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ABSTRACT

3-D amplitudepreservingpre-stack migration of the Kirchhoff typeis a taskof high
computationaleffort. A substantialpart of this effort is spenton the calculationof
properweightfunctionsfor thediffractionstack. Weproposea methodto computethe
migrationweightsdirectlyfromcoarsegriddedtraveltimedatawhich are in anyevent
neededfor thesummationalongdiffractiontimesurfaces.Themethodemployssecond
ordertraveltimederivativesthatcontainall necessaryinformationontheweightfunc-
tions. Their determinationalone from traveltimessignificantlyreducesthe require-
mentsin computationaltime and particularly storage. Applicationof the technique
showsgoodaccordancebetweennumericalandanalyticalresults.

INTRODUCTION

Kirchhoff migrationis astandardtechniquein seismicimaging.Duringthelastdecade
its objective haschangedfrom the conventionaldiffractionstackmigrationthat pro-
duces'only' an imageof reflectorsin the subsurfaceto a modifieddiffractionstack,
e.g.,to peformAVO analysis,lithologicalinterpretationandreservoir characterization.
In themodifieddiffractionstackspecificweightfunctionsareappliedwhich counter-
mandtheeffect of geometricalspreading.Following from this, amplitudesin there-
sultingmigratedimageareproportionalto thereflectorstrengthif theweightfunctions
arechosencorrectly. Threedifferenttheoreticalapproaches(Bleistein,1987;Kehoand
Beydoun,1988;Schleicheret al., 1993)have leadto formulationsof theweightfunc-
tions.As (Docherty,1991)and(Hanitzsch,1997)haveshown theseresultsareclosely
related.
Sinceweightfunctionscanbeexpressedin termsof secondorderspatialderivativesof
traveltimesthey wereuntil now computedusingdynamicraytracing( Cerveńy andde-
Castro,1993;Hanitzschet al., 1994).Although(Schleicheret al., 1993)statethatthe
modulusof theweight functioncanalsobedeterminedfrom traveltimes,(Hanitzsch,
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1997)pointsoutthatcomputingtraveltimederivativesalongdippingsurfacesis expen-
sive andnumericallyunstable.In this paperwe proposeanalternative algorithmfor
determiningtraveltimederivativesthatdoesnotsuffer from theinstabilityof numerical
differentiation. It is basedon a local sphericalapproximationof the wavefront lead-
ing to a hyperbolicexpansionof the traveltimes. We determinethe completeweight
functionsfrom traveltimessampledon a coarsegrid that areat the sametime used
for thecomputationof thediffraction time surfaceneededfor the stack. This makes
the algorithmcomputationallyefficient in time andparticularlyin storage.Dynamic
ray tracingis not required.For the specialcaseof 2.5-D symmetrywe usea simple
expressionfor theout-of-planespreadingthatcanalsobedeterminedfrom traveltimes
andnot,asit is usuallydone,from anintegralalongtheraypath.
Following an outline of true amplitudemigrationusinga weighteddiffraction stack
we will give anexpressionfor theactualform of migrationweight functionsasthey
wereemployedin this work. We will thendemonstrateour methodby applyingit to
two examples.Comparisonof our resultsto analyticalvalueswill confirmits quality
whichwealsosummarizein ourconclusions.

METHOD

(Schleicheretal., 1993)show thata diffractionstackof theformT æVU ìÿå Þ üý�WYXZX�[ �9\�]9�^\ Ý`_ ë�a æ \�] ê \ Ý êOU ì �Cb æ \�] ê \ Ý ê�c ì� c 					 dVeCfhg�i � gVj � kml (1)

yieldsa trueamplitudemigratedtraceif properweight functions _ ë�aöæ \�] ê \ Ý êOU ì are
applied.In equation(1) n is theapertureof theexperiment(assumedto providesuffi-
cient illumination),

�Cb æ \�] ê \ Ý êNc ì @ � c & d�eofpg�i � g�j � kml is thetime derivative of the input seis-
mic tracein termsof thetracecoordinatesæ \�] ê \ Ý ì at thediffractiontraveltime ò�q for a
diffractorata subsurfacepoint U .

b æ \�] ê \ Ý êNc ì is givenbyb æ \�] ê \ Ý êNc ì�åsr!tu v æwc Þâò�x æ \�] ê \ Ý ì ì � (2)

In equation(2) v æwc ì is theshapeof theanalyticsourcepulse,ò�x thereflectiontravel-
timeand

u
thegeometricalspreading.r is theplanewavereflectioncoefficientand t

expressestransmissionlosses.Theintegral(1) cannotgenerallybeanalyticallysolved.
It can,however be transformedto the frequency domainandfor high frequenciesbe
approximatelyevaluatedby thestationaryphasemethod.This solutionis thentrans-
formedbackto thetimedomainandcomparedto theanalytictrueamplitudesignalbzy [ æ{c ì�å u b æ \�] ê \ Ý êNc�ô ò�x æ \�] ê \ Ý ì ìöå r!t v æ{c ì � (3)

Thecomparisonof
bzy [ æwc ì andtheresultof (1) shows thatequation(1) yieldsindeed

atrueamplitudetraceif theweightfunctionsarechosento be(Schleicheretal.,1993)

_ ë�a æ \�] ê \ Ý êOU ìöå u > & ��|~}/�!� & | ��� j  ] P����{���G�j " � (4)
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Thematrix �!� is theHessianmatrixof thedifferenceò � å ò�q ÞVò�x betweendiffrac-
tion andreflectiontraveltimeat thestationarypoint \A�] ê \A�Ý , where �� ò � å�� , meaning
that in this point the diffraction andreflectiontraveltime curvesaretangentto each
other. �!� canbe expressedin termsof secondorderspatialderivative matricesof
traveltimeswhichuntil now werecomputedby dynamicray tracing.This is, however,
not necessarysincethesederivativescanbeextractedfrom traveltimedatathat is re-
quiredfor theconstructionof thediffractiontraveltimesurfacefor thestackanyway.
Usingthesederivativesalsogivesaneffectiveandhighly accuratealgorithmfor inter-
polatingtraveltimesfrom thecoarseinput grid to thefine migrationgrid (Vanelleand
Gajewski, 2000a).Also, thegeometricalspreadingcanbewritten usingsecondorder
derivativesof traveltimes(seeAppendixC). The expressionfor the weight function
weuseis

_�� aZ� \�]O�N\���� U������ ���A�����9���A���z ¡ � ¢¢¢
£ |�}¥¤�¦§$¨]ª©¬« ¦§�¨�®1¯ ¢¢¢°
¢¢¢
£ |�}±¦§ ] £ |~}'¦§ � ¢¢¢

|¥²#³ � j fp´�i�µ�´�j l ¶
(5)

The angles�·� and �z  arethe emergenceandincidenceanglesat the sourceandre-
ceiver, ¡ � is thevelocityat thesourceand ¸ ] and ¸ � aretheKMAH indicesof thetwo
branchesof the traveltime curve. The matrices © and  describethe measurement
configuration(e.g.,commonshot). ¦§ ] and ¦§ � aresecondorderderivativematricesof
thetraveltimes.All quantitiesandtheir determinationfrom traveltimesareexplained
in detail in theappendices.

APPLICATIONS

In thissectionwewill applyourmethod.A simpleexamplewaschosenin orderto al-
low for comparisonof numericallyandanalyticallycomputedamplitudes.Themethod
is, however, not limited to homogeneousvelocity layermodels.For conveniencerea-
sonswehaverestrictedourexampleto whatis commonlyreferredto asa2.5-Dgeom-
etry (Bleistein,1986).Theneedto introducethis conceptariseswhenseismicdatais
only availablefor sourcesandreceiversconstrainedto asinglestraightacquisitonline.
Processingof thisdatawith techniquesbasedon2-D wavepropagationdoesnotyield
satisfactoryresultsbecausethe(spherical)geometricalspreadingin thedatacausedby
the3-D earthdoesnot agreewith thecylindrical (i.e., line source)spreadingimplied
by the2-D waveequation.Theproblemcanbedealtwith by assumingthesubsurface
to beinvariantin theoff-line direction.Thissymmetryis calledto be2.5dimensional.
Apartfrom thegeometricalspreadingthepropertiesinvolveddonotdependontheout-
of-planevariableandcanbecomputedwith 2-D techniques.Thegeometricalspread-
ing is split into anin-planepartthat is equalto the2-D spreadingandanout-of-plane
contribution. For thedescribedsymmetrytheproductof bothequalsthespreadingin a
true3-D medium.We determinetheout-of-planespreadingalongwith themigration
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weight functionsfrom traveltimesonly. The actualexpressionandits derivationare
givenin AppendicesB andD.
For theexampletheonly inputdatausedwerethevelocitymodelandtraveltimescom-
putedwith a finite-differenceeikonalsolver (Vidale,1990)usingthe implementation
of (Leidenfrost,1998)andstoredon a coarsegrid of 50m in eitherdirection. These
wereusedto computethe migrationweightsaswell asto interpolatethe diffraction
traveltimeson a fine migration grid of 5m in ¹ -direction. Traveltimeswere inter-
polatedusing the hyperbolicapproximationas describedin (VanelleandGajewski,
2000a).Themigrationweightswerealsocomputedusingthecoefficientsdetermined
from thehyperbolicapproximation.
Thevelocitymodelweusedhasaplanereflectorwith aninclinationangleof 14º . The
velocity is 5km/sin the upperpart of the modeland6km/sbelow the reflector. The
reflectordepthunderthesourceis 2500m.Raysyntheticseismogramswerecomputed
for 80 receiverswith 50m distancestartingat 50m from the point source. Figure1
shows themigrateddepthsection.Thereflectorwasmigratedto thecorrectposition
andthesourcepulse,aGaborwavelet,wasreconstructed.Sincetherearenotransmis-
sion lossescausedby the overburden,the amplitudesof the migratedsectionshould
coincidewith thereflectioncoefficients.Figure2 shows theaccordancebetweenam-
plitudespicked from the migratedsectionin Figure1 with theoreticalvalues.Apart
from thepeaksat900mand2500mdistancethetwo curvescoincide.Thesepeaksare
apertureeffectscausedby thelimited extentof thereceiver line.

1.5

2.0

2.5

D
ep

th
 [k

m
]

1 2 3
Distance [km]

Inclined reflector: migrated depth section

Figure1: Migrateddepthsection.Thereflectorwasmigratedto thecorrectdepthand
inclination.Thesourcepulsewascorrectlyreconstructed.
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Figure2: Solid line: pickedreflectioncoefficientsfrom themigratedsectionin Figure
1, dashedline: analyticalvaluesfor thereflectioncoefficients.

CONCLUSIONS

We have presenteda methodfor thedeterminationof weight functionsfor anampli-
tudepreservingmigration. Traveltimeson coarsegrids arethe only necessaryinput
data. Sinceevery requiredquantitycanbe computedinstantlyfrom this coarsegrid
dataalonethetechniqueis veryefficient in computationaltime andstorage.Dynamic
ray tracingis not required.It is particularlysuitedto beusedin connectionwith tech-
niquesfor traveltimecomputationthatcandirectly provide coarsegriddeddata,like,
e.g.thewavefrontconstructionmethodwhichdoesnotrequireafinegrid for sufficient
accuracy of traveltimeas,e.g.,FD eikonalsolversdo. Theexamplesshow goodaccor-
dancebetweenthereconstructedreflectorsandtheoreticalvaluesin termsof position
aswell asin amplitudes.Thisdemonstratesalsotheapplicabilityof themethodto the
specialsituationof 2.5-Dsymmetry.
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Gajewski,2000b)and(VanelleandGajewski,2000a).A papercontainingtheseresults
hasbeensubmitted(VanelleandGajewski, 2000c).

APPENDIX A

Theweightfunctionin equation(4) containstheHessianmatrix of thedifferencebe-
tweendiffraction( »�¼ ) andreflection( »�x ) traveltimes.To write �!� in termsof second
derivativesof traveltimeswe will now derive expressionsfor »�¼ and »�x containing
first and secondderivatives. Consideran arbitraryvelocity model. Let sourcesbe
positionedin a referencesurfacethat we will denotethe sourcesurface. If the re-
sulting traveltimefield for a sourceat theposition �½�¾ is single-valued,the traveltime» � �½ � �½ª¿À� from a point �½ in thesourcesurfaceandin a nearvicinity of �½�¾ to a subsur-
facepoint �½ ¿ near �½ ¿ ¾ canbeexpressedby a Taylor seriesprovidedthat Á �½Â� �½ÄÃ �½�¾
and Á �½ ¿ � �½ ¿ Ã �½ ¿ ¾ aresmall, the sizeof this small vicinity dependson the model
underconsiderationandtherequiredaccuracy. For a multi-valuedtraveltimefield the
Taylor expansionis valid if thedifferentbranchesof the traveltimecurve aretreated
separately. As �½ and �½�¾ lie in onesurfacethetraveltimesareexpandedinto thesurface
in thisvariable.Wealsoexpand» into asurfacein �½Å¿ , thiswill bethereflectorsurface,
or, moreprecisely, thereflector's tangentplaneat �½Å¿¾ if �½ª¿ is onacurvedreflector. The
traveltimeexpansionlooksasfollows:

» � �½ � �½ ¿ ��� » ¾�Ã �Æ Á �½ « �Æ ¿ Á �½ ¿ ÃÈÇÉ Á �½ ¨ ¦Ê Á �½ « ÇÉ Á �½ ¿ ¨ ¦Ë Á �½ ¿ Ã Á �½ ¨ ¦§ Á �½ ¿ (A-1)

wherethefirst ordertraveltimederivativesÆ ³ �ÌÃ)Í »Í ½ ³ ¢¢¢¢¢ÏÎÐOÑ�Ò ÎÐ#ÓÑ
� Æ ¿³ � Í »Í ½ ¿³ ¢¢¢¢¢�ÎÐOÑNÒ ÎÐ#ÓÑ

�%Ô ��Õ � Ç � É � (A-2)
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arethe slownessvectorsat �½ and �½ ¿ , respectively. The secondorderderivativesare
givenby thematrices ¦Ê , ¦Ë and ¦§ with¦Ê ³�Ö �ÌÃ Í � »Í ½ ³ Í ½ Ö ¢¢¢¢¢×ÎÐ Ñ Ò ÎÐHÓÑ

� ¦Ë ³�Ö � Í � »Í ½ ¿³ Í ½ ¿Ö ¢¢¢¢¢ ÎÐ Ñ Ò ÎÐ Ó Ñ Ø�Ù £ ¦§ ³�Ö �?Ã Í � »Í ½ ³ Í ½ ¿Ö ¢¢¢¢¢ ÎÐ Ñ Ò ÎÐ Ó Ñ
¶

(A-3)
We will now derive expressionsin termsof (A-1) for diffractionandreflectiontrav-
eltimesasneededfor the weight functions. Since » � �½oÚ � �½ � �Û� » � �½ �¥� �½oÚ�� we canuse
(A-1) twice for the down- andupgoingbranchesof the reflectiontraveltime »�x and
thediffractiontraveltime »�¼ . Similarasfor thesourceswe assumethereceiversto be
placedin a receiver surface. Sourcecoordinateswill bedenotedby �Ü , receiversby �Ý
andsubsurfacepointsby �Þ . Thetraveltimesfor thebranchfrom �Ü to �Þ is» Ú�� �Ü � �Þ��Z� » ¾NÚßÃ �ÆCÚ Á �Ü « �Æ ¿ Ú Á �ÞªÃàÇÉ Á �Ü ¨ ¦Ê Ú Á �Ü « ÇÉ Á �Þ ¨ ¦Ë Ú Á �ÞáÃ Á �Ü ¨ ¦§ Ú Á �Þ (A-4)

andfrom �Ý to �Þ :» � � �Ý � �Þ��Z� » ¾ � Ã �Æ � Á �Ý « �Æ ¿ � Á �Þ®Ã ÇÉ Á �Ý ¨ ¦Ê � Á �Ý « ÇÉ Á �Þ ¨ ¦Ë � Á �Þ®Ã Á �Ý ¨ ¦§ � Á �Þ ¶
(A-5)

Thesumsof equations(A-4) and(A-5) giveus »�¼ and»�x . For thediffractiontraveltime
thediffractorpositionis fixedat �Þ�¾ andthuswith Á �Þ =0 weget( » ¾â� » ¾NÚ « » ¾ � )»�¼ � » ¾ãÃ �Æ`Ú Á �ÜÅÃ �Æ � Á �ÝäÃ ÇÉ Á �Ü ¨ ¦Ê Ú Á �ÜåÃ ÇÉ Á �Ý ¨ ¦Ê � Á �Ý ¶

(A-6)

For thereflectiontraveltimewe musttake into accountthatvariationof sourceand/or
receiverpositionswill resultin adifferentreflectionpoint �Þ . Aiming for anexpression
containingÁ �Ü and Á �Ý only, wemakeuseof Snell's law statingthat �Æå¿ Ú « �Æå¿� � ��'æ »�x ��� . Thiswecansolvefor �Þ andeliminateÁ �Þ from thesumof (A-4) and(A-5) resulting
in »�x � » ¾ãÃ �ÆCÚ Á �ÜÅÃ �Æ � Á �ÝçÃàÇÉ Á �Ü ¨ ¦Ê Á �Ü « ÇÉ Á �Ý ¨ ¦Ë Á �ÝäÃ Á �Ü ¨ ¦§ Á �Ý � (A-7)

whereweintroducedthefollowingmatricestobring(A-7) into thesameformas(A-1):¦Ê � ¦Ê Ú « ¦§ Ú�� ¦Ë Ú « ¦Ë � � ² Ú ¦§ ¨Ú¦Ë � Ã ¦Ê � Ã ¦§ � � ¦Ë Ú « ¦Ë � � ² Ú ¦§ ¨�¦§ � ¦§ Ú�� ¦Ë Ú « ¦Ë � � ² Ú ¦§ ¨� ¶
(A-8)

APPENDIX B

To computetheweightfunctionsin equation(5) we needthematrices ¦Ê ��¦Ë and ¦§ . In
(VanelleandGajewski, 2000a)we presenteda hyperbolictraveltimeexpansionsim-
ilar to the parabolicexpansionin (A-1) but with respectto threespatialcoordinates
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insteadof anexpansioninto referencesurfaces.Theprocedureof determiningthecor-

responding3-D slownessvectors ¦Æ and ¦Æ�¿ andmatrices
¦ ¦Ê � ¦ ¦Ë and

¦ ¦§ from multi-fold
traveltime datasampledon a coarsecartesiangrid is describedin detail in (Vanelle

andGajewski, 2000a)aswell asin (Gajewski, 1998). Once
¦ ¦Ê � ¦ ¦Ë and

¦ ¦§ areknown,
thedesired2 è 2 matrices ¦Ê �é¦Ë and ¦§ canbecomputedby projectingthemfrom the
cartesiancoordinatesinto thereferencesurfaces.Sinceweassumeavelocitymodelto
computetraveltimes,we canalsomakeuseof this to extractthereflectorpositionand
geometryfrom it.
In a situationwith a 2.5-D symmetryas consideredin the numericalexamplesthe
componentsof the slownessvectors �Æ � �Æ ¿ andsecondorderderivative matrices ¦Ê ��¦Ë
and ¦§ simplify. Let the out-of-planedirection have index 2 – coincinding with

the ê -axis of the cartesiansystemusedfor the determinationof
¦ ¦Ê � ¦ ¦Ë and

¦ ¦§ – withê ¾ë�$Ü � ¾ì�íÝ � ¾ì�+Þ � ¾ the ê -positionof thesourcesandreceiver line. Thenwehave¦§ ����î ï Ñ � ¦ ¦§ ï�ïHî ï Ñ � ¦Ë ���Aî ï Ñ � ¦ ¦Ë ï�ïHî ï Ñ Ø�Ù £ ¦Ê ���Aî ï Ñ � ¦ ¦Ê ï�ï#î ï Ñ ¶
(B-1)

Fromthesymmetrywe caneasilyseethatthe ê -componentsof theslownessesvanish
at ê ¾ : Í »Í ê � ¢¢¢¢¢

ï Ñ � Í »Í ê   ¢¢¢¢¢
ï Ñ � Í »Í ê æ ¢¢¢¢¢

ï Ñ ¶
(B-2)

From this follows that the matrices ¦Ê � ¦Ë and ¦§ consistonly of diagonalelements.
Furthermore,for the ê^ê - or

ÉAÉ
-componentsweget¦§ ��� ¢¢¢

ï Ñ � ¦Ë ��� ¢¢¢
ï Ñ �ÌÃ ¦Ê ��� ¢¢¢

ï Ñ (B-3)

andthesignof ¦§ ��� ¢¢¢
ï Ñ is positive; i.e., ��ð Ù � ¦§ ���Aî ï Ñ �Z� « Ç .

If thesource-receiver line is equalto the ½ -directionof thecartesiansystemfrom the
input traveltimes,the11-componentsarecomputedasfollows:¦§ Ú�Úñ� ¦ ¦§ Ð�Ð �����óò Ã ¦ ¦§ ÐOô �Nõ Ù ò¦Ë Ú�Úö� ¦ ¦Ë Ð�Ð ���A� � ò « ¦ ¦Ë ô÷ô ��õ Ù � ò Ã É ¦ ¦Ë ÐOô �Nõ Ù òø���A�óò¦Ê Ú�Úö� ¦ ¦Ê Ð�Ð � (B-4)

where ò is the inclination angleof the reflector's tangentplaneagainstthe source-
receiver line ( ½ -coordinate).

APPENDIX C

Equation(5) containsthegeometricalspreading
u

whichwewill now expressin terms
of traveltimederivatives.Equation(A-1) is equivalentto theparaxialray approxima-
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tion introducedby (Bortfeld,1989).(Hubraletal.,1992)givethenormalizedgeomet-
rical spreadingin termsof thematricesof secondorderderivativesof traveltimes.This
is u � Ç¡ �ãù ���A�����9���A���1 î £ |~} ¦§ î | ²#³ � ú ´ � (C-1)

wherethe angles��� � �1  arethe emergenceangleat �Ü�¾ andthe incidenceangleat �Ý�¾
andcanbedeterminedfrom theslownessesat thesepositions.̧ is theKMAH-index of
therayconnecting�Ü and �Ý .
For a 2.5-Dsituationwe find that

£ |�}±¦§ � ¦§ Ú�ÚZû ¦§ ��� (seeAppendixB) andtherefore
expression(C-1)canbereducedto thesimpleformü � Ç¡ ��ù �������·�9���A���1 îo¦§ Ú�Ú î Çý ¦§ ��� |�²#³ � ú ´ ¶

(C-2)

Thisresultisnosurprisesince(Bleistein,1986)foundtherelationshipbetweentheout-
of-planespreadingcommonlydenotedby þ andthesecondordertraveltimederivative
in out-of-planedirection.Thuswehaveþ � Ç¦§ ��� ¶

(C-3)

Sofar, however, it wascommonpracticeto determinetheout-of-planespreadingfrom
theintegralalongtheray from �½ to �½ª¿þ �$ÿ £ Ü�¡ (C-4)

with Ü beingthearclengthand ¡ thevelocity. We computethis quantityfrom travel-
timesanddonothave to traceraysto determineþ .

APPENDIX D

Equations(4) and(5) areexpressionsfor weight functionsif the diffraction stackis
carriedout over theaperturein � Ú and � � . Sincein the2.5-D casewe have only data
from a singleacquisitionline (assumedto coincidewith the � Ú coordinate),we only
integrateover � Ú . In this casewe have � � � Ú � � ����� �±� � � � Ú � � �� ��� � wherethe asterisk
denotesthestationarypoint. Insertingtheaccordingexpressionfor theinput traces(2)
into thestackintegral (1) thenleadsto� �����Z� Ã ÇÉ�� ÿ
	 £ � Ú ÿ��² � £ � �� ��� � � Ú � � ��� �������ü Í�� � � �Í � ¢¢¢¢¢ ��������� Ò � ú Ò � �

¶
(D-1)

Carryingout theintegrationover � � following (Martinsetal.,1997)weget� �!���Z� Ç� É�� ÿ 	 £ � Ú Â��" # � � � Ú � �%$� � ���'& ¤ � � � Ú � �($� ��� « »�¼ � � Ú � �($� � ����� ¯ (D-2)
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with the function & ¤ � � � � ¯ correspondingto a � Ô*) filter operationin the frequency
domain(commonlycalledhalf derivative). The2.5-DweightfunctionÂ��" # � � � Ú � �%$� � ���Z�  ��� � � Ú � �($� � ��� +, Í � »�¼Í � �� ¢¢¢¢¢ �.-ú

/0 ² �ú21 ²#³�3 4 (D-3)

canbe evaluatedusingthe resultsfrom the previous sections.We will now express
theinvolvedquantitiesin termsof traveltimederivativesandapplythesimplifications
from the2.5-Dsymmetry. Wefind£ 165�798 � � £ 1:5 ¤ ¦§ ¨ÚÅ©¬« ¦§ ¨� o¯ � �£ 165 ¤�¦Ë Ú « ¦Ë � ¯ � � ¦§ Ú �;� ©¬« ¦§ � �;�  � �¦Ë Ú �;� « ¦Ë � �;� � ¦§ Ú ú{ú « ¦§ � ú{ú � � (D-4)

wherethefirst index denotesthefirst or secondbranchof thetraveltimecurveandthe
seconddoubleindex labelsthe correspondingmatrix element. For the out-of-plane
spreadingwehave Í � »�¼Í � �� ¢¢¢¢¢ � -ú
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For thespreadingof thereflectedraywegetü � � ���A�����^���A���z ¡ �
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Theresultingexpressionfor the2.5-Dweightfunctionis then���" # � � � Ú � �($� � ���Z��� ���A�ó���^���A���z ¡ � ¢¢¢
¦§ Ú �;� ©¬« ¦§ � �;�  ¢¢¢ý ¦§ Ú �;� ¦§ � �;� <==> ¦§ Ú ú{ú « ¦§ � ú{ú¦§ Ú ú{ú ¦§ � ú{ú 1 ²#³ 3 4 � � ´~µ�@BA�CED � ² Ú ��¶
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WecanfurtherinserttheKMAH indiceş Ú and ¸ � of thetwo raybrancheswith (Schle-
icheretal., 1993) ¸ Ú « ¸ � � ¸ ÃGF Ç Ã �Nð Ù
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The ¸ ³ arenotdeterminedfrom thetraveltimesthemselvesbut wecanuseasuitableal-
gorithmfor computingtraveltimes,asfor examplethewavefrontconstructionmethod
in theimplementationintroducedby (ComanandGajewski, 2000)thatoutputsmulti-
valuedtraveltimessortedfor theKMAH index.


