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Fastcomputation of 3D traveltimesand migration
weightsusing a wavefront oriented ray tracing
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ABSTRACT

We presenta wavefontorientedray-tracing(WORT)techniquefor a fastcomputation
of traveltimesand migration weightsin a smooth3D velocitymodel. In this method,
we propagatea wavefont stepwisehroughthe modeland interpolateoutputquanti-
ties (ray quantities,e.g., traveltimesslownessedyomraysto gridpoints. In contrast
to Vinje's wavefont constructionmethod,our techniqueis basedonly on kinematic
ray tracing We showthat kinematicray tracing is suficientfor the computationof
migration weights. We increasethe computationakfficiencyby (1) usingonly kine-
maticray tracing (2) definingthe input quantities(velocityandit's first derivatives)
on a fine grid and usinga linear interpolationto estimatethesequantitiesat arbi-
trary points, (3) computingand interpolating only quantitieswhich are neededfor
amplitude-peservingmigration. For a betteraccumacy, in the WORT technique we
genegrte new raysdirectly at the source point (not on the wavefont). The WORT
methodcomputesnulti-valuedtraveltimes. The maximalnumberof computedater-
arrivals canbe definedas an input parameter By computingonly first-arrival travel-
times,the WORTtedniqueis fasterthan Vidale's finite-differenceeikonal solver The
WORT methodcan be usedfor amplitude-peservingmigration of seismicwavesfor
datain commorshot/eceivergathess.

INTRODUCTION

In this paperwe presenta methodfor afastcomputatiorof traveltimesandmigration
weightsfor 3D amplitude-preservinglirchhoff prestackdepthmigration. Prestack
depthmigrationis a standardnethodfor imagingcomplex geology If a subsequent
AVA analysids requiredthenit is necessaryo usepropermigrationweights.Starting
fromresultsproposedy Schleicheetal. (1993)andusingparaxialraytheory(Hubral
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etal., 1992),Hanitzsch(1997) expressedveight functionswith respecto quantities
of the Greenfunctions. This notationis well suitedfor numericalimplementationf
the Greens functionsare computedwith ray tracing (Hanitzsch,1997). In contrast
to finite-differenceeikonal solver (e.g., Vidale, 1990), ray tracing also allows us to
computelater arrivals. Later arrivals are importantfor the quality of the migrated
imageg GeoltrainandBrac, 1993;Ettrich andGajevski, 1996).

For 3D true-amplitudg( true-amplitude'as definedby Schleicheret al. (1993))
prestackdepthmigration,a hugenumberof two-pointray-tracingproblemsneedto
be solved. Eeneny etal. (1984)describeda shootingmethodin which a fan of rays
aretracedbetweensourceandrecever surface,and paraxialextrapolationis usedto
estimatequantitiesat recever points. The main problemwith this approachis the
limited control of continuousilumination. Vinje etal. (1993,1996a,1996b)solved
this problemby groupingadjacentaysinto cellsandby usingtheseraysto propagate
the wavefront. They useddynamicray tracing (DRT) for the interpolationof new
raysonthewavefrontandfor theinterpolationof kinematicanddynamicquantitieso
gridpoints.For therepresentationf themodelthey useda setof heterogeneouayers
separatethy smoothinterfaces EttrichandGajevski (1996)shavedthatfor theneeds
of prestackdepthsmigrationa gridbasedmodel representatioms more suitableand
they usedthis in a wavefrontconstruction(WFC) methodfor 2D smoothmedia. All
theabove citedmethodsarebasecdn DRT.

In this papey we proposea 3D wavefrontorientedray tracing(WORT) technique
which is particularly designedor fastcomputationof 3D traveltimesand migration
weights. We shaw that the weight function proposedby Hanitzsch(1997) can be
approximatelycomputedusingonly kinematicray tracing (KRT). Therefore we im-
plementthe WORT techniqueby usingonly KRT andwe computeandstoreonly the
guantitiesvhich areneededor true-amplitudemigration.

In the following section,we will prove that migrationweightscanbe computed
from quantitiesobtainedoy KRT, thenwe will presenthe WORT methodandfinally
we will shav aresultof traveltime computationin acomplex velocity model.

MIGRATION WEIGHTS

By usingpropermigrationweightsthe amplitudesn migratedimagesdeterminethe
reflectvity. Thereare differenttheoreticalapproacheso true-amplitudemigration/
inversion(seee.g.,Hanitzsch,1997 andreferencesherein)andthe weightfunctions
aregivenin differentnotations Hanitzsch(1997)shavedthatall thesesxpressionsire
relatedandsuggested notationin termsof the point sourcepropagato, (Eenery,
1985),whichis well suitedfor numericalimplementationBy consideringhe KMAH
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index, theweightfunctionfor commonshotreads:

det x
w = cos 0g+/pspavsvc detzgiz;ﬂi e—lg(kssz—ch)’ (1)
27

wherep is thedensity v is thevelocity, 6 is theinclinationangle,t is the KMAH
index. ThesubscriptS denoteshesourcepoint, G denotesherecever, M denoteshe
depthpoint underconsideratior{(imagepoint), SM denoteghe ray segmentsource-
imagepointandG M denotegheray segmentreceverimagepoint.

For apointsourceusingthreenearby rayswe approximatelywrite de{ Qs sas) as
afunctionof quantitieshatcanbe computedvith KRT. Theexpressionreads:

x(21) 5 x(31)

detQo ey ~ o X @)
2,5M pgm) % pgﬂ)
wherex(™ is the distancevectorbetweerpoint M® and M ™), p¥™ = pi™ _ p@©

[ andm take valuesfrom 1 to 3 andindicatethe ray underconsideration)}/® is the
intersectionof the ray with a given wavefrontandpgs is the slownessvector at the
sourcepoint (seeFigurel). Theexpressiorfor de{ Qs ¢as) is similar.

Figure 1: Distance vector x(™,
and slowness difference pt™.
plm = pm — p® where,! and
m take valuesfrom 1 to 3 andin-
dicatethe ray underconsideration.
M® is the intersectionof the ray
with a givenwavefrontandp is the
slownessvectoratthe sourcepoint.

WAVEFRONT ORIENTED RAY TRACING

In the WORT techniquea wavefront (which is definedby the endpointsof rays)is
propagatestepwisethroughthe model,andray quantitiesare interpolatedto a dis-
cretegrid. To describethe WORT technique,we compareit with the classical3D
WFC methodby Vinje etal. (1996a,1996b).In bothmethodgheray field is decom-
posedinto elementarycells (a cell is the region betweenthreeadjacentraysandtwo
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consecutrie wavefronts). However, the propagatiorof the wavefront, the generation
of new rays,the estimatiorof ray quantitiesat gridpointsandtherepresentatioof the
modelaredifferent.

Pleasenotethe differencebetweerthefine grid wherethe input quantitiesarede-
finedandthe coarsayrid whereoutputquantitiesareestimated.

Propagationof wavefronts

The WORT techniquds basedn KRT, while the WFC methodis basedon KRT and
DRT. Therayis definedby its initial conditionse.g.,for apointsourcetheinclination
anddeclinationat the source.For a givenray, KRT is usedto computethe wavefront
locationandthe slownessvectorat given traveltimes. Dynamicquantitiesalongthe
sameray arecomputedvith DRT. For moredetailsaboutKRT andDRT referto, e.g.,
Eeneny (1985).

On the one hand,DRT is a usefultool for the interpolationof newv rayson the
wavefront, for the estimationof kinematicquantitiesat gridpointsandfor the com-
putationof migrationweights. On the otherhand,DRT needsa velocity modelwith
smoothsecondderwvatives,while for KRT smoothfirst dervativesare sufficient; the
computationakfficiengy of ray tracingis reducedbecausehe DRT systemmustbe
solved (in additionto the KRT system)alongeachray, andthe interpolationof new
raysusingDRT is notaccuraten certainsituationgseebelaw) .

In sectionMigration weights,we have shavn that migrationweightscan be ap-
proximatelycomputedwithout DRT. We will shonv below that DRT is alsonot nec-
essaryfor the generationof new raysandfor the estimationof ray quantitiesat the
migrationgrid.

Generationof newrays

A new ray is generatedbetweertwo raysof the samecell (parentrays)if eitherof the
following conditionsis satisfied:(1) the distancebetweentheseraysis largerthana
predefinedmaximumvalue,or (2) the anglebetweernhe slovnessvectorsof the two
raysis largerthana predefinedhreshold.

In the WORT techniquea new ray is generatedlirectly at the sourcepoint and
KRT is usedto propagatdhe ray to the giventraveltime, while in the WFC method
anew ray s interpolatedon a wavefrontusingDRT andthe paraxialray theory(e.qg.,
Ceneny, 1985). Thegeneratiorof anew rayatthesourcepointleadsto moreaccurate
ray parametethanthe interpolationof a new ray on the wavefront. The accurag of
theray parameteis essentiafor theaccurag of thewholemethod.
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Theinterpolationof new rayson thewavefrontin the WFC methodis rathercum-
bersome. Many kinematicand dynamicquantitiesneedto be interpolatedand this
affectsthe computationakfficiengy. Theaccurag of theinterpolationdepend®onthe
accurag of theparaxialapproximation Accurag of paraxialinterpolatioris low if the
distancebetweentwo raysincreasevery fastor if the slownessdirectionchangevery
fast. Moreover, the dynamicquantitiescannotbe interpolatedby usingthe paraxial
approximatiorandthereforea linearinterpolationis used.Inexactdynamicquantities
affectstheinterpolationof ray quantitieso recever pointsandtheinterpolationof new
rays.

In the WORT techniquewe generatea new ray directly at the sourcepoint. The
take-off slownessof the new ray is givenby the averagevalueof the two parentrays.
Thepropagatiorof therayis doneby KRT with aRunge-Kittamethodusinganadap-
tive timestep.This methodis fastandprovidesanaccurateslovnessandlocationon
the wavefrontfor the generateday. If rayscannotbe tracedin a part of the model
(shadev zone)thenanew ray is linearly interpolatecon the wavefront. However, this
is seldomrequired,e.g.,in the complex 3D Marmousimodel(seebelow) this option
wasnheverused.

Inter polation of ray quantities to gridpoints

In the WORT techniquewe interpolatethetraveltime,the slownessthetake-off slow-
nessanddetQ.) to a adiscretegrid. The WORT techniquecomputeamulti-valued
traveltimes. To keepmigrationefficient, we storeonly onearrival per KMAH index,
and we restrictthe numberof arrivals by definingthe maximumcomputedKMAH
index asaninput parameterin ComanandGajevski (2000)we demonstratethatthe
estimationof ray quantitiesat gridpointsis very time consuming.To increasecompu-
tationalefficiengy in the WORT techniquetheinterpolationis doneon a coarsegrid.
Moreover, avoiding DRT, alessnumberof ray quantitiesneeddo beinterpolated.

Representationof the model

In the WORT techniquethe velocity modelandit's first derivativesare definedon a
discretefine grid. For the evaluationof velocitiesat arbitrarypoints,we useatrilinear
interpolation,while in the WFC methoda splineinterpolationis used. The trilinear
interpolationis fasterthanthe splineinterpolationandfor a smoothmodeldefinedon
fine grids,the differencebetweerthemis very small (EttrichandGajavski, 1996).
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Numerical example

We testthe WORT methodin a 3D versionof the Marmousimodel. This modelis
an extensionof a 2D smoothMarmousimodelinto the third dimension. The Mar-
mousimodel (Versteg and Grau, 1990) hasbeenwidely usedas a referencemodel
to validatenew methods.The velocity grid is resampledo 12.5m in eachdirection
andthe outputquantitiesare interpolatedat every fourth gridpoint. Figure2 showvs
first-arrival isochronegomputedvith the WORT technique The computatiorof first-
arrival traveltimeswith the WORT techniquewasfasterand more accuratehanthe
computationwith Vidale's (Vidale, 1990)finite differenceeikonal solver. The main
reasonfor this (unexpected)resultis the factthatin Vidale's methodthe traveltime
needto becomputedn afine grid, while in the WORT techniqueamorecoarsegrid
canbechosen.
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Figure2: Firstarrival traveltimesin the 3D Marmousimodel.

CONCLUSIONS

We have presented methodbasedon KRT which is particularlydesignedor a fast
computatiorof 3D traveltimesandmigrationweights. In this method,a wavefrontis
propagateastepwisethroughthe model. Outputquantities(traveltimes,slownesses,
detQ.)) areinterpolatedo a coarsegrid in aregion betweerthreeadjacenraysand
two consecutre wavefronts.

To maintainan accuraterepresentatiomf the wavefront, we generatenew rays
directly at the sourcepoint. The following featuresof the WORT techniquencrease
the computationaéfficiency: First,we useonly KRT (avoid DRT). Secondyve define
thevelocitymodelandit' sfirst derivativeonafinegrid andusetrilinearinterpolatiorto
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determinanodelparameteratarbitrarypoints,andthird, we computeandinterpolate
to a coarsegrid only the quantitieswhich are neededfor true amplitudemigration
(traveltime, slovnessanddetQ,)). Thefirst-arrival traveltime computatiorwith the
WORT techniques evenfasterthanVidale's (Vidale, 1990)finite differenceeikonal
solver.

The WORT techniquecan be usedfor 3D true-amplitudemigration of seismic
wavesfor datain commonshot/ recever gathers.
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