WavelnversionTechnolagy, ReportNo. 4, pages35-48

Commonreflectionsurfacestack: a new parameter
search strategy by global optimization

G. Garabito, J. C. R. Cruz,P. Hubral andJ. Costd

keywords. Imaging, zeo-offsetsimulation,optimization

ABSTRACT

By usingan arbitrary souceandreceiverconfiguationa new stak processingalled
CommorReflectiorSurfacevasproposedn therecentyeaisfor simulatingzeio-offset
sections Asby products this techniqueprovidesimportantnormalray associatega-
rametes, to be known: 1) The emegenceangle; 2) the radius of curvatue of the
Normal IncidencePoint Wave (NIP); and 3) the radius of curvatue of the Normal
Wave It is basedonthehyperbolictraveltimeparaxial approximation thatis function
of the three mentionedhormal ray parametes. In this paperwe presenta new op-
timizationstratagy for determiningthesethree parametes and simulatingzeo-offset
sectionbasedon the CRSstad formalism. Thisis a three stepin cascadeprocess:
1) Two-paametes global optimization;2) One-paameterglobal optimization;and
3) three-paametes local optimization. This new strategy provideshigh resolution
simulatedzeio-offsetsectionsandverygoodestimate®f thethreenormalray param-
etess. It is alsopossibleo applyit, withouttoo mud additionalwork, this strategy for
solvingtheconflictingdip problem.

INTRODUCTION

Thispaperconcernsvith thesimulationof zero-ofsetseismicsection.Thisisaroutine
seismicprocesdasedon stackingof wave field registeredoy multi-coverageseismic
datato enhanceheprimaryreflectioneventsandto increasehesignal-to-noiseatio.

TheconventionalCMP stackor NMO/DMO/STACK techniquegivenby (Mayne,
1962)and (Hale, 1991) usea macro-\elocity modelto simulatethe zero-ofset sec-
tion. In thelastyears severalseismicstackingprocessvereproposedy (Gelchinsly,
1989);(Keydaretal., 1993);(Berkovitch etal., 1994);and(Mueller, 1999),which are
notdependenbn the macro-\elocity model,andinsteadof thatusewavefrontparam-
eters.Oneof his new stackmethodwascalledCommon-Reflection-Suate(CRS)by
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(Tygel etal., 1997). In additionto the zero-ofset seismicsection,the CRS method
providesnew stackparametershatareassociatedvith the normalreflectionray and
areusefulfor determinatiorof the macro-\elocity model.

The CRSstackis performedby usinga hyperbolicparaxialtraveltime approxima-
tionto calculatehestacksuriacesasgivenby (Schleicheetal.,1993)and(Tygeletal.,
1997). This formulais usefulfor seismicstackingwith arbitrarysource-receer con-
figurationin heterogeneousedia. In the two-dimensionatase(2-D), this approach
depend®n threestackparameters(a) The emegenceangleof the primaryreflection
normalray (5,); (b) theradiusof curvatureof the normalincidencepoint (NIP) wave
(Rnrp); and(c) theradiusof curvatureof the normalwave (Ry). Theso-calledNIP
andNormalwavesweredefinedby (Hubral, 1983),which play animportantrole for
the secondrderparaxialtraveltime approximation.

The CRSstackmethods availableby meanf acoherencanalysidor estimating
threeparameters,e. 3y, Ry;p and Ry, by usinganoptimizationstratgy. (Mueller,
1999)hasuseda threestepsoptimizationmethod.First step,oneparametesearch(a
combinationof 3, and Ry;p) IS madeby usingasinput the multi-coverageseismic
datain a Common-Mid-Poin{CMP) configurationsecondstep,theemegenceangle
andtheradiusof curvaturedo the Normalwave parametersireestimatedn the sim-
ulatedzero-ofsetsectionobtainedn thefirst step;andasfinal step,theresultsof the
two earlier stepsare usedasinitial approachto searchthe bestthreeparameterdy
usingthe whole seismicdatawith arbitrary configuration. The non-linearoptimiza-
tion processings basedon the Simplex algorithm. (Birgin etal., 1999)modifiedthe
above optimizationstratey by applyingalocal optimizationalgorithmcalledSpectral
ProjectedGradientMethod.

In this paperwe presenta new stratgy for searchinghe threeCRSstackparam-
eters. This is performedalsoin threesteps:1) Two-dimensionaflobal optimization
for determiningB, e Ryp, Simultaneously?) One-dimensionaglobal optimization
for determiningonly Ry ; and3) Three-dimensiondbcal optimizationfor the three
parameterssimultaneouslyusing asinitial approximationthe resultsof the earlier
two steps. In the first two stepsthe SimulatedAnnealingalgorithmis used,andthe
VariableMetric algorithmis usedin thelaststep.

HYPERBOLIC TRAVELTIME APPROXIMA TION

The secondorderhyperbolicexpansionapproacheghe traveltimesof the raysin the
vicinity of afixednormalray (calledzero-ofsetcentralray), canbe derivedby means
of paraxialray theoryfollowing (Schleicheetal., 1993).For two-dimensionamedia,
andassuminghenearsuriacevelocityis known, the hyperbolictraveltimeapproxima-
tion canbe expressedsfunctionof threeindependenparameters,e. theemegence
angleg, of the normalray, the radiusof cunature Ry;p of the NIP wave andthe
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radiusof cunvature Ry of the Normalwave. Thesethreeparametersremeasuredht
theemepgencepoint of the zero-ofsetcentralray. The NIP wave (NIP-wave) andthe
Normalwave arefictitious wavesdefinedby (Hubral,1983),which areimportantcon-
ceptsfor theseismiadmagingtheory TheNIP-waveis anupgoingwave thatoriginates
atthe normalincidencepoint (NIP) of the zero-ofsetcentralray on thereflector The
N-wave is an exploding reflectorwave with aninitial wavefront curvatureequalsto
thelocal curvatureof thereflectoron the vicinity of the normalincidencepoint. The
generalexpressionof the hyperbolictraveltime that canbe appliedto heterogeneous
mediawith arbitrarysourceandrecever configurationjs expressedy

y 2
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wheret, is the zero-ofsettraveltimeandv, is thenearsurfacevelocity; z,, andh
arethecoordinate®f themidpointandhalf-offsetbetweerthesourceandtherecever,
respectrely; andzx, is the coordinateatthe emegeng point of the zero-ofsetcentral
ray. The P,(zo, ty) is thereferencepoint of the zero-ofsetsectionto be simulated.

The physicalinterpretationof the threeparameterg3,, Ry;p and Ry), evenin
heterogeneousedia,is: Theemegenceangleof the zero-ofsetray definesheangu-
lar orientationof thereflectorattheNIP pointonthereflector Theradiusof curvature
of the NIP-wave yields informationsaboutthe distancebetweenthe NIP reflection
point andthe emepgencepoint of the zero-ofsetray. The radiusof cunatureof the
N-wave allows informationsaboutthe shapgor local curvature)of thereflector atthe
NIP point. In the particularcasewhen Ry = Ry;p, thereflectorelementcollapses
into adiffractionpoint,andno informationaboutthe shapeof the scatterers possible.
Applying this conditionin equation(1), it results
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(2, h) = (to + (T — xo))2 ((xm —z0)* + h2>. (2)

The hyperbolictraveltime becomesa two-parameteexpression(5, and Ry;p).
For heterogeneousiedia,the so-calledCRS stackingoperatorcalculatedoy formula
(2), is similar to the pre-stackkirchhoff migrationoperator

2-DCRSSTACK

By consideringa referencepoint of the zero-ofset section P,(xo, to), the stacking
surfaceof the CRS stack, also called CRS stackingoperatoy is an approachto the
kinematicrespons®f thereflectioncurvedinterfacein a heterogeneousedia.
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The CRS stackis a methodthat simulatesa zero-ofset sectionby using multi-
coverageseismicdata,summingthereflectioneventsin the stackingsurface,whichis
definedby meanof thehyperbolictraveltimeformula. Thereforethedefinitionof the
beststackingsuriaceby meansf thekinematicformula(1) requireghedetermination
of the optimaltriplet paramete(3,, Rx;p and Ry), for eachpoint P,(zy, ty) of the
zero-ofsetsection.

For a given point P, of the zero-ofset section,the threeparametergsy, Rn:p
and Ry) of the CRS stackingoperatorcan be determinedfrom the input data, by
meanf somemulti-parametesearclprocesshatusesasobjective functionacertain
coherencaneasure. Then, the zero-ofset sectionis obtainedby stackingthe data,
usingthethreeparameterghatproducethelargestcoherencealue.

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

S = Zg (3)

wheref; ;¢ is the seismicsignalamplitudeindexedby the channelordernumbey

i = 1,..., M, andthe stackingtrajectory j(i) = k£ — (N/2),...,k + (N/2). The

stackingtrajectoryis determinedby the CRS stackformulas. Theindex M is the

numberof seismictracesand (N + 1) is the numberof time gatesamples.k is the

index of theamplitudein the centerof thetime gate. Thesemblancéunction S means
theratio of signalenepy to total enegy of all membersof the gather It constitutes
a normalizedcoherenceaneasurevith valuesbetween) and1, andit equalsto unity

onlyif all signalsin wholetracesareidentical.

Themainproblemof the CRSstackmethodis to find the optimaltriplet parameter
that maximizesthe objectve function. The parametesspacesare the mathematical
intenals —7/2 < By < 7/2 and—oo < Ryrp(Ry) < 4o00. This problemis solved
by a multi-dimensionalglobal optimizationalgorithm, which is capableto find the
global maximum,but statedat a low computationatost. However, the corvergence
to find the global maximumis, in general highly dependenon the behaiour of the
objectve function.

If aparticularzero-ofseteventis composedy interferenceof several events,we
have to take into accountmorethanonemaximum. In otherwords,to solve the con-
flicting dip problemit mustbe usedmorethanonetriplet parametein the stacking
process.In this case,it is necessaryo find the global maximumandat leasta local
maximumat pointsof the zero-ofsetsection.

In thefollowing, basedntheformulas(1) and(2), we describeéhenenv CRSstack
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strategy by combiningglobal andlocal optimizationalgorithms,for determiningthe
besttriplet parameter

CRSSTACK PROCESSING STRATEGY

We presentin this item a descriptionof the optimizationstratgy thatis productof

our ende&our for determiningthe threeparameteref the CRS stackoperator It is

separatedh threesteps beingthefirst two performedby usinga global optimization
SimulatedAnnealingalgorithmgivenby (SemandStoffa, 1995),andthethird stepby

alocaloptimizationVariableMetric algorithmgivenby (Bard,1974).In all threesteps
theinputdataarecommon-ofsetseismicsections.

Optimization Strategy

Stepl : Two-parametersglobal search

We selecta point P, in time domainthatis usedasreferencdor determiningthe
two parameters, and Ry;p, subjectto Ry;p = Ry in theformula (1) thatimplies
in formula (2). By usingformula (3) as objective function, the inverseproblemis
formulatedto estimatehebests, and Ry with the maximumsemblancealue.For
solvingit we useaglobaloptimizationSimulatedAnnealingalgorithm,with theinitial
approximatiorbeingrandomvaluesinto a priori definedphysicalintervals. We have
asresultsin this step:1) Maximumcoherencaection;2) Emegenceanglesection;3)
Radiusof curvatureof NIP wave section;and4) Simulatedzero-ofsetsection.

Stepll : One-parameterglobal seaich

In thesecondstepwe selectalsoareferencepoint Py in time domainfor determin-
ing the third parametet? ;. The valuesof parametergstimatedoy the first stepare
usedto fix G, and Ryp in formula (1) in this step. In this turn, the inverseproblem
is formulatedto estimatethe bestR ; with the maximumsemblanceralue,usingthe
objectve functionformula(3). We use,asbefore,the global optimizationSimulated
Annealingalgorithm. In this step,theresultsare: 1) Maximum coherencesection;2)
Radiusof curvatureof Normalwave section;and3) theimprovedzero-ofsetsection.

Steplll : Three-parameterdocal search

The results of first and secondstepsare considereda good approachto the
searched-fotriplet stack parametersand also an intermediatesimulatezero-ofset
section.Theseresultsareto beusedasinitial approximatioratthethird step.It means
that we selecta referencepoint P, in time domain,and using the whole data, we
malke a new searchfor the threeparameterssimultaneously The inverseproblemis
formulatedto estimatethe besttriplet parameter$g,, Ryrp, Rx) With the maximum
semblancevalue. This problemis now solved by usinga local optimizationVariable
Metric algorithm. As final resultswe have: 1) The maximumcoherencesection;2)
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Emegenceanglesection;3) radiusof cunatureof the NIP wave; 3) radiusof curva-
tureof theNormalwave; and4) thezero-ofsetsimulatedsection.In Figurel is shovn
the processindlow chartfor the CRSstackappliedin this work.

Multicoverage Data
Common-offset gathers

Step |

Two-dimensional global optimization Zero-offset section

Two-parametric search for —» Coherency section
Boand Ry;p, along the traveltime —» 3, section
surfaces defined by the hyperbolic L R, .. section —

traveltime formula, with Ry, = Ry p.

Step 1l

One-dimensional global optimization
Zero-offset section «—

Coherency section 4—
Ry section «—

A

One-parametric search for
Ry, along the traveltime surfaces
defined by the general hyperbolic
traveltime formula

Step il

Three-dimensional local optimization

Three-parametric optimization for 3,, [*
Rypand Ry, along the traveltime
surfaces defined by the general
hyperbolic traveltime formula.

\ 4

Zero-offset section
Coherency section
Bo section

Rpp section

R, section

Figurel: CRSstackprocessinglow chat. By the two first stepsit is determinedhe

initial triplet parameter$s,, Rnrp, Ry), Which areusedasinitial guessin the final
step.

APPLICATION

By consideringa syntheticmodelwith threehomogeneoukyersFigure2, we simu-
late multi-coverageprimaryreflectiondatausingaray tracingalgorithm. The dataset
consistof 140 common-shotsvith 48 geophoneseparatedby 25 meters.The min-
imum offsetis 100 metersand the maximumis 1675 meters. The distancebetween
two consecutie shotsis 25 meters. The sourcesignalis a Gaborwavelet with 40
Hz dominantfrequeng, anda time samplerate of 2 ms. An exampleof direct mod-
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elled datais presentedn Figure3, thatis a syntheticzero-ofsetseismicsectionwith
noise-to-signatatio equalgo 5.
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Figure2: Syntheticmodelconsistingof threelayers.
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Figure 3: Modelledzero-ofset sectionwith primary reflectioneventscorresponding
to thegeophysicamodelin Figure?2.

The common-shosectionswere sortedinto common-ofset sections beforethe
optimizationstratgly wasappliedto. In Figure4 is shavn the simulatedzero-ofset
seismicsectionobtainedn this work by CRSstacking.Dueto the CRSstackmethod
involvesa large numberof tracesduring the stackprocessthe simulatedzero-ofset

sectionpresents high signal-to-noiseatio, in comparisorwith the directcalculated
zero-ofsetsection(Figure3).

In Figure5 we have the maximumcoherencésemblanceyectioncorresponding
to the optimizedparameterat the third step. In this section,thetwo primaryreflec-
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Figure4: Simulatedzero-ofsetsectionfrom thefinal CRSstack,usingthethreebest
CRSstackingparametersbtainedoy thethird step.

tion eventsareidentifiedby highercoherenceralues(0.3-0.9). The optimizedemer

genceanglesarepresentedh Figure6, with acontinuosvariationin zonesof reflection
events.In Figure7 we comparghe CRSoptimizedemepgenceanglescrossline) and
theraytheoreticakalculatedvalues(dotline).
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Figure5: Cohereng (semblanceyectiongeneratedn the third stepby the stacking
surfacesusingmulti-coveragedata.
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Figure6: [, sectionwith the bestestimatedesultsof the CRSstack.
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The optimizedradii of curvaturesof the NIP wavesare shavn in Figure8. For
comparisonjn Figure9, we have the optimizedNIP wave radii of cunatures(cross
line) andthe ray theoreticalcalculatedvalues(dot line). We obsenre thatin caustic
region the radiusof curvatureof the NIP wave is only poorly estimated. This last
resultis dueto thedestructve interferenceof causticevents.
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Figure8: Ry;p sectionwith thebestestimatedesultsof the CRSstack.
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In Figure10 we have the optimizedradii of cunaturesof the Normalwaves. Due
to the wealer sensibilityof Ry in the optimizationCRSstack,we have thatzonesof
signchange®f cunaturein thesynthetiomodelcorrespondo wrongoptimizedvalues
in theresultradiussection.In Figure1l, we comparethe optimizedvaluesof radius
of cunatureof theNormalwave (crossline), andray theoreticakalculatedvalues(dot
line), both at the reflectorinterfaces. This third parameters alsonot goodestimated
in the causticzoneof the secondreflector dueto the destructve interferenceof the

causticevents.
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Figurel0: Ry sectionwith thebestestimatedesultsof the CRSstack.
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CONCLUSION

In this work, with areasonableomputationatost,we have shovn a new stratey for

determiningthe threeparameter®f the hyperbolicapproximationCRS formula, by
combiningthreesteps:Thefirst, by usinga two-parameterglobaloptimizationfor 3,

andRy;p, subjecto Ry = Ryrp; thesecondaone-parametaglobaloptimizationfor

Ry; andthethird, thethree-parametetscal optimizationfor 3y, Ryrp andRy. This
threestepsareappliedin cascadesuchthatwe canobsene a progressie improving

of theparameteestimatesTo applythe globaloptimizationwe have useda Simulate
Annealingalgorithm,andfor doingthelocal optimizationin the final stepwe useda
VariableMetric algorithm.

This new CRSstackstratgy provide usvery goodresultswhenappliedto multi-
coveragesyntheticseismicdata. In the simulatedzero-ofset sectionwe have a high
signal-to-noise&atio,andvery goodresolutionof primaryreflectionevents. Theemer
genceangleis betterestimatedn comparisorwith the othertwo searched-foparam-
eters. The radii of cunaturesof the NIP and Normal waves estimateshave lower
accuracie®nly in the causticzoneat the secondeflector

Finally, we canaffirm this nev CRSstackstrategy is availableto solve the con-
flicting dip problem,sothatwe have the possibilityto determinghe globalmaximum
andatleastonelocal maximum.
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