTACK

By consideringa referencepoint of the zero-offset section a ½��1�����c
	��� , the stacking
surfaceof the CRSstack,alsocalledCRSstackingoperator, is an approachto the
kinematicresponseof thereflectioncurvedinterfacein a heterogeneousmedia.



38

The CRSstackis a methodthat simulatesa zero-offset sectionby usingmulti-
coverageseismicdata,summingthereflectioneventsin thestackingsurface,which is
definedby meansof thehyperbolictraveltimeformula.Therefore,thedefinitionof the
beststackingsurfaceby meansof thekinematicformula(1) requiresthedetermination
of the optimal triplet parameter( ¶ � , ���3�6� and ��� ), for eachpoint a ½ç�����b�#
	�*� of the
zero-offsetsection.

For a given point a ½ of the zero-offset section,the threeparameters( ¶ � , �����	�
and ��� ) of the CRS stackingoperatorcan be determinedfrom the input data,by
meansof somemulti-parametersearchprocessthatusesasobjectivefunctionacertain
coherencemeasure.Then, the zero-offset sectionis obtainedby stackingthe data,
usingthethreeparametersthatproducethelargestcoherencevalue.

The usedcoherency criterion is the semblancemeasuregiven by (Neidell and
Taner,1971),

¢ �Yè �|é h êecë �  h ê � è 8J ë ¯ � J z e HNJOL + �ì è �|é h êe#ë �  h ê è 8J ë ¯ � �J z e HKJML � (3)

where
� J z e HNJOL is theseismicsignalamplitudeindexedby thechannelordernumber,Z � G � >«>%> � ì , and the stackingtrajectory, d � Z �Â� � 'í�tîÁï � �*� >«>%> � � �T�mîÁï � � . The

stackingtrajectoryis determinedby the CRS stackformulas. The index
ì

is the
numberof seismictracesand

�mîs� G � is the numberof time gatesamples. � is the
index of theamplitudein thecenterof thetimegate.Thesemblancefunction ¢ means
the ratio of signalenergy to total energy of all membersof the gather. It constitutes
a normalizedcoherencemeasurewith valuesbetween

B
and G , andit equalsto unity

only if all signalsin wholetracesareidentical.

Themainproblemof theCRSstackmethodis to find theoptimaltriplet parameter
that maximizesthe objective function. The parameterspacesare the mathematical
intervals

'�ð3ï � � ¶ � � ð3ï � and
'�] �@���3�6� � ��� � � �ñ] . This problemis solved

by a multi-dimensionalglobal optimizationalgorithm, which is capableto find the
global maximum,but statedat a low computationalcost. However, the convergence
to find the globalmaximumis, in general,highly dependenton the behaviour of the
objective function.

If a particularzero-offsetevent is composedby interferenceof severalevents,we
have to take into accountmorethanonemaximum.In otherwords,to solve thecon-
flicting dip problemit mustbe usedmorethanonetriplet parameterin the stacking
process.In this case,it is necessaryto find the globalmaximumandat leasta local
maximumatpointsof thezero-offsetsection.

In thefollowing,basedontheformulas(1) and(2),wedescribethenew CRSstack
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strategy by combiningglobal andlocal optimizationalgorithms,for determiningthe
besttriplet parameter.

CRSSTACK PROCESSINGSTRATEGY

We presentin this item a descriptionof the optimizationstrategy that is productof
our endeavour for determiningthe threeparametersof the CRSstackoperator. It is
separatedin threesteps,beingthefirst two performedby usinga globaloptimization
SimulatedAnnealingalgorithmgivenby (SemandStoffa,1995),andthethird stepby
alocaloptimizationVariableMetric algorithmgivenby (Bard,1974).In all threesteps
theinputdataarecommon-offsetseismicsections.

Optimization Strategy

StepI : Two-parametersglobal search

We selecta point a � in time domainthat is usedasreferencefor determiningthe
two parameters¶ � and �����	� , subjectto �����	� � ��� in the formula(1) that implies
in formula (2). By using formula (3) as objective function, the inverseproblemis
formulatedto estimatethebest¶ � and �����	� with themaximumsemblancevalue.For
solvingit weuseaglobaloptimizationSimulatedAnnealingalgorithm,with theinitial
approximationbeingrandomvaluesinto a priori definedphysicalintervals. We have
asresultsin thisstep:1) Maximumcoherencesection;2) Emergenceanglesection;3)
Radiusof curvatureof NIP wavesection;and4) Simulatedzero-offsetsection.

StepII : One-parameterglobal search

In thesecondstepweselectalsoareferencepoint a � in timedomainfor determin-
ing the third parameter��� . Thevaluesof parametersestimatedby the first stepare
usedto fix ¶ � and �����	� in formula(1) in this step. In this turn, the inverseproblem
is formulatedto estimatethebest ��� with themaximumsemblancevalue,usingthe
objective functionformula(3). We use,asbefore,theglobaloptimizationSimulated
Annealingalgorithm. In this step,theresultsare:1) Maximumcoherencesection;2)
Radiusof curvatureof Normalwavesection;and3) theimprovedzero-offsetsection.

StepIII : Three-parameterslocal search

The results of first and secondstepsare considereda good approachto the
searched-fortriplet stackparameters,and also an intermediatesimulatezero-offset
section.Theseresultsareto beusedasinitial approximationat thethird step.It means
that we selecta referencepoint a � in time domain,and using the whole data,we
make a new searchfor the threeparameters,simultaneously. The inverseproblemis
formulatedto estimatethebesttriplet parameters

� ¶ ��� �����	� � ��� � with themaximum
semblancevalue. This problemis now solvedby usinga local optimizationVariable
Metric algorithm. As final resultswe have: 1) The maximumcoherencesection;2)
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Emergenceanglesection;3) radiusof curvatureof theNIP wave; 3) radiusof curva-
tureof theNormalwave;and4) thezero-offsetsimulatedsection.In Figure1 is shown
theprocessingflow chartfor theCRSstackappliedin thiswork.

Figure1: CRSstackprocessingflow chat. By the two first stepsit is determinedthe
initial triplet parameters( ¶ ½/� ���3�	� � ��� ), which areusedas initial guessin the final
step.

APPLICATION

By consideringa syntheticmodelwith threehomogeneouslayersFigure2, we simu-
latemulti-coverageprimaryreflectiondatausinga ray tracingalgorithm.Thedataset
consistsof 140common-shotswith 48 geophonesseparatedby 25 meters.Themin-
imum offset is 100 metersandthe maximumis 1675meters.The distancebetween
two consecutive shotsis 25 meters. The sourcesignal is a Gaborwavelet with 40
Hz dominantfrequency, anda time samplerateof 2 ms. An exampleof directmod-
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elleddatais presentedin Figure3, that is a syntheticzero-offsetseismicsectionwith
noise-to-signalratioequalsto 5.
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Figure2: Syntheticmodelconsistingof threelayers.
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Figure3: Modelledzero-offset sectionwith primary reflectioneventscorresponding
to thegeophysicalmodelin Figure2.

The common-shotsectionsweresortedinto common-offset sections,beforethe
optimizationstrategy wasappliedto. In Figure4 is shown the simulatedzero-offset
seismicsectionobtainedin this work by CRSstacking.Dueto theCRSstackmethod
involvesa large numberof tracesduring the stackprocess,the simulatedzero-offset
sectionpresentsa high signal-to-noiseratio, in comparisonwith thedirectcalculated
zero-offsetsection(Figure3).

In Figure5 we have the maximumcoherence(semblance)sectioncorresponding
to theoptimizedparametersat thethird step. In this section,thetwo primaryreflec-
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Figure4: Simulatedzero-offsetsectionfrom thefinal CRSstack,usingthethreebest
CRSstackingparametersobtainedby thethird step.

tion eventsareidentifiedby highercoherencevalues(0.3-0.9). Theoptimizedemer-
genceanglesarepresentedin Figure6,with acontinuosvariationin zonesof reflection
events.In Figure7 we comparetheCRSoptimizedemergenceangles(crossline) and
theray theoreticalcalculatedvalues(dot line).
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Figure5: Coherency (semblance)sectiongeneratedin the third stepby the stacking
surfacesusingmulti-coveragedata.
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Figure6: ò�ó sectionwith thebestestimatedresultsof theCRSstack.
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Figure7: Comparisonof ò�ó . Direct calculatedvalues(dot line) andfinal estimated
values(crossline). Top: First interfaceandbottom:secondinterface.
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The optimizedradii of curvaturesof the NIP wavesareshown in Figure8. For
comparison,in Figure9, we have the optimizedNIP wave radii of curvatures(cross
line) andthe ray theoreticalcalculatedvalues(dot line). We observe that in caustic
region the radiusof curvatureof the NIP wave is only poorly estimated.This last
resultis dueto thedestructive interferenceof causticevents.
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Figure8: ô�õ�ö	÷ sectionwith thebestestimatedresultsof theCRSstack.
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Figure 9: Comparisonof ô�õ�ö	÷ . Direct calculatedvalues(dot line) and estimated
values(crossline). Top: First interfaceandbottom:secondinterface.
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In Figure10 we have theoptimizedradii of curvaturesof theNormalwaves.Due
to theweaker sensibilityof ô�õ in theoptimizationCRSstack,we have thatzonesof
signchangesof curvaturein thesyntheticmodelcorrespondtowrongoptimizedvalues
in theresultradiussection.In Figure11, we comparetheoptimizedvaluesof radius
of curvatureof theNormalwave(crossline), andraytheoreticalcalculatedvalues(dot
line), bothat thereflectorinterfaces.This third parameteris alsonot goodestimated
in the causticzoneof the secondreflector, dueto the destructive interferenceof the
causticevents.
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Figure10: ô�õ sectionwith thebestestimatedresultsof theCRSstack.
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Figure11: Comparisonof ô�õ . Directcalculatedvalues(dot line) andestimatedvalues
(crossline). Top: First interfaceandbottom:secondinterface.
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CONCLUSION

In this work, with a reasonablecomputationalcost,we haveshown a new strategy for
determiningthe threeparametersof the hyperbolicapproximationCRSformula, by
combiningthreesteps:Thefirst, by usinga two-parametersglobaloptimizationfor ò�ó
andô�õ�ö	÷ , subjectto ô�õVø�ô�õ�ö	÷ ; thesecond,aone-parameterglobaloptimizationforô�õ ; andthethird, thethree-parameterslocaloptimizationfor ò�ó , ô�õ3ö6÷ and ô�õ . This
threestepsareappliedin cascade,suchthatwe canobserve a progressive improving
of theparameterestimates.To applytheglobaloptimizationwehave useda Simulate
Annealingalgorithm,andfor doingthe local optimizationin thefinal stepwe useda
VariableMetric algorithm.

This new CRSstackstrategy provide usvery goodresultswhenappliedto multi-
coveragesyntheticseismicdata. In the simulatedzero-offset sectionwe have a high
signal-to-noiseratio,andverygoodresolutionof primaryreflectionevents.Theemer-
genceangleis betterestimatedin comparisonwith theothertwo searched-forparam-
eters. The radii of curvaturesof the NIP and Normal waves estimateshave lower
accuraciesonly in thecausticzoneat thesecondreflector.

Finally, we canaffirm this new CRSstackstrategy is availableto solve the con-
flicting dip problem,sothatwe have thepossibilityto determinetheglobalmaximum
andat leastonelocalmaximum.
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