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SUMMARY

A new methodfor estimatinginterval velocitieswithout picking
is proposed. The �rst stepconsistsin applying a normal move-
out correctionwith a v(z) stackingvelocity on commonmid-point
gathers.In thesecondstepwe estimatelocal stepoutsat every off-
setandtime for eachgather. We thenintegratethe local stepouts
acrossoffset to obtainlocal time shifts. Theintegrationis donein
the Fourier domainfor increasedspeed. Finally we estimatethe
interval velocity in the � spaceby �tting thetime shiftswith a to-
mographicinversionprocedurebasedon a straightraysgeometry.
This approachis testedon a Gulf of Mexico datasetwith �at ge-
ology; we demonstratethat lateralvelocity variationsacrossfaults
canberecovered.

Figure1: Near-offsetsectionof the2D �eld datasetfrom theGulf
of Mexico. Somenormalfaultsarevisible.

INTRODUCTION

Interval velocityestimationrequirespickingin many circumstances.
We might pick parametersindicatinghow �at is a commondepth
point (CDP)gatherfor an initial velocity model(Al-Yahya,1989;
Etgen,1990)or how well an imagefocusesafter residualmigra-
tion (Biondi andSava,1999). In stereotomography(Billette et al.,
2003),slopesandtraveltimesarepicked for the velocity estima-
tion process. Other imaging techniquessuchas common-focus-
point migrationrequiresemblanceanalysisfor updatingfocusing
operators(Berkhoutand Verschuur, 2001). In addition for most
of thesemethods,speci�cally thosebasedon tomography, several
re�ectors needto be selected(picked) for the velocity inversion
(Clapp,2001). Very few velocity estimationtechniquesdo not re-
quire any picking. For instance,Toldi (1989)derives a relation-
shipbetweeninterval slownessperturbationsandstackingslowness
perturbationsthat is limited to �at geologywith constantvelocity
background.Closestto ourapproach,SymesandCarazzone(1991)
directly invert timeshiftsbetweenadjacenttracesto estimateinter-
val velocities.

It is our belief thatpicking is inherently�a wedandshouldbe re-
placedby morerobust techniquesrequiringaslittle humaninter-
pretationaspossible.Therefore,we proposea fully automatedin-
terval velocity estimationtechniquebasedon (1) dip estimation,
(2) dip integration,and(3), tomographicinversion. Our ultimate
goal is to be ableto provide a robust techniquethat cangive usa
�rst orderestimateof interval velocities.

Figure2: Five CMP gathersevery 1.6 km. afterNMO correction
with the initial 1D RMS velocity derived from the interval slow-
ness.Someresidualcurvatureis apparentthroughoutthesection.

Our initial velocity, or startingguess,is a v(z) model. From this
simplemodelwe applya NMO correctionto theCMP gathers.In
general,NMO is not able to completely�atten CMP gathersbe-
causethe velocity is laterally varying. To obtain�at gathers,we
estimatelocalstepoutsfrom theNMO correctedgathers.Thisesti-
mationisdonetraceby trace.Oncethelocalstepoutsareestimated,
they areintegratedto form absolutetimeshiftsatevery time,offset
andmidpointlocation.Next from thetimeshifts,we performa to-
mographicinversionin the (x,� ) space(ClappandBiondi, 2000),
wherex is themid-pointpositionand� thezero-offsettravel time,
by assumingstraightraysbetweenthesubsurfacelocationandthe
source/receiver positions.

We checkwhetherthe estimatedvelocity perturbations�atten the
gathersor notby applyingtheforwardmodelingoperatorto thees-
timatedvelocity perturbations;we thenobtainmodeledtime shifts
that we apply to the NMO correctedgathers.From our approach
weareableto obtainupdatedinterval velocitiesand�at CMPgath-
ers.In thenext two sections,wedescribethetime-shiftsestimation
stepandthetomographicinversion.

ESTIMATION OF TIME SHIFTS

Estimatingtimeshiftsisatwo stepsprocedurewherelocalstepouts
are�rst estimatedandthenintegrated.Thegoalof dip estimation
is to �nd the local stepoutph that destroys the local planewave
suchthat
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whereu is thewave�eld at time� , midpointx andoffseth. For all
thegathers,weevaluatetheslopeph with amethodbasedonhigh-
orderplane-wave destructor�lters (Fomel,2002). This technique
hastheadvantageof beingaccuratefor steepdips.

Oncethe dips areestimated,we obtaina vectorof local stepouts
ph thatwe integrateto obtaintime shifts. Thedips areintegrated
for oneCMP gatherat a time. As mentionedearlier, the dips are
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Figure3: Estimatedtime shifts for � ve CMP gathers.The maxi-
mum time shift is around0.05s. Note that the �rst traceis setto
zero.

smoothedalongboth spatialdirections,but not in time � . To en-
forcesmoothnessin the� directionweintroduceatimecomponent
p� to p. The relationshipbetweenthe local time shift vector` D
` (� ,x,h) (x heldconstant)andthe local dip vectorp D (ph,p� )T ,
(.)T beingthetranspose,is de�ned asfollows:
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where@h is the partial derivative in offset h and@� is the partial
derivative in � . In practice,we never have to computep� . p� can
beseenasa regularizationterm that imposessmoothnessin the �
directionfor ` . To controltheamountof smoothness,we introduce
a trade-off parameter� asfollows:
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Fromequation(3) we wish to minimizethelengthof thevectorr `
thatmeasuresthedifferencebetweenp� andr � ` :

0 � r ` D r � ` � p� , (4)

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

f (` ) D kr ` k2, (5)

wherek.k is the L2 norm. By settingp� D 1 andby increasing� ,
the estimatedtime shifts ˆ̀ get smootherin time. We solve equa-
tion (5) analyticallyin theFourierdomain(Lomask,2003),which
speedsup theestimationof ` :
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whereZh D eiw1 h andZ� D eiw1� . Thedip integrationyieldsthe
desiredtime shifts plus a constant,i.e., a zero frequency compo-
nent.Weremove thezerofrequency componentby subtractingthe

nearoffsetpanelto theotheroffsets.We thenassumethatthetime
shiftsareameasureof therelativemoveouterrorsto thenear-offset
panel.

TOMOGRAPHY

From the time shifts, we estimateinterval velocitiesin the � do-
main. Going from depthto vertical travel time introducessome
new variables.As describedby Alkhalifah(2003),thetransforma-
tion from depthcoordinates(x,z) into vertical-traveltime coordi-
nates(x̃,� ) is governedby therelationships:
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Z z

0

2
v(x,z0)

dz0, (7)

x̃(x,z) D x. (8)

Therefore,we have thefollowing relationshipsbetweenthediffer-
entialquantities(dx,dz) and(dx̃,d� ):
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wherev(x,z) is thefocusingvelocity proportionalto themapping
velocity (Clapp,2001)and
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Becausewe assumethat the initial slowness�eld is horizontally
invariant,� D 0. Wealsoassumethatx andx̃ areequal.

Figure4: Slownessperturbationsestimatedfrom the tomography
in the� space.

Thedataspacefor this inverseproblemis a cubeof time-shiftsat
every time, offset andmidpoint location. This differs from most
of thetomographictechniqueswherefew re�ectorsareusuallyse-
lectedandpicked for the inversion. Thenumberof unknowns for
the model space(the velocity update)is equal to the numberof
gatherstimesthenumberof time samples;a velocity perturbation
is computedfor eachpixel in themodelspace.For aCMPlocation
x at time � andoffseth, a total time shift ` is estimated.The for-
wardproblemrelatingthevelocityperturbationsandthetimeshifts
is derivedfrom Fermat's principle:
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where1 s� (r ) and1 sC (r ) aretheslownessperturbationsalongthe
down- andup-goingraysrespectively (from x � h=2 to x andx C
h=2 to x) andSis thefocusingslownessanddt thetimeincrement
alongtheray (ClappandBiondi, 2000). To simplify theproblem,
we assumethat the up- anddown-goingraysarestraightlines in
the(� ,x) space.

Now we have in equation(12) a linear relationshipbetweenthe
timeshiftsandtheslownessperturbationsthatwe canrewrite

d D Lm, (14)

whered aretheestimatedtimeshifts,L is thetomographicoperator
in equation(12)andm the�eld of slownessperturbations.Ourgoal
is to �nd m suchthat

0 � rd D Lm � d. (15)

We alsoadda regularizationoperatorto enforcesmoothnessin the
horizontaldirectionasfollows:

0 � rd D Lm � d,
0 � � rm D � r xm. (16)

wherer x is the horizontalgradient. We estimatem in a least-
squaressenseby minimizing theobjective function

f (m) D krdk2 C � 2krmk2. (17)

In general,after a �rst updateof the velocity, more iterationsare
neededto convergetowardsa 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(Sava and
Biondi, 2003). We now testour methodon a 2D Gulf of Mexico
dataset.

A GULF OF MEXICO 2D FIELD DATA EXAMPLE

We show in Figure1 a near-offset sectionof a 2D dataset.The
geologyis relatively simplewith mostly�at layersandfew normal
faults.Weestimatea �rst 1D interval slownessmodelby assuming
a v(z) D v0 C � z functionthatleadsto v(� ) D v0e� � =2 in the(x,� )
space.

We choosev0 D 1.6km=s and� D 0.5s� 1. We thentransformthe
velocity into aninterval slownessfunction. In Figure2 we show a
few CMPgathersafterNMO correction.Thegathersaredisplayed
for every twenty-�fth CMP location. Note that thesegathersare
not perfectly�at.

FromtheCMP gatherswe estimatelocal stepoutsandtime shifts.
Figure 3 displaysthe estimatedtime shifts for the � ve selected
CMPgathers.It is interestingto noticethatthetimeshiftsincrease
with offset.Thefactthattheestimatedtimeshiftschangewith mid-
point for a �x ed � andoffsetprove that lateralvelocity variations
exist.

Now, we can estimatethe velocity perturbationsfrom the time
shiftswith the � tomography. Figure4 shows estimatedslowness
perturbationsandFigure5 displaystheupdatedslowness�eld. 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 bealignedwith velocity variations.
In particular, it is pleasingto seethechangeof velocitiesacrossthe
differentfaults.

Figure5: Updatedslowness�eld with four interpretedfaultsfrom
theseismic.Notethechangesof velocityacrossthefaults.

To checkwhetherour methodconverged, we estimatemodeled
time shifts from the slownessperturbationsin Figure4 by apply-
ing the forward operatorin equation(12). The re-modeledtime
shiftsareshown in Figure6. ComparingFigures3 and6, we note
that the re-modeledtime shifts aresmoother. Yet, applyingthese
time shifts to the NMO correcteddatain Figure2 yield �at gath-
ers(Figure7). ThedifferencebetweenFigures3 and6 is that the
re-modeledtime shiftsareconstrainedby thephysicsof thetomo-
graphicinversion,thusgiving well-behaved amplitudevariations.
In Figure3, however, the time shifts take any valueaccordingto
estimateddips.Theforwardoperatorof thetomographicinversion
canbeinterpretedasa velocityconsistenttime shiftsestimator.

Figure6: Modeledtime shifts from the perturbationsin slowness
in Figure4. Notethattheremodeledtime shiftsaresmootherthan
theoriginal onesin Figure3.

DISCUSSION

We presenteda methodthat estimatesinterval velocitieswithout
picking. In this approach,we estimatetime shifts from NMO cor-
rectedgathersby �rst computinglocalstepoutsandthenintegrating
themacrossoffsets.Thesetimesshiftsaretheninvertedfor with a
tomographicinversionin the(x,� ) space.

Thistechniquepresentssomelimitationsthatrequireimprovements.
For instancewe assumethat the local stepoutsare singlevalued
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Figure7: Flatteneddatawith the remodeledtime shifts in Figure
6. The gathersare�at showing that the slownessperturbationsin
Figure4 form asatisfyingmodel.

with no con�icting dips in thedata.We canovercomethis limita-
tion by estimatingfew dipsandkeepingtheonesof interestonly.
Second,weneedaninitial 1D velocitymodelfor ourstartingguess.
Thisapproximation,alongwith thesimpli�ed geometryof therays,
preventus from recovering lateralvelocity variationsfor complex
geology, e.g.,saltenvironment.

Having theselimitationsin mind,weselecteda2D Gulf of Mexico
datasetthatwascompliantwith our approximations.We show that
our techniqueis ableto recover lateralvelocity variationswithout
picking. We alsodemonstratethat the updatedvelocity �eld fol-
lows quitecloselythegeologicalenvironment:wecanseevelocity
changesacrossfaultsat variouslocations.We �nally show thatthe
estimatedvelocityperturbationsyield amapof timeshiftsthatcan
belaterusedto �atten theCMP gathers.

In theory, moreiterationsof velocityupdatingshouldbeperformed.
Oneproblemwith moreupdatesis theneedfor moresophisticated
timeor depthimagingalgorithms.In addition,moreupdateswould
meanimproving onthetomographicinversionbyallowing any type
of raygeometryandbackgroundslowness�eld. Thesechangesgo
beyondthescopeof this paper. We believe, however, thatall these
sourcesof improvementsshouldbeinvestigatedfurtherto provide
a robustandpicking-freeinterval velocityestimationtool.
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