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ABSTRACT

This contribution presentgheotetical and practical aspectf the challenge, howto
handle2D and3D datain a true-amplitudeeficient,andtime-savingvayfor a later-
ally andvertically inhomaeneoussotropic earthmodel. Theunderlyingbasicimag-
ing processes— Kirchhof-typetrue-amplitudemigration and demigation — are ex-
plained and an implementatiorof the unified approacd theoryis shown. Practical
aspectssud as aliasing tapering the migration and demigeation apertures or the
creationof Greens FunctionTables(GFT) are consideedand,finally, somesynthetic
datasetexamplesare shown.

INTRODUCTION

In the pasttwo decades3D reflectionseismicshas becomea powerful tool in the

world of seismicexploration. This developments driven by the accurag of images
of the subsuréceobtainedby 3D seismicscomparedwith the imagesof 2D seismic
lines, asonly 3D seismicscanhandleout-of-planereflectionscorrectly Many of the

basicconceptshat have beendevelopedfor 2D seismicimaging are still valid for

3D imaging. However, 3D imaging presentsseveral newv problemsthat are caused
by higher dimensionality— prestackseismicdatais definedin a 5D space(time,

two componentf the sourceposition, two componentf the recever position),
comparedwith the 3D space(time, one sourcecoordinate one recever coordinate)
of 2D prestackdata. An obvious problemis the amountof datathatis recordedin

thefield andthat hasto be processedThus,animportantaspects the right stratey

for reducingthe time and resourcesvhich are necessaryo obtainan imageof the

subsuréacefrom the original largeamountof datawithoutcompromisinghe accurag

of theresults.

During the last years, processingmethodswhich do not only accountfor the
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kinematic(relatedto traveltimes)but for the dynamic(relatedto amplitudes)aspects
aswell have becomemore and more important. Suchmethodsare ableto provide
imagesthat can be usedto determinegeologicaland quantitatve physical proper
ties of the subsurbcewhich are useful for reserwir characterizatiorby meansof
amplitude-ariation-with-ofset (AVO) and amplitude-ersus-angl€¢AVA) analyses.
An AVO/AVA analysisaimsto point out amplitudeanomaliesvhich may be caused
by hydrocarbonreserwirs. The quantitatve physicallywell-definedamplitudevalues
of imagesarereferredto as'true amplitudes'. A true amplitudeis definedasnothing
more than the amplitude of a recordedreflection compensatedby its geometrical
spreadindactor Moreover, the constructiorof a true-amplitudeeflectionimpliesnot
only a scalingof the consideredeflectionamplitudewith the geometricakpreading
factorbut alsothereconstructiorof the analyticsourcepulse.

To achieve theabore mentionedbjectves,theunifiedapproactiheoryby (Hubral
et al., 1996) (basicconceptsland (Tygel et al., 1996) (theory)is presentedvhich is
basedon ray theory and simple geometricalconcepts. This approachis composed
of firstly a weightedKirchhoff-type diffraction stackintegral to transformseismicre-
flection datafrom the time domaininto the depthdomain,and secondlya weighted
Kirchhoff-type isochrone-staclntegral to transformthe migratedseismicmagefrom
the depthdomainbackto thetime domain. By cascadingr chainingbothprocesses
we areableto solve variouskinds of seismicreflectionimagingproblemsg.g.migra-
tion to zerooffset(MZO) or remigration(RM). Dueto the factthatall methodspre-
sentecherearetamget-orientedefficient, andhighly parallelizablethey canbeusedto
perform4D seismicmonitoringby meansof modellingby demigration. Thatmeans
time-dependenvariationsof subsur&ce propertiescan be investigatede.g. the ex-
ploitationof anoil field andtheeffectonrecordedseismograms.

THEORY

The task of depthmigrationis the transformationof seismicdataacquiredwith an
arbitrary shot-recaier configurationat a certainmeasuremengurfacefrom the time
to the depthdomain. If this transformationis performedin sucha way that the
dynamicaswell asthekinematicpartsaretreatedcorrectly it is calledtrue-amplitude
migration. A true-amplitudetraceis a seismictrace where the amplitudeis free
of geometricalspreadingeffects, i.e., where the amplitude is correctedby the
geometricakpreadingactor Therefore the amplitudeof a true-amplitudemigrated
reflectorimageis a measureof the angle-dependeneflectvity and canbe usedto
determinegeologicaland(quantitatve) physicalpropertiesof the mediaby meansof
an AVO/AVA analysis. It is importantto recognizethat a true-amplitudemigration
is not able to provide the true reflectioncoeficient, althoughthe nameimplies it,
becaussomefactors-includingfor examplesourceandrecever effects(e.g.strength
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and coupling, geophonesensitvity), transmission,attenuation,thin-layer effects,
scatteringandanisotroy — may have falsifiedthe amplitudes.The latter mentioned
effects, however, are usually small. Furthermorewe are mainly interestedn rela-
tive change®f themediumparameterataninterfacenotatglobalquantitatve values.

Demigrationis the (asymptotic)mathematicainverseto migration and undoes
what the migration processhasdoneto the original seismicsection,i.e., the aim of
demigrationis the reconstructiorof a seismictime section(primary reflectionevents
only) from a depth migratedsection. This transformationcan also be performed
in considerationof geometricalspreadingeffects which will then also be called
true-amplitude.

The seismicrecordis expectedto consistof analytictracesthat containthe se-
lectedanalyticelementaryeflectioneventsU (5, t) Whereg Is aconfiguratiornparame-
ter characterizinghe shot-receier geometry(Schleicheetal., 1993). Analytic traces
of reflectioneventsarenecessarjo correctlyaccountor thephaseshift of primaryre-
flections;they areconstructedrom therealtracesby addingtheir Hilbert transformas
animaginarypart. OneprimaryreflectioneventU (¢, t) canbeexpressedn zero-order
ray approximatioras

U, t)=Uo(&) W(t—1r) = Rc% W(t—1gr), (1)
whereW (t) representthe analyticpoint-sourcevaveletwhich hasto bereproducible
for all sourcepointsS. Thefunction7g providesthetraveltimealongtheray SMgrR
whereMpy, is anactualreflectionpointandR is thereceverlocatedatthesurface.The
parameterR, is the plane-vave reflectioncoeficient at the reflectionpoint, A is the
totallossin amplitudedueto e.g.transmissioracrossall interfacesalongtheray, and
L isthenormalizedgeometricabpreadingactor

True-amplitude migration

The true-amplitudemigration procedures performedby a weightedKirchhoff-type
diffraction stack. The kinematicpart of the transformatiorcan easily be performed
in the following way: assumea denserectangulagrid of points M in the depthdo-
mainin which we wantto constructthe depth-migratedeflectorimage(targetzone)
from the giventime section. Moreover, let all depthpoints M on the grid be treated
lik e diffraction points(which primarily led to the name'diffraction-stackmigration’)
in thegiven (or alreadyestimated)nacro-elocity model. Their diffractiontraveltime
surfaces-whichwould pertainto actualdiffractionresponses thepointsM wereac-
tual diffractionpointsin the givenmodel— canbe calculatedusingthe macro-elocity
model. Now, a Kirchhoff-type depthmigrationinvolvesin principle nothingelsebut
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performinga summation(also called stack) of all the seismictrace amplitudesen-
counteredalongeachdiffraction-timesurface(Huygenssurface)in the time section,
andplacingthe summationvalueinto the correspondingpoint M. The dynamicpart
which we referto astrue-amplitudecanbe performedby weightingall seismictrace
amplitudesalongthediffraction-timesurfaceduringthe stackingprocessy avarying
true-amplitudeveightfactor The summatiorcanmathematicalljpe expressedy

_ 1 = UE D)
vOn = o 4 [ des da Wos(€ M) =52 o @
Thestackingsurfaceis the Huygenssurfacegivenby
t = 7p(€, M) = 7(S(€), M) + (M, R(§)) , 3)

with the vector€ varying over the apertureA. Note, thatto eachsubsuréce point
M, onegenerallyassignghevalueRe{V (M)} to displaythe depthmigratedimage.
However, to permit the extraction of comple reflection coeficients in case of
overcritical reflections,one hasto considerthe full comple value V(M) instead.
Thechoiceof %—[{ is neededn orderto correctlyrecover the sourcepulse. Theregion
of integration A shouldideally be the total (&, &)-plane. This is, of course,im-
possibledueto thelimitation of theapertureof thedataacquisition(Tygeletal., 1996).

Thetrue-amplitudeveightfunction,is givenby

2
h/B UM

Wps(E, M) = T co? aupy

Lsu Lyur (4)

wherehp = h,B(f, M) is the Beylkin determinant(Jaramilloet al., 1998). It is
importantto notethattheweightfunctionon its own doesnotremove the geometrical
spreadingeffect. Only thetrue-amplitudeveightfunctionandthe summatiorprocess
along the diffraction surface accountfor the whole geometricalspreadingeffect.
Surprisingly the evaluationof the stackingintegral by meansof the stationaryphase
methodshows thatthe stackautomaticallycorrectdor the Fresnefactor i.e. reflector
curvature effects on the total geometricalspreadingfactor are automaticallytaken
into account. The chosenweight function (4) simply correctsfor the remaining
geometricalspreadingeffects causedby ray segmentsin the reflector overburden.
Thisis thereasorwhy theweightfunctionis independenof thereflectors cunature.

True-amplitudeweight functionsfor specialshot-recaier configurationsand a
comparisorcanbefoundin (Hanitzsch1997).
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True-amplitude demigration

Thetrue-amplitudelemigratiorproceduras performedoy a weightedKirchhoff-type
isochronestack. The kinematicpart of the transformationcan easily be performed
in a completelyanalogouswvay to true-amplitudemigration as describedn the last
section.Ratherthandefininga grid of points M in the depthdomain,we now define
a densegrid of points N in the time domain,i.e., in the (5, t)-volume in which
we desireto constructthe time sectionfrom the depth-migratedsection. Eachgrid
point N togetherwith the macro-\elocity model definesan isochronein the depth
domain.Theisochronadeterminesll subsurdcepointsfor which areflectionfrom a
possiblaruereflectorwouldberecordedat N aftertravelingalonga primaryreflected
ray from S to R. We now have to perform a stackalong eachisochroneon the
depth-migratedectionamplitudes.Then,we placethe resultingstackvalueinto the
correspondingpoint N. As in Kirchhoff migration,the isochrone-stacklemigration
will only resultin significantvaluesif the point N is in the nearvicinity of anactual
reflection-traeltime surface. Elsevhereit will yield negligible results. The dynamic
partcanonceagainbe performedby a multiplicationof theamplitudeswith avarying
weightfunction.

Thesummatiorcanmathematicallype expressedy

1 L A O0D(7, 2)
V(N) =5 / / do dy Wis(F.N) =52 5)
E 2=(7(7,N)
Thestackingsurfaceis theisochronez = (;(7, N) givenby
7o(&, M) = 7(S(€), M) + 7(M, R(§)) = ¢ (6)

for all points M with 7" in E. As we canseehere,the isochroneand the Huygens
surfaceare definedby the sametraveltime function 7 (£, M). The function ®(7, z)
representghe migratedreflectorimageto be demigratecandcanbe expresseds

O(7, 2) = @o(7) W(mp(z — Cr)) , (7)

where W (t) representshe analytic point-sourcewavelet, mp(7) is the vertical
stretchfactor andpoints Mr = M(7,z = (g(7)) definethe actualreflector W;g
is the true-amplitudeweight function to be specified. The value Re{V ()} is the
demigrationresultwhich is generallyassignedo the point N. However, if we want
to chaintrue-amplitudemigrationanddemigrationwe have to usethe complex value
V(N) (Tygeletal., 1996).

Thetrue-amplitudenveightfunctionfor demigratiorrelatesto the weightfunction
for migrationbecaus¢hedemigratiorshouldundowhatthe migrationhasdoneto the
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original seismicsection(providedthe samemacro-\elocity model,the samemeasure-
mentconfigurationandthe sameray codesareused;only primary eventsareconsid-
eredhere).Theweightfunctionfor demigratiorcanbecalculatedn ananalogousvay
to the previously describednigrationweightfunction,andreads

1

o N) = 8
WIS(T’ ) 2[;51\/[‘6]\/13COS2 ﬁM ’ ( )

whereLgs,, andL,, r denoteonceagainthepoint-sourcggeometricabpreadingactors
for the ray segmentsSM and M R, respecirely; 5, is the anglebetweenthe half-
angledirection—definedby thetwo ray segments- andtheverticalat A/ (Jaramilloet
al., 1998).

IMPLEMENT ATION

As we have shawvn in the previous section,the knowledgeaboutthe Huygenssurface
andthe isochrone(stackingsurfaces)are fundamentafor Kirchhoff-type migration
and demigration. Thesesurfacescan be built by the sum of traveltimesalong the
ray branchedrom the sourcesS to the depthpoint A/ andfrom M to the recever
R. Thus,we needa priori informationaboutthe traveltimes(for the calculationof
the Huygenssurface or isochrone)and dynamic parametergfor the calculationof
the weight function) to performa true-amplitudemigrationor demigration. This is
wherethe macro-elocity model comesinto operation. The necessarynformation,
i.e., the Greens function of the medium,is usually obtainedby asymptoticdynamic
ray tracingfor a specifiedray-codein the macro-\elocity earthmodel,andstoringthe
parameter a databasevhich we call Greens FunctionTable(GFT). This database
is thelink betweertheinputandoutputspaceseeFigurel. In otherwords,we need
informationaboutthe wavefield from every shotandrecever positionat the surface
to every diffraction point M in the subsurice. Obviously, this is a large amountof
information,andthe GFT canexceedtheinput databy severalordersof magnitudeln
orderto avoid computatiorandstorageof redundaninformation,methodgo optimize
thecreationof the GFT areexplainedby (Riedeetal., 2000)and(Hertweck,2000).

Our imaging tool is written in C++ in an object-orientedway. Accordingto
the previously mentionedstacking integrals, we have to calculatethe analytical
signalandits derwvative (3D) or half-dervative (2D). This is donein the frequeng
or wavenumberdomain, respectrely. Taperingof the input datais usedto avoid
boundaryeffects at the borderof the apertureduring the summationprocess. We
multiply theinput data(alongthe shotcoordinatespy thefunction f(z) = 1 — cos z
over a small rangeat the border usuallysometraces. No taperingis neededwithin
the shotgathersalongthe offset dimension. The actualnumberof traceswhich are
usedfor taperingmay be specifiedby the user The completetaperfunctionin 3D is
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Figurel: Schemeshaving the migrationanddemigrationprocedurdor 2D data.The
input datais transformedo the outputdomainwith the help of the Greens Function
Table (GFT) which containsall necessarynformationto constructthe stackingsur
facesaswell astheweightfunctions.

Depth-migrated image

z

plottedin Figure2.

The weight functionsfor true-amplitudemigrationor demigrationare calculated
duringruntime. The necessarynformationis obtainedrom the GFT.

To avoid operatoraliasing,the operatoritself is taperedor, in otherwords, the
possiblereflectordip which canbeimagedis limited. Thelimit canbe definedby the
useraccordingto his needsandtheinputandoutputgrid spacings.
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Figure2: Taperfunctionin 3D. In this plot, the numberof traceswhich aretapereds
enlagedcomparedo the overall numberof traceso show the effectmoreclearly

APPLICATION

We have appliedour imagingtool to several syntheticdatasetdo shov how true-
amplitudemigrationanddemigrationwork. The developmentandthe applicationon

syntheticandrealdatasetaregoingon. The currentversionof the programis ableto

handle2D and3D true-amplitudepoststacknigrationanddemigrationand2D true-
amplitudeprestackmigration. The 3D prestackcaseis not consideredat the moment
dueto limitationsin available computingfacilities. We cannotreally expectthatthe
theory presentedhereandthe respecire weight functionsandalgorithmswork well

for all earthmodels.However, thefollowing resultsshow thatourimagingtool is able
to handlevariousinputdatasetsn aflexible andaccuratevay.



95

X [km]
2

08 12 1.6 24 28 32

80 90 Vv0 <20

[wy]z

8

[

¥l

Zero offset isochrone

Figure3: Isochrone.This curwe is obtainedoy migratinga singleevent, herefor zero
offset (ZO) configurationand (for simplicity) constantvelocity. In a homogeneous
medium,the ZO isochronds asemicircle(2D) or ahemispherg3D).
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Figure4: Huygenscurwe. This curve is obtainedby demigratinga singlediffraction
point, herefor zerooffset(ZO) configuratiorand(for simplicity) constantelocity. In

ahomogeneoumedium,the ZO Huygenscurve is a hyperbola(2D) or a hyperboloid
(3D).
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Figure5: A syntheticmodelusedfor testingmigrationand demigrationin 2D. The
colorsdenoteP-wave velocities.For simplicity, the densityof all layersis constant.

2D poststack true-amplitude migration

Figure6: 2D poststackrue-amplitudedepthmigration. The waveletsare correctly
mappedfrom the time to the depth domain, their amplitudescorrespondto the

impedanceontrastat eachinterface.
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Figure7: 2D artificial migratedimageof the upperthreelayers(modelFig. 5). This
sectionis createdby attachingo eachreflectorelementa correctlystretchedvavelet.
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Figure8: 2D demigratedseismogranof the artificial migratedsectionshown in Fig.
7. Due to the limited demigrationaperture the seismograntanonly be recovered
roughlyabove thetargetzone.
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CONCLUSION
As a generalizatiorof classicakinematicseismicreflectionmappingprocedureswe
have presente@ completevave-equatiorbasedhighfrequeng, amplitude-preserving
theoryfor seismicreflectionimaging. The basictools aretwo weightedstackingin-
tegrals, namelythe diffraction andisochronestacks. Both stackingintegrals canbe
appliedin sequenceasingdifferentmacro-modelsneasuremerdonfigurationor ray
codesthusallowing us to solve variouskinds of imagingproblems.All transforma-
tionscanbecarriedoutin atrue-amplitudesensethatmeansthe geometricakpread-
ing factorsare correctly transformedrom the input to the outputdomain. This is
a featureof the Kirchhoff-type stackingstructureof the integralsandthe adequately
determinedstackingsurfaces. The theorydoesnot dependon ary assumptiorabout
the mediumandthe reflectorcurvature besideghe obvious conditionthat all quan-
tities vary smoothlyfor the zero-orderray theory andthe asymptoticevaluationsto
bevalid. Theimplementations straightforvard and shavs thatwe are ableto han-
dle true-amplitudemigrationand demigrationin a flexible way. Furtherresultsare
presentedby Goertzetal. (thisissue).
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