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Summary

The t -p domainis the naturaldomainfor anisotrog-paramete estimationin horizontallylayeredmedia.
However, the needto transformthe datato the t-p domainor to pick traveltimesin the t-x domain, is
a practicaldisadwantage. To overcomethis, we combinea t -p domaininversiontechniquewith rational
interpolationof traveltimesin thet-x domain. This combinationresultsin a highly accurateandef cient

semblance-basedethodfor anisotroy parameteestimatiorfrom themaoveoutof P-wavesin layeredtrans-
verselyisotropic(Tl) mediawith averticalsymmetryaxis(VTI).

Intr oduction

In the pasttwo decadeseismicprocessindhasgraduallydevelopedto allow for estimationof anisotroy
parameterfrom seismicdata.In thepresencef anisotroy, the moveoutof P-wavesin horizontallylayered
mediaasobseredin common-midpoin{CMP) gathersdeviatesfrom beinghyperbolic.It is commonprac-
ticeto get(initial) estimate®f therelevantanisotropigparameterdy ascribingthenonhyperbolicharacter
of themoveoutto the presencef anisotroy. For P-wavesin TI mediatheseparameteraretheanellipticity
parameteh andthenormalmoveoutvelocity vime Earlytechniquedvasedn Taylorseriesapproximations
to thetraveltimesinclude[HHM84] and[TsTh94]. However, thesetechniquedack accuray atintermediate
andlong offsets.

The t-p transformis the naturaldomainfor anisotroy parameteestimationin layeredmedia[Hake86,
VaKe02], sincethe horizontalslowvnessis presered uponpropagatiorthroughsuchmedia. Sincethe t-p
transformis a plane-vave decompositionthe relevant velocity is the phasevelocity insteadof the group
velocity. Thelattervelocity is mathematicallymore complex andoftenfollows from approximationgo al-
readyapproximategbhasevelocities.Hence anisotroy-parameteestimationin thet -p domainrendergshe
extra approximatiorfor thegroupvelocity obsoletethusleadingto moreaccurateestimate®f therelevant
parametersThedisadwantageof the t - p domaininversiontechniqués thatwe eitherneedto (1) transform
thet-x gatherdo thet -p domainandpick thet -p curvesin thisdomain,or (2) pick thet(x) moveoutcurves
andtransformtheseto thet -p domain.Mostinterpretersill preferthe secondptionsincethey have more
experienceviewing datain thet-x domain.[VaKe02]thusrecommendegicking traveltimesin thet-x do-
mainfor practicalpurposes.

Semblance-basethalysesresigni cantly fasterandprobablymorerobustthanmanualpicking of travel-
times. This requiresthat traveltimesare computedat eachrecordedoffset. In this paperwe combinethe
t -p domaininversiontechniqueof [VaKe02]with the rationalinterpolationmethodof [DoCa06]to create
a highly accuratesemblance-basempproachin the t-x domainfor anisotroy-parameterestimationusing
P-wavesin layeredvV Tl media.

Nonhyperbolic moveoutasa function of horizontal slowness

Theslantstackrelategraveltimet andoffsetx to intercepttime t andhorizontalslovnessp by

t= px+t: Q)
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For P-wave re ectionsin horizontallylayeredV Tl mediathetotal intercepttime t is alinearcombination
of theintenal zero-ofsettraveltimesDtg;, the vertical P-wave velocity vg;i, andthe vertical slovnessg; in
eachlayeri [Hake86,VaKe02]. Thatis,

t= é. Dto;i Vo;i G- (2
i

[Alkh98] dervedareduced-parametexpressiorfor the vertical P-wave slovnessg; expressedn termsof

theinterval NMO velocity Vamgi = Voi[1+ 2d]¥2 andtheintenal anellipticity parameteh;; seehisequation
A-10. [GrTs98]shavedthatthe horizontalvelocity Vhori = Vamgi[1+ 2h;]¥? is betterconstrainedhanthe
anisotroy parameteh in asemblancanalysis.Rewriting Alkhalifah's equation(A-10) in termsof Vpmg;

andviori, andsubstitutingheresultin equation(2), gives

! #1=2
1 pzvﬁor,i . (3)

2 2
1 pz(vhor;i Vnmqi)

i

To allow semblancanalysigo bedonein thet-x domain,we needto know thetraveltimefor eachrecorded
offsetx. It follows from thede nition of thet -p transform(1) thatx= ft=Tp. Therefore,

2\ 2 2, 2 1=2
p Vnmqi:r 1 p Vhor,ig

f1 pz(vﬁor.i V%mai)ggz2

X= é. Dto;i (4)
[

Combiningexpressiong1), (3) and (4) resultsin the expressionfor the traveltime as a function of the
horizontalslovnessp, i.e.,

pzvﬁmin[l pz(vﬁor,i Vﬁmqi)]"' 1 pzvﬁor,i
f(l pzvﬁoni)[l pz(vﬁor,i V%mqi)]gl:2

1

Equationg4) and(5) areexplicit in p, whereador at-x basedsemblanceanalysiswe requiretraveltimes
for eachoffsetacquiredin the eld. However, nding the p valuethat correspondso a certainoffsetx in
equation(4), correspondso asimpli ed 2-pointraytracingproblemwhich canbesolvedusingastraightfor
wardbisectionapproachsinceexpressiong4) and(5) aresinglevaluedandmonotonicallyincreasingwith
increasingp-values. However, a more eleggantand computationalljlessdemandingorocedureas available
on by combiningthet - p inversiontechniguewith therationalinterpolationapproactof [DoCa06].

Rational interpolation

A rationalapproximatiorto afunctiont(x) is generallywritten as(see.e.g.,[StBu93]p.58-63)

NL(X) |
Dm(¥)’

1) (6)

with N_ and Dy, polynomialsof degreeL and M respectiely. We denotesuch an approximationas
[L/M]. The [L/M] rationalinterpolationis fully determinedoy L+ M + 1 supportpoints (tj, x;) satisfy-
ing tj = t(xj) = NL(Xj)=Dwm(Xj). ForasinglehorizontalVTI layer [DoCaO6]shavedthata [2/2] rational
interpolationyields highly accurateraveltime predictionsfor all offsetsbetweenthe rst andlastsupport
offsets.Herewe extendtheir approactio horizontallylayeredvVTl media.

Expresse@sa Thiele continuedfraction,the[2/2] rationalinterpolationfor P-wave moveoutbecomes

N2(X)= N X X X X1 X X

1) D2(x) ° r(XO;X)%)"'Xr(XO;Xl;XZ) r(xo)+ r(xo;:iiixa) r(Xo;%a)+ @)
3

r(Xo;:::;%a) r(XO;Xlixz);




wherewe usetheshort-hanchotation- ¢ = 2. Thereciprocaldifferences arede ned by

Xi Xk
I’(Xj)='[j; f(Xj;Xk)z tJ. tk;
]
Xj  X+k
I (Xi; Xi+1, -3, X = + r(X+1,::5% . 8
(X322 PG Xk 1) (X111 X k) 043255k 1) ®)

Equation(7) with the reciprocaldifferencesgivenin (8) canbe usedto nd the traveltimest at offsetsx

differentfrom the supportoffsetsx;. The interpolationis highly efcient sinceonly four supportpoints
needbe calculatedty is treatedasa parametewith xg = 0). It is known thatrationalinterpolationbecomes
degeneratdn the caseof commonrootsin the polynomialsN. and Dy (see[StBu93], p.61-62). Such
degenerag canbe overcomeby noiseinjection, i.e., small perturbatiorof the supporttraveltimes(O[10 1]

msor smaller)andoffsets(O[10 ] m or smaller).

Parameter estimation by t-x semblanceanalysis

In orderto performsemblanceanalysisn thet-x domain,we needto computethetraveltimefor eachoffset
acquiredin the eld for a speci c combinationof zero-ofset time tg, NMO velocity vame and horizontal
velocity vhor. FOrasinglehorizontalVTI layer, [DoCa06]useds regularlyspaceoffsetsto actasthesupport
pointsfor the [2/2] rationalinterpolation.For the layeredmediumcase the traveltimesfor suchoffsetscan
be found usinga bisectionapproachappliedto equation(4) to nd the appropriatehorizontalslovnesses
pj, andsubsequentseof thefound p; in equation(5) to calculatethe@ssociatetraveltime. Alternatiely, a
simple ray-shooting'methodcanbe usedto computeoffsetsfor arangeof p-valuesandextractthe offsets
(andthe associatedraveltimes)closestto the desiredones,to actasthe supportpoints. The thusobtained
valuesof xj andt; (j = 0;1;:::;4) constitutethe supportpointsfor [2/2] rationalinterpolation[equation
(7)], which allows the calculationof the traveltime asa function of offset. Theresultingmoveoutcurve can
beusedfor semblancanalysisor to atten a CMP gather

Sincethe supportpoints are expressedn termsof the intenal velocitiesVhori and Vamgi, in principle a
semblancéasedylobalinversioncanbesetup to determinghevaluesof Viori @andvpamgi for all layersatthe
sametime,or by applyingtheinversionin alayerstrippingfashion.However, in practicesuchapproachesare
notgenerallydesirabledueto thetrade-of betweenvqri andvymgi for limited offsetacquisitiongeometries.
Alternatively, oncethelayerof interestis determinedthe overturdencanbe modeledasa singlelayerwith
certaineffective valuesof vihor andvyme Oncethesevaluesareestablishedthevaluesof Viori andvamgi can
be determinedoy nding the maximumsemblancesalue over a rangeof valuesof Vpori andVymgi, While
keepingtheeffective valuesof vihor andvyme Of the overturden x ed.

Numerical example

The same4-layermodelasin [DoCa06]is usedto demonstratéhe accurag of the inversionapproacho
estimateintenal parameters.The anellipticity increasesith depthfrom noneto extreme(seeannotated
valuesof h in Fig.1), and the maximum offset-to-depthratio is 4 for all events. Exacttraveltimesare
computedby meansof raytracing.Fig ladisplaysthe computedCMP gatherandshaws the true valuesof
h, Vhor andvime.

Fig 1c-f shav the semblancescandor the rst throughthe fourth eventasa functionof theintenal values
Vhori @ndVnmqi. For the purposeof this numericalexample,the semblancescansare obtainedwith alayer
strippingapproactsincethetrade-of relationsbetweernvyori andvamgi Wereonly smalldueto therelatively
large employed offset-to-deptiratio of 4. Thewhite triangleindicatesthelocationof maximumsemblance
andthe grey circle shavs the valuesof the true velocities. Note the excellentagreemenbetweentrue and
retrieved values. The accurag of the inversiontechnique andthusthe obtainedmoveoutcunes,is also
con rmed by the high semblancemaximasnmax (i.€., closeto one). Fig 1b shavs the traveltime curves
predictedby the proposedapproactrom therecoveredintenal horizontalandNMO velocitiessuperposed
on the true moveout curves. Discrepanciesire negligible demonstratingagainthe high accurag of the
proposednethod.Theblackdotsindicatethe supportpointsusedin the rationalinterpolation.
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Conclusions

The t -p domainis the naturaldomainfor anisotrog-paramete estimationin horizontally layeredmedia.
However, quality control of processingesultsandinterpretationof seismicdatais preferablydonein the
t-x domain. We combinethe t -p domaininversiontechniqueof [VaKe02] with the rationalinterpolation
methodof [DoCa06]to allow a highly accuratesemblance-basadtenal parameteinversionfor layered
VTl mediato be donein thet-x domain. This methodovercomeghe needto pick traveltimesin the t-x
domainor processingof the datain the t-p domain. The ef ciency of the methodstemsfrom the fact
that only few supportpoints needbe calculatedto achieve highly accuratemoveout curves with rational
interpolation.
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Fig. 1. Interval semblancenalysisfor VTI anisotroly estimation.(a) CMP gatherin a stronglyanisotropic4-layer
medium. (b) Traveltimescalculatedfrom the estimatednterval velocitiesare overlain on the true moveoutcurves.
Black dotsindicatethe supportpoints usedfor the rational interpolation. (c)-(f) Semblancescansfor the interval
horizontaland NMO velocitiesfor layers1 to 4, respectiely. Grey circle: true values;white triangle: position of
maximumsemblance.Both the high semblancevaluessmax andthe closely overlappingtrue and obtainedinterval
parameterslemonstratéhe accurag of the presentecpproach.




