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SUMMARY

A new methodfor estimatinginterval velocitieswithout picking
is proposed. The rst stepconsistsin applyinga normal move-
out correctionwith a v(z) stackingvelocity on commonmid-point
gatherslIn the secondstepwe estimatdocal stepoutsat every off-
setandtime for eachgather We thenintegratethe local stepouts
acrossoffsetto obtainlocal time shifts. Theintegrationis donein
the Fourier domainfor increasedspeed. Finally we estimatethe
intenal velocity in the spaceby tting thetime shiftswith ato-
mographicinversionprocedurebasedon a straightraysgeometry
This approachis testedon a Gulf of Mexico datasetwith at ge-
ology; we demonstrat¢hatlateralvelocity variationsacrossaults
canberecovered.
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Figurel: Nearoffsetsectionof the2D eld datasefrom the Gulf
of Mexico. Somenormalfaultsarevisible.

INTRODUCTION

Intenal velocity estimatiorrequireickingin mary circumstances.

We might pick parametersndicatinghow at is acommondepth
point (CDP) gatherfor aninitial velocity model(Al-Yahya,1989;
Etgen,1990)or how well animagefocusesafter residualmigra-
tion (Biondi andSava, 1999). In stereotomograph{Billette etal.,
2003), slopesandtraveltimesare picked for the velocity estima-
tion process. Otherimaging techniquessuchas common-focus-
point migrationrequiresemblancenalysisfor updatingfocusing
operators(Berkhoutand Verschuur2001). In addition for most
of thesemethods speci cally thosebasedon tomographyseveral
re ectors needto be selected(picked) for the velocity inversion
(Clapp,2001). Very few velocity estimationtechniqueslo not re-
quire ary picking. For instance,Toldi (1989)deries a relation-
shipbetweernntenal slovnesgerturbationsndstackingslovness
perturbationghatis limited to at geologywith constantvelocity
backgroundClosesto ourapproachSymesandCarazzon€1991)
directlyinverttime shiftsbetweeradjacentraceso estimateanter
val velocities.

It is our belief that picking is inherently a wed andshouldbe re-

placedby more robust techniquesequiringaslittle humaninter

pretationaspossible. Therefore we proposea fully automatedn-

tenal velocity estimationtechniquebasedon (1) dip estimation,
(2) dip integration,and (3), tomographidnversion. Our ultimate
goalis to be ableto provide a robusttechniquethat cangive usa
rst orderestimateof interval velocities.
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Figure2: Five CMP gathersevery 1.6 km. after NMO correction
with the initial 1D RMS velocity derived from the intenal slow-
ness.Someresidualcunvatureis apparenthroughouthe section.

Our initial velocity, or startingguessis a v(z) model. From this

simplemodelwe applya NMO correctionto the CMP gathers.In

general, NMO is not ableto completely atten CMP gathersbe-

causethe velocity is laterally varying. To obtain at gatherswe

estimatdocal stepoutdrom the NMO correctedyathersThis esti-

mationis donetraceby trace.Oncethelocal stepoutsareestimated,
they areintegratedto form absolutdime shiftsatevery time, offset
andmidpointlocation.Next from the time shifts, we performato-

mographidnversionin the (x, ) space(ClappandBiondi, 2000),
wherex is themid-pointpositionand thezero-ofsettravel time,

by assumingstraightraysbetweerthe subsurécelocationandthe

source/rec@er positions.

We checkwhetherthe estimatedvelocity perturbationsatten the

gathersor notby applyingtheforwardmodelingoperatotto thees-

timatedvelocity perturbationsye thenobtainmodeledime shifts

thatwe apply to the NMO correctedgathers.From our approach
we areableto obtainupdatedntenal velocitiesand at CMP gath-

ers.In thenext two sectionsyve describahetime-shiftsestimation
stepandthetomographidnversion.

ESTIMATION OF TIME SHIFTS

Estimatingtime shiftsis atwo stepgproceduravherelocal stepouts
are rst estimatecandthenintegrated. The goal of dip estimation
isto nd thelocal stepoutpy, thatdestrys the local planewave
suchthat @ @

0 —Cph—=, 1

@a‘™Ma 1

whereu isthewave eld attime , midpointx andoffseth. For all
thegatherswe evaluatethe slope py, with amethodbasedn high-
orderplane-vave destructorlters (Fomel,2002). This technique
hasthe adwvantageof beingaccuratdor steepdips.

Oncethe dips are estimatedwe obtaina vectorof local stepouts
ph thatwe integrateto obtaintime shifts. The dips areintegrated
for one CMP gatherat a time. As mentionedearlier the dips are
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Figure3: Estimatedtime shiftsfor ve CMP gathers.The maxi-
mumtime shift is around0.05s. Notethatthe rst traceis setto
zero.

smoothedalong both spatialdirections,but notin time . To en-
forcesmoothness the directionweintroduceatime component
p top. Therelationshipbetweenthe local time shift vector™ D
*(,x,h) (x held constantandthe local dip vectorp D (pn.p )T,
()7 beingthetransposeis de ned asfollows:

Ph @
pD D D @& @

where@ is the partial derivative in offseth and @ is the partial
derivativein . In practice we never have to computep . p can
be seenasa regularizationterm thatimposessmoothnes# the
directionfor . To controltheamountof smoothnessye introduce
atrade-of parameter asfollows:

@ Ph

@ P P @)
Fromequation(3) we wish to minimizethelengthof the vectorr-
thatmeasureshedifferencebetweerp andr ":

O rDr ° p, 4)

wherer D (@, @)T, andp D (ph, p )T. We thenminimize
thefollowing objective function:

fC)D kr k2, (5)

wherek k is the L, norm, By settingp D 1 andby increasing ,

the estimatedime shifts~ get smootherin time. We solve equa-
tion (5) analyticallyin the Fourierdomain(Lomask,2003),which

speedsip theestimatiorof *:
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FFTop t %

(6)
z,t z'cec2 z, z

FFTop !

whereZp D éW1h andz D&%l | Thedipintegrationyieldsthe
desiredtime shifts plus a constant,.e., a zerofrequeny compo-
nent.We remove the zerofrequeng componenby subtractinghe

nearoffsetpanelto the otheroffsets.We thenassumehatthetime
shiftsareameasuref therelative moveouterrorsto thenearoffset
panel.

TOMOGRAPHY

From the time shifts, we estimateintenval velocitiesin the do-
main. Going from depthto vertical travel time introducessome
new variables.As describedy Alkhalifah (2003),thetransforma-
tion from depthcoordinateqx, z) into vertical-traveltime coordi-
nategX, ) is governedby therelationships:

z, ,
0
(x,2 D O—V(X’ngz, (7
(x,z2) D x. (8)

Therefore we have thefollowing relationshipbetweerthe differ-
entialquantitiegdx,dz) and(dX,d ):

gz p YAy V2 o ©)
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dx D df, (10)

wherev(x, z) is the focusingvelocity proportionalto the mapping
velocity (Clapp,2001)and

Z
z @ 2 o

Becausewe assumethat the initial slovness eld is horizontally
invariant, D 0. We alsoassumehatx andX areequal.
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Figure4: Slownessperturbationsstimatedrom the tomography
inthe space.

The dataspacefor this inverseproblemis a cubeof time-shiftsat

every time, offsetand midpointlocation. This differs from most
of thetomographidechniquesvherefew re ectorsareusuallyse-
lectedandpicked for the inversion. The numberof unknowvns for

the model space(the velocity update)is equalto the numberof

gathergimesthe numberof time samplesa velocity perturbation
is computedor eachpixel in themodelspaceFor a CMP location
x attime andoffseth, atotal time shift * is estimated.The for-

wardproblemrelatingthevelocity perturbationsindthetime shifts
is derivedfrom Fermats principle:

VA
(,x,h)D (s (r)ClsC(r))dr, (12)
0
with d(d
dr D @y (23)

ds’
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wherel s (r)andl sC(r) aretheslownessperturbationslongthe
down- andup-goingraysrespectiely (from x h=2to x andxC
h=2to x) andSis thefocusingslonnessanddt thetime increment
alongtheray (ClappandBiondi, 2000). To simplify the problem,
we assumethat the up- and down-goingrays are straightlines in
the( ,x) space.

Now we have in equation(12) a linear relationshipbetweenthe
time shiftsandthe slovnessperturbationghatwe canrewrite

dDLm, (14)

whered aretheestimatedime shifts,L isthetomographi®perator
in equation12)andm the eld of slownesserturbationsOurgoal
isto nd m suchthat

0 rgDLm d. (15)

We alsoadda regularizationoperatoito enforcesmoothnes the
horizontaldirectionasfollows:

0 r¢ D Lm d,
0 rm D rym. (16)
wherer yx is the horizontal gradient. We estimatem in a least-
squaresenseyy minimizing the objectve function

f(m) D krgk?C  2krmk>2. (17)

In general,aftera rst updateof the velocity, moreiterationsare
neededo converge towardsa satisfyingmodelthatwill atten the
gathers. It is not our intentionto do so. We merelywant to get
a robust rst velocity estimatethat, if needed,can be improved
further with, for instance,migration velocity analysis(Savza and
Biondi, 2003). We now testour methodon a 2D Gulf of Mexico
dataset.

A GULF OF MEXICO 2D FIELD DATA EXAMPLE

We shaw in Figure 1 a nearoffset sectionof a 2D dataset. The
geologyis relatively simplewith mostly at layersandfew normal
faults.We estimatea rst 1D intenal slovnessmodelby assuming
av(z)DvpC zfunctionthatleadstov( ) D vge inthe(x, )

space.

We choosevg D 1.6km=s and D 0.5s 1. We thentransformthe
velocity into anintenal slovnessfunction. In Figure2 we showv a
few CMP gathersafterNMO correction.Thegathersaredisplayed
for every twenty- fth CMP location. Note that thesegathersare
not perfectly at.

Fromthe CMP gatherswe estimatdocal stepoutsaandtime shifts.
Figure 3 displaysthe estimatedtime shifts for the ve selected
CMP gatherslt is interestingo noticethatthetime shiftsincrease
with offset. Thefactthattheestimatedime shiftschangewith mid-
pointfor a x ed andoffsetprove thatlateralvelocity variations
exist.

Now, we can estimatethe velocity perturbationsfrom the time
shiftswith the tomography Figure4 shavs estimatedslovness
perturbationgndFigure5 displaystheupdatedslovnesseld. We
used40 iterationsandset D 1 to obtainthis result. Notice that
we areeffectively ableto highlight lateralvelocity variationsvery
well. In Figure5, we pick four fault locationsfrom the seismic.
Thesefaultslocationsseemto be alignedwith velocity variations.
In particular it is pleasingo seethechangeof velocitiesacrosghe
differentfaults.

o
©
X g
X X X X o
X X }% X o
b ¢
~— o )%X X }% 0 A4
z % % X -
X
) X< XE% X %
g Xy X % <+ O
& x X % % g
o )SS( X X X %
b ¢ X X -
%)
bid x X ™
X X :
¢ < o
b d
[V
ap) T T T T o

T T T T T
8 9 10 11 12 13 14 15 16
Midpoint (km)

Figure5: Updatedslovness eld with four interpretedaultsfrom
theseismic.Notethe change®f velocity acrosshefaults.

To checkwhetherour methodcorverged, we estimatemodeled
time shifts from the slownessperturbationsn Figure 4 by apply-
ing the forward operatorin equation(12). The re-modeledtiime
shiftsareshavn in Figure6. ComparingFigures3 and6, we note
thatthe re-modeledime shifts are smoother Yet, applyingthese
time shiftsto the NMO correcteddatain Figure2 yield at gath-
ers(Figure7). ThedifferencebetweenFigures3 and6 is thatthe
re-modeledime shiftsareconstrainedy the physicsof thetomo-
graphicinversion,thus giving well-behaed amplitudevariations.
In Figure 3, however, the time shifts take ary value accordingto
estimatedlips. Theforward operatorf thetomographidnversion
canbeinterpretedasa velocity consistentime shiftsestimator
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Figure 6: Modeledtime shifts from the perturbationsn slovness
in Figure4. Notethatthe remodeledime shiftsaresmoothethan
theoriginal onesin Figure3.

DISCUSSION

We presentech methodthat estimatesntenval velocitieswithout
picking. In this approachye estimatetime shifts from NMO cor
rectedgatherdy rst computingocalstepoutsandthenintegrating
themacrosffsets. Thesetimesshifts aretheninvertedfor with a
tomographidnversionin the(x, ) space.

Thistechniquepresentsomeimitationsthatrequireimprovements.
For instancewe assumethat the local stepoutsare single valued
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Figure7: Flatteneddatawith the remodeledime shiftsin Figure
6. Thegathersare at shaving thatthe slovnessperturbationsn
Figure4 form a satisfyingmodel.

with no con icting dipsin the data. We canovercomethis limita-
tion by estimatingfew dips andkeepingthe onesof interestonly.
Secondwe needaninitial 1D velocity modelfor ourstartingguess.
Thisapproximationalongwith thesimpli ed geometryof therays,
preventusfrom recovering lateralvelocity variationsfor comple
geology e.g.,saltervironment.

Having thesdimitationsin mind, we selectedh 2D Gulf of Mexico
datasethatwascompliantwith our approximationsWe shaw that
our techniqueis ableto recover lateralvelocity variationswithout
picking. We alsodemonstratehat the updatedvelocity eld fol-
lows quite closelythegeologicalervironment:we canseevelocity
changescrosdaultsat variouslocations.We nally shawv thatthe
estimatedrelocity perturbationyield a mapof time shiftsthatcan
belaterusedto atten the CMP gathers.

In theory moreiterationsof velocity updatingshouldbeperformed.
Oneproblemwith moreupdatess the needfor moresophisticated
time or depthimagingalgorithms.In addition,moreupdatesvould
meanmproving onthetomographiénversionby allowing ary type
of ray geometryandbackgroundlowvnesseld. Thesechangego
beyondthe scopeof this paper We believe, however, thatall these
sourceof improvementsshouldbe investigatedurtherto provide
arobustandpicking-freeintenal velocity estimatiortool.
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