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data processing. Mre partlcu arly, the invention
relates to t hods f.or ucing s es of the
Farth s subbiFQStEefer refacel awlicafthns,
Background Art [0002] Selsn1c surveying is used to
evalatapglicgbleuct ures of , conpositions of, and fluid

content of subsurface earth formations. A particul ar
application for seisnic surveying is to infer the

pr Sefenferrf rafAidihgToHeFARY SpoRs6Fed tef@irch 6 development
t he subsurface ear h forrmations. Generally, seism

sur, cl udes deploying an array of seismc
seﬁ§§¥g&%?bﬁ near the Earth's surface, and depl oyi ng

a seismc energy source near the sensors also at or

near the surface. Baekgr®uiid of ehelayentionce i s
actuated and seismc energy emanates fromthe source,

traveling generally dqwaquthlﬁngﬁégh the subsurface

until it reaches one or nore acous i'C 1 nmpedance

undar i Seismc energy .isS reflected from the one
lOOﬁﬁ mor e ﬁ’ﬁ"dé&%‘rﬁ‘é’é B3t esPFrady toutlsy Beldiotissismie daipgprgcessing. More

upvartharl gu Md inReliHY 88 b erﬁetﬁbfdsoﬂﬁ ?x‘bdﬁ@ﬁ@ sRfsmlid'8mages of the

sensors. Structure and conposition of subsurface
i s Banthssnesiirfacowsingprestackyddpth migraipdn.t he sei snic
energy, and the anplitude and phase of the various
frequency conponents of the seismc energy with

respect to the energy qﬁﬁ$ ' omthe seismc
source. [0003] One class @h%ﬂﬁgéé for processing
ismc data i s known as prest ration. In., .
100§ loc os o SHGRe P ERFATE g D5 BavAAS FECRF SxtlagRmpbsitions of, and fuid

M GoAfehOSr SMBLARS cartk TRERIBLHA! WYpasiianaYapplioRRaAb! %smlc surveying
through the Earth's subsurface nmay be thought of as

| |is fo inf¢r the prasenqe| ofjuspful matgriajls, sugh gs petrolg¢unp, ip|the smbsurface earth
I Iformatlons I benerally, seismic surveying includes deploying an array of seismic
sensors at or near the Earth’s surface, and deploying a seismic energy source near the
sensors also at or near the surface. The seismic energy source is actuated and seismic
energy emanates from the source, traveling generally downwardly through the
subsurface until it reaches one or more acoustic impedance boundaries. Seismic energy
is reflected from the one or more impedance boundaries, where it then travels upwardly
until being detected by one or more of the sensors. Structure and composition of the
subsurface is inferred from the travel time of the seismic energy, and the amplitude and

phase of the various frequency components of the seismic energy with respect to the

energy emanating from the seismic source.

[0003] One class of methods for processing seismic data is known as prestack
migration. In processing seismic survey data using prestack migration methods,

conceptually energy propagation through the Earth’s subsurface may be thought of as
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*@00002* follows. Energy fromall seismc energy

sources used in producing a survey propagates froma

subsurface "scatter point" to all the seismc

receivers used in acquiring seismc data.

ConsReWE NEhetgy Bbin dlE&ntledndriRsRSceds @add BGrodudMita’survey propagates

traces for purposes of seismc processing) can

corftem & sahayigge {'scahsrapqial e allthe seismie receivgs ysed in acquiring seismic

Bec e t » [

e rf‘%,&is B&%gﬁu{}{ﬁgr %l?j gc(r‘?gdrsed tt:hl%ése c%ll%dr :allcl:l &t faggsr 163) g)ggposes of seismic

Wi t;hba‘estlhg) caprcesﬂaacénergygﬁrcah Iaqjartlcuh:pecranar-pbmnthtdaese the input traces
Obj ctive of estack .mgration

sc er| oi nt
G Ref Feutiog Mk (RE seatlyeds IRl FHIS RO pAG within the
t r 3 ERacM H"%r‘éltl&rhe apBEBSt dFkh8 QhAdrin@N pSiRET t Jﬁlheol@}&‘il@ U prestack
it back to the sca ter-point |ocation. [0004]
acdmgaasyonots tOheathﬁ%rgﬂm $ecmmlpsenp@yafre@ 1) thmée@&qsir tiages within the
al cul at ed

res(:f‘ac I?’&Fatlr%n aPerturglarsl’ C at a o.lihr g(i(a% é)mrqp l%cétlo?it

use ating ol nt

cul ate accurate travel tines i der to hav

100@( Cor b a%ufﬂﬁwffa&en@lgrwwn ﬁo%ﬁ@{wé‘bd ke ggchragy of the calculated
sei3[¥hfic SigdNiClrael Mafks A& A&N6dd RPMigfatiaf ftﬁeeHata The key point is to
(equi val ent di stance between the source and receiver
al cmtf,utdﬁ(e mwra@eyramidtlmmmrdmgq hgvg dicter Mriglapon imaging. In
ar ﬁc{ggﬁ?rgélgggerdg% s)[égméc trfa eelet anal ¥ %ng’cglarésfgfj ?Ff%e? I'ﬂt.!:qulvalent distance
( %Rvéen&ﬂél %Urwland'ﬁbem%alcﬂ@uﬂd mfacé)cand@ﬁmmi@ itfagitg@lpoint (“CIP”),
times is fundanental in mgration. The DSF ?uatl on
i s a%determinablp by evimela Imalyticaleiauations capmoahy tsfertedy s the double-
dengngentos? sk d oy Eravel
esfsﬁpr%ﬁ %nor?Qo ﬁ:sﬁt ?rb\%h? @;I o@ff{ ?j;iR ?érallgltnﬁoél <[§‘§e)g°9h éll ma\rlaxe times s
I s fuedamangd it onigeatioor riThepD8R tegoktiaeistdxacti igrthe isemseithat there are no

t hy i f d
o iR B s TP Rep O YR b A SRIDINARTY L3 A preterre
h b d that wh h
081 0o P caigeant af v peloNienin Biylepth mae if feguired to perform

fr S Ly f
LA gt AR SLORCAR) Tk iRy Lo
posiethohimestinfate the iserairiveloeitient Bowavespidbes bidn reggnized that when
|nc rrect andeerg after ration wll

ot 05 S NIRRT e RS anBo e (Pt SRl PBot prestack depth
| Mpalgratin mas Moe IRt hevrdterP| If Galso@8sy if dFnoted i In€igratib® processing,
dept hs, at which formation_boundaries are determ ned

t 0 RSHigRINgOIdhG $9isTRiG aNEN & $HERWifh be HCogey i eagEy nrusing” after

not s toqfor

det e%%stgogd qlé) lrt 235 egﬁtﬂ&nm he}il g efSPef%bH&d at arfg?%ﬂae@fy pave important
Commptoratymem;ﬂlcanmsotfommam;ﬁe kh@ﬂﬂpths at ethidhcfoirigtion boundaries are
tracﬁ:é%/erse isotro

{ ordRATO eVt O oring el FERtEL e TS Fafe bl sorrespond i
Vo deptit t%rfuaxl.au\bﬁraohﬁ@dney akt@ﬁmwa by Broeeding thed isrhidldh@r

two paraneters are known
[0006] A common type of anisotropy is known as vertically transverse isotropy

[0

=

(“VTI”). A medium such as a formation having VTI is described by three parameters:
V, (interval vertical velocity); € and 8. The latter two parameters are known as

“Thomsen’s parameters.” Thomsen’s parameters are described in, Thomsen, Leon A,
Weak elastic anisotropy, Geophysics, 51, 1954-1966, Society of Exploration
Geophysicists (1986).
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"Thonmsen's paraneters."” Thonsen's paraneters are
descri bed in, Thonsen, Leon A, Wak elastic

ani sotropy, Geophysics, 51, 1954-1966, Society of
Expl orati on Geophysicists (1986). 2 [00071 In three

hirensi ") in VIl . i.a, the
(o087 oAbk AReh b ATISS BNl BTl TSP il e g Vo
Wayhd §, @8 i ! |
U Sy TR i1 TS5 S o (] gy e el
(i eV yal(intevall aarimal ehdeblty( NMOY) vab&tyyal, (intdrtdlevertical velocity)
interval anelliptic paranmeter). See, for exanple, U.S.
Patandtintdoval 16 (1085n404] toellRptic piramkter)anfeeadsi eqaampld, dJ.S. Patent No.

t he | gnee of the present inventjon. V'no and .

i nt%?@i‘l?‘%ptfe%%et@é P iost Berdyte e misaRe of thapeasartapyentipn. Vamo and
th 1 ow [ . .Vn - Yol + 26 .

oo b (b0 LR, SRBLERS ISR, aplepib B2 tolloning

t ormgrapbhs velocity estimation for VIl nmedia requires
estimating either the variables Vo, 8 and E, or the

var| abl eg V and interval T. Estimating either

set {Igﬁo ﬁaifoam:ggoabove is theoretically equival ent tb);and
estimating the other set based on equations (1) and

(2), heweger, estimating may result in anbi guous

sol BH or the three paranmeters Vo, $ and E if onl®
conpr es$i<¢hal - wave (P-wave) seisnmic data are
avai |l abl e. See, Tsvankin, |I., and L. Thonsen,

[0008) er si derfofmmef I3&x ttbmagraphiav e¢lotityrestimatiod rfeASVEI Sfiedia requires
I sotropy. Geophysics, 60, no.4, 1095-1107, Society of
Expﬂsﬁmaglﬂ&)ﬁlﬂ@édéﬁy%m@l@t%q, o gghe, ¢rohe dpridtles VapWi-aphd dnterval M.
veIOE?f ity estimation in VTI nlv)sdia 9&% been described in .

Zh ’1ma _ g e %fnﬁet _ p@agy;’terss_ YR ds ée’tlcg_l)’/ equipplent to estimating the

t orgeigH: aptbased 6h @Qiﬁttbn@(‘@l 2R (3), HBwWel ANSHBE Bk Ynay result in ambiguous
i sotropic media, 73 d SEG annual technical conference

( 260BYionEfgrathe dbreAlpatanaters \an® anduanf odly, colfipresionalkwaye (P-wave)
S., and Lowey, D . P-wave tonographjc velocit , -
i dEETH TR v N LS00 -, WL ol horeseh, Bpersion of reflection
annkak! Weebbe aka st @By ( 2808 ysicEX8andsd. 1095-11 i
Abstracts. [0010] _Theré c'o%g“tyi nug@yﬂg be ’a ﬁe’ecl ?%rl 07, Society of
i mprelesetiansoeaphybioistsot 995t er val vel ocities and
i nterval anisotropy paraneters for prestack depth

[0009]gr at | B wimapeaphid celdétyaestimation in VTI media has been described in Zhou,

H., Pham, D. Gray, S. and Wang, B., 3-D tomographic velocity analysis in transversely
isotropic media, 73™ SEG annual technical conference (2003), Expanded Abstracts and
Yuan, J., Ma, X,, Lin, S., and Lowrey, D., P-wave tomographic velocity updating in 3D
inhomogeneous VTI media, 76™ SEG annual technical conference (2006), Expanded
Abstracts.

[0010] There continues to be a need for improved estimation of interval velocities and

interval anisotropy parameters for prestack depth migration of seismic data.

Summary of the Invention

[0011] A method for estimating seismic velocities in vertically transversely isotropic

media according to one aspect of the invention includes generating an initial estimate of
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Summary of the Invention [0011] A nmethod for

estimating seismc velocities in vertically

transversely isotropic media according to one aspect

of the invention includes generating an initia

eSt\‘eWaf—‘ nﬁérvalgvé{@&f & m'té?'{/ﬁrﬁ@xlnalv Bbo&ut X/eﬁﬁg.y 'vﬂﬁ?fe\éﬁéct to depth
normal noveout vel ocity wth respect to depth

s ei fsorn @eldrat%ldataAnAn nnitipldstipwstel ingererated gba @rsitaedowp)aparameter with

irst _an py r ter wth re ect
1 e Rl 8RBy TRE et broney rarba Fordled Whudly juifRel nomal
norrﬂmeoummeaw i@ kiRCintetvaAn@ridak velotiey. valn ietidliesfiate is generated
velocity. An initial estimate is generated wth

r esyidle tregpgctd tpdrpthf ofa a seesifd 2BisPERYr BHRMSIEF-amthe secopeanisotropy
S ecﬁ%&&' reftddOBNhe R (Bt%py n{?a!le' : Va?r 4 ﬂtnpﬁte]}varl %elllptlc parameter.

ani'sot ropy paraneter a ane
parAafesteomogrAplic irstersi@mis gxeefpnme:d witlv ezspéad o tls 1pter\fab norathl moveout

with respect, to the i.nterval normal noveout . vel.o

and’ gy ggg heasesen %R‘f‘oéWY BATAFLS &F a gpnsiant Jale af tthe ¥ anisotropy

Va'ﬂé@m@cftett BRlf iriel AR FOErORMls RAER MRInBhuH NWdlhest I &Y r depths are
time differentials reach mnimum val ues. Layer dept

ar eadj l&tﬂdugtﬂ@fdlmtral estangte pf vertical sntprvak ecleoity\andtiniemia normal moveout

| Nt Rl ?% Vgsl.%% Jalu %nc% h@ts%{; Vn%l aﬁl?&%@& apggg %Q} determined in the first

vel oc Varues 6f the Secon
partamegﬁphld&ﬁ\&rrﬁbm%dsebdhdttbmoﬁtapﬁib m\te@mfsamhﬁoﬂned of interval normal

i nversion, a.secaqnd nmogr aphi ¢ inversign is r )
of Tt RICKFaRaIne Hisy BRI PBREMElET Y] r@f»fé%? ﬁOriefthnEﬁﬂe adjusted
an'l§%rr&gﬁlsp?r[t@1@§lt ROl trHo Ve8P 6Qbcitiss Qﬁptlﬁlerv-gh@emcal velocities are

adj usted layer depths, interval nornal noveout
velag@mt aé;gstamohndmrmwdl anadlipticc phrapgteosiard eglcalaged fgai nhe second

adjtu i nt.erval anelliptic paraneters are
cal 8@1055""'8 10{"?‘661[51?%e second t omogr aphi ¢ i nversi on.

121 er as of the invention is a conputer
ram
10082551 am SRS PPert & dBhANERRON oA GAPR BB Sored in a computer
Pr Q95 ABlAREANA. NA Proorhil & cSARRCH tRis dspt bFW‘l’tn'v&ﬁlon includes logic
i ncludes | ogic operable to cause a progranmab

competable to cpesef dprogransmpblel ewpvterprooper tre followmg process for

£ b0y A8 sPSRED Fafe” RLabatall U bEL topip o, The process

gernagladdsn@nantingiah ligitialedstinatd 6 witicat idterval vdlodisr Mal interval normal
velocity and jnterval normal noveout. velocity with
r esz%YﬂouE Felgeisy nvith &eppedi ndaptidtom spismicdatea] An initial estimate is

eSt | MBL&d! 5F a E?s‘%%ﬁ%%ﬁgp h ré‘?lteief HHitlPRERRL 'EcPHé‘ptHarﬁ{EEﬁl%f anisotropy

respect to rst ani sotrop par ane
| S Mraettedistrolatddetoi tht enteval nmrrvﬁlmqmvaowiomyl acl tlhy latndlal vertical
t he interval. vert

gé%éty.at/‘él‘al%lql ﬁstﬂxg'gtﬁ éigeqeéatg{mtﬁnﬁpeg thJgBﬁbofl a second anisotropy

anl FERA A8y TRALROBA Qhisotfdly SREANEr AMIEPET RYfilAARERIPy parameter
rellated to the first ani sotrop%/ paranmeter and an
1AL

i ntasdveal ingameal | anplliptic parametare. firat tamagraphitrinyeesis i performed with
| nvggp% 8 théc' 1ngr(/Izlor{o%gl P%L&ut velocity and the second anisotropy parameter at

a constant value of the first anisotropy parameter until travel time differentials reach
minimum values. Layer depths are adjusted in the initial estimate of vertical interval
velocity and interval normal moveout velocity. Using values of the second anisotropy
parameter determined in the first tomographic inversion, a second tomographic
inversion is performed of interval normal moveout velocity and the first anisotropy

parameter with respect to depth. The adjusted layer depths, interval normal moveout
4



respect to the interval normal noveout velocity and
the second ani sotropy paraneter at a constant val ue
of the first anisotropy parameter until travel tine
differentials reach m ninum val ues. Layer depths are
ad] wgd@tes Bnd Mehvill WelcalLSEIbERES aRf a¥ BN tifiRled! MPi&hal anelliptic
vel ocity and interval normal noveout velocity. Using
val Resameterstanecaedand frami hosecopy tomraraphic imverdener ni ned
in the first tonographic inversion, a second
[00d3hogr apBiher dspacer ahdradvsntpgesf off thed iroknticit evillabe pparadt from the

nmoveaut . velocity and the first anisotropy paraneter

Wi tﬁﬂP‘é’gﬁe Crf%%(ﬁ‘eaﬁgﬁ}.’e aﬁ?&ﬂ%ﬁj%@%d | ayer dept hs,

interval normal noveout 4 velocities and interval

vertical velocitjes are again adjusted and interval

anel liptic par aﬁﬁteérl?,eww@amﬂthpdamwmg& he second

t onographi c i nversion. [0013] Oher aspects and
[00dd} ant agEs. dfilladetds nheprincdsle wf migrionmappar ent fromt he

foll owing description and the appended clains. Brief
[00DSECr i ptFIeN 2Ghowh & IAWMaRDF an %%%E]ﬁOl ¢ E{:o'&@s Zalacdrmn'éstB Elfﬁltiﬁ%ntion.

ow

the principle of mgration. [ shows a

rt of r [ n

00 et o PE8 B P IR RFRhh "Gl ifes g protack dept
i maggrganeosess arcoedipg esthaalventdpt h  ni grati on process
according to the invention [0017] FIG 4 shows a

[00p7pgr anTEl). e4 Qﬁﬂ@ytaegyrcﬁglﬂﬂn&l@lﬂ@%&Epuﬁ@aﬁﬂbk&nﬁﬁt@if 3eddable media to
expl ain one aspect of the invention. Detailed
De<CPIA PRAASPOd PEThedpsntionshows a sei smi ¢ ener gy
travel path froma first source position S (geodetic
position of a seism c energy source) to a first
scatter point SP (a sBegailed Dessgiptiopoi nt in the
subsurface corresponding to a particul ar geodetic

[00pBFi ti orFI&t 1t BRowdar §dismicSeHet@C Ghvel 3pkth FEGRAN 4 gstf :*{dri]ﬁcte position S

scatter point SP to a first receiver position R (the o
ged@erdetic esition g deeigmisesnsrayc squsesdito e fiest seatter Mot A (a seismic
sur; e ' cati : h rth' s sur.face..

o RSP SRR PSS by og Kokl el Biin e
dediagwhét sdfaes), land dronh hiee fitstragittagpbiac SPitom first rdcei@eposition R (the

point.". FIG.1 ows t.he seism neygy travel path ,
Fr OIS RoSUnE GLFRENF SRRIFOM, IE Farhe WAt oFhgsaRetic location a

anché@EakhtsCsupfky dRBALY SR MRE fitRGBdeP Boid tsp S
under st oooSI tLThat in a}}trhr ee di nlensi or$alrﬂmt "3D") r%gigg%gg as [, or the

suripagingilacagion < “ithegeepoint’e FAGpll shews the sofsméoemargy travel path from

s AT R (RN B ——
r echovldrbepmgetsiood shthif auigle tigersioaklt €3 DPOIeimiSBurvey, in which there
are a plurality of source positions and receiver positions, there is a seismic energy travel
path from each source positions to each receiver positions through the scatter point SP.
It is the object of the migration process to migrate the seismic energy detected at each
receiver position that was reflected from a particular scatter point back to that scatter
point. It should also be understood that the foregoing representation is equally
applicable to both land-based seismic surveys, in which the source, image and receiver
positions are on the land surface, and to marine seismic surveys, where such points may

be near the surface or the bottom of a body of water.



It is.the object of the mgration process to mgrate
the seismic energy detected at each receiver position
that was reflected froma particular scatter point
back to that scatter point. It should al so be

[0025;']3 :Ir ls;%dshbuiﬁtin 6. { Ahe 8N thaly R EFHEYN AL B%ﬂe]_l .Eﬁlrality of layers, each

applicable to both | and-based seis
surhaeipg, a lawesthosihdaredeptiu pestion nepgeseatad hyedeidver....ds. The seismic
positiqgns.are on the |land surface, and to rine, ,.
Corelnel 36 B erypil o ehieRcti - Bty B ROAIF) ltance along the
SUIEa2®6s sakfatdibetReéd ddseismic &REDy Dlirdsdiosition andl HelPdodés position of
shown in FIG 1, the Earth nmay be represented b

. « . . a
pl dhaimage reint| gy pe repsgsspted pxvKngnd 3 Qﬂﬁféﬁp%’émﬂd%lﬁ‘fme between the
de it . Ve di
eI DO SPGBl ey gl G g 0 et
Vi ,acv@ding to onaspe& df aiceina¢ntinstharfectalesagmidreclodityr inleach layer and
surface between the. seism c ener source pasifion d
Che SRR EESEIN Tl <t DO BB ST hete The subsurface
I eFbRERIINE RaRY vefSeitidd thadt Me&ﬁ@‘dﬂ?ﬁ%n@%rg&l?ﬁ@ﬁ%ﬁiq Such formations
bet ween the i mage E05|t|on and fhe receiver position

maymdyeber refaresd dmaedV bymrdia.”| Seamietrined timgdempgiiapbictipversion” as that
on %ex%rc’ r(:“s('fx.tnilgr]c texcrlﬁqse ?rle Ql\éeecp itnlt%rs] ﬂegcl;]igtig[( frg I‘Eé&‘.\l{l?s astgxl'o‘i’ %’I ﬁ)rff*e-dimensional
vel ocity i'n eac ayer  an a corrésponding eptﬁ 0

eagdrdasyr bbandamfarmy beideter malectither daisheibutions of a
subr[c,urface formations have velocities that are
ver

S AP ISURTERLERy FL8EFof Cotsith Fof Rt T ofgeray travel

may: e d ebetl8dnt Gdswn Vhbsiedbas" orSeksikhmikl aMfdrgy sources
time tonographic inversion" as that termor simlar
t erarel areel wsied daraihier de theisptiacaof the paak engisa similaoknown datum

or three-dinensional process. that,infers seism . N
Vel §F HACET 1det Bs™BF QU TRS APSRrTs DR fo marine seismic
gi wafvegs)set of seismic energy travel tinmes between

known positions of seismc energy sources and seismc

[002@Fei Ver bithipR fUfHrEC Aiftnsidial gaﬂ')’l’b Bm&raphi! VEIAy estimation

known datum plane or planes (e. the water surfacé
angirodessifor M TIhmédimrnitial models fr the paaineterssg, \oearsl) €, or the parameters
[0020] To initialize a three dinmensional ("3D")

t onbgs,adnd Welscoch paresetensalidve ipeerpdeftedshetain in/itle Background of the -
media, initial del.s for_the paraneters Vo, 8 and s, )

or qﬁh@tlﬁaf aifet s % Of/fica fifeping 81 OF PAFUPESt Ey functionally
havguRaRA fctht batk: R8¢ 86 BxpIFinkd &/ifRAC K RENE eQliatfold§ (1) and (2) in the
I nvention, are used. Either of the foregoing sets of
parBasksgroprd sectibumerciondhe initiad quadetsl repesand initial estimates of the values
set ..as. explained with reference to eguations, (1) .and

(ot el A s oL L PER B By P HaRPR b BTN subsurtace,
nodatlisas piaesitpiefintddih REGt i.mat es of the val ues of

the foregoing paraneters for each of a plurality of

[OOQP}' mat i QR oh@léﬁﬁrﬁplie,naﬁ RetiAURSI FacChe parameter Vymo Wwith respect to depth

can be obtained from seismic data using time migration velocity analysis techniques
known in the art, followed by isotropic (no VTI in the velocity of the layers)
tomographic inversion in depth. Referring to FIG. 2, an initial velocity model of
horizon or layer velocity with respect to seismic travel time may be determined at 10
using prestack time migration. One example of prestack time migration is described in
U.S. Patent No. 6,826,484 issued to Martinez et al. and assigned to the assignee of the

present invention. Prestack time migration velocity analysis may provide the effective
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such as the layers represented in FIG 1. [0021] In

one exanple, an initial nodel for the paranmeter Vnno

with respect to depth can be obtained fromseismc

data using time mgration velocity analysis techniques
KNQWlpdid vt‘,lla@ltyaﬂF ’thef RiyEQWeith R¥pés QB IseRintc (B¢l Yithe.| AtTIDE the initial
velocity of the |ay ersc%; t omographi c_inversion in
dep\teﬂpcxtRerfl@dthn@ be usedcto Qetelamm: ﬁffwtme seesngie ivelpcitp ceth respect to
of rizon ar. | ayer vel OCIt P

Cr bl o7 8 Rl CES TR oot ] SRR ARG AR BMin respect 0
ti nRpth gfagt them. beQ%thP(@dTm entefvapmeﬁﬁﬁcmowdﬁe (MNBIGHY i wocity with

is described in Pat ent. _No. 6,826,484 issued to

Narrtamétzwéiepﬁ! Atah‘a th% ytgﬁ@cNMé) Yeleeitiessigy be ugsd torpsrform prestack
| 0 t

o SPO phUO0L oy S R AL LPRolBLc ity s wi

of respect swdcpihvm Ah lﬁemeM(m smageng@thenszmey btlﬁlﬁherAprocessed by

12,. the.ingitial . vel ocit e use

detia P s PRt VEe SEmedieeSy & BT W I el of MO velocity
demmoquI{hh@spéa{tlijéﬁtH ayers in the subsurface Such
effective velocity with respect to depth may then be

[OOQQP\éer tegh I l'tlél Y?(Jr t}';kof SEH'B?I%R‘I% fer & MW&% oc?épm’may then be

respec e th. nter

Ve|db$d1héde$roﬂﬁyfob%xbéx§§¥é td@tapﬁbﬁlome Bf @sdraGkellbdast drilled through the
mgration, a result of which is the generation of

corﬁﬁ*bwffaﬁﬁé@m@a‘i% defingd; belowr gpiag tong fckajer diffepent peethods described
t he, gqpmon i mage gathers may be further processed by
isotrop’ic 3D travel t| ne tormgraphy to update the

[OOZth | al .. ﬁCtRMg (root mean

pars@ﬂﬁ%}‘—‘ror@‘é@fekhvé”eﬁxa@ﬁtc Tvéloéiﬁ% féaﬁn%é tdeﬁﬁf:dbfl?rom conventional time
obtai ned from for exanple, data fromone or nore

wel TIEHO8 oty sgakypis 3o GKplpiRed abqiss YUCh cEfeptrotsisit yelocities may
def one { r S
dest%:erfe%e%%tgégl)b W, °‘Fg‘5§'é] I%I(E/Itsh}gg e?_fh;tr\% ?Elltlt%g(f F‘%q (vertical RMS ot
estaffeaﬁimgel&iw':st) lean elsp be terti e ddeph kiataRWc(:s soh asrecaric (acoustic) well
ar e) ef fective". sei ities can

cor P el o EB LR ROy HERIAa} FEReS eyt of which can be
analifihéd ASmEsHR! }imed WiBBRs dﬁlllédﬂ tlﬁf)u ﬂlb\éﬁb:ﬁl@ﬂa&m eferably within
velocities may be represented by Vi seismc

ef faqrpximaigeto] thy eregcdefineds by (hersejseie sws/ oﬁucfeﬂif@éw v‘eell velocities

I be d
vel Qi r%??g(s:égﬁésq ?yc )%%1%] Ay fo 85@%%%‘[“ q@l‘ﬁﬁor?s‘ﬁw ﬁreé{“&hﬁ seismic and

as sonic ore ver
sei $mwar qandleide@aedr Inche plesait exarsple \sayls rel@iopslap nadyl beafssumed to be
whi ch can, be obtagnﬁd fromone or nore well bores

drlll“}eéﬂa‘{dfﬁxBEF@detaﬁ Absurface, preferably within or
proxi mte to the area defined by the seismc survey.

Such effb’g}jrl ve nels detodit: |Ié§ﬂ

— seismic (3)

[0024] The parameters A and B in equation (3) above may be estimated at the geodetic
location of each well, for example by using a best linear fit between Vs wen and Vegr
seismic- 1he parameters A and B thus determined can then be used to predict what the
Verrwett Would be at any other geodetic location within the seismic survey area from the
Verr seismic @t such geodetic location. The predicted Vegr wen velocities may then be
transformed-.to NMO interval velocities, Vymo, to obtain an initial model of Vymo with

respect to depth. The predicted Vg wen velocities can also be transformed, at 20 in FIG.

7



can be represented by Veff well. At 18 in FIG 2, a
rel ati onship between Veff seismic and Veff well can
be defined. In the present exanple, such relationship
may be assuned to be linear and expressed as follows:
V& finto vaRIchl intdval BlocHRES v 18 @bﬁm zfn inftial IBQ&)&‘H;r VD&ith respect to
paranmeters A and B in equatlon (3) above may be
estdeptht ed at the geodetic |ocation of each well, for
exanple by using a best linear fit between Veff well
[0028] Vef fUsisgtlgnnitial dépeh pased restirrates 4f MR dﬂdt\i’wdietermmed as explained

determ ned can then be use to, predict what 'the

Vef

welP0YH AN YEEagaugHgn dherp @@%a} Baskgroupd sgitiom; lherem an initial
r Vef f

poduil 20T e attler B0% 1B I oo B 3P UhifigBh, THE Roreqoing is

mayshbigat PEA it FRnSf ornmed to NMO interval velocities,

Vnno, to obtain an initial nodel of Vnnmbo with respect

[00%@] dept !#!etﬂ%ﬂ F_Jfoqq'ngggqg e\l'ﬁ_{ﬂé tifs § th%l l%?%éc't o d‘é@trﬂl aAtS'B‘ny particular

I ntg&btdalc lvedtioaiih klesSseistiic stir@ephrieaifsr valilch WeIllda{a d1@dedilable, the depth
for Vb with respect to depth. [0025 Usi ng t he
i niafi farmaias: Hops s@apeshqurdaryofsr fopmation Jayer/in the subsurface) may be

detcﬁﬁ%@%harés;%&pﬂg eRGfc 1309 e ﬁ@ﬂ F]bz‘ qumﬁgugtsbxﬂg (&c]o)dstlc) log, a

expl al ned rnt gr ound section reln, an i ni
nodektidabseisrhie poafiilanehehed shiot kurve_ss@eﬁtctlvelyd éwtllh data’h) Slmllarly, the

t he e ai ned.. The foregoin 2A in _

1 el Qi hSeRT s tortriion ST e beifingt BEM fnk Aemed seismic dat
Wit gf, Qﬁx@ﬁﬁéd ﬁ@er%@&kw asstinidd koRapit isGbudface &ﬁﬂﬁﬁbl‘lsc(“selsmlc data”).
location in the seismc survey area for

dat4s %hoevnaaﬁ éZQBaBIFéG rbe diffsrence Setviesn ﬂmde@ﬂls Cte(ﬁpsd from the seismic -

UG PR gmabe SqleREen R ey ol §stapting & with respectto
tradéﬁlh Jsﬁdﬁlﬁhé FABwih@ExEaml e, a sonic (acoustic) |og,

verti sei smic proflle or a check shot survey
(coII ively, "well data"). Simlarly, the depths of
t hes formation tops may be defined fromdepth 4)

mgrated seismc data (e.g., mgrated after stack)
assuning i sotropic subsurface formations ("seismc

[0097f ") . InASqutioWN (Bt AZ2Reprékefrls Gthe? diffdtenc@i bE@¥e@ACEe seismic data
bet ween the depths defined fromthe seismc data and

t holeterminggh foreatiga| tpp depths anghthp avell dlatp degarmiingidt fognation top depths. In
est
7ol (4 2 nlsTRPGEN b o ghBoh B dsmtns | o,

[008@ Az "R e tp?octe(ri]ueregl IVVflﬁ %rroev?cfe 1mt%1a meergaltrpxgde?s w1tH]respect to depth

for the parameters Vo and 6. An initial model for the parameter V, with respect to

depth may also be obtained from the depth models of the foregoing parameters Vgmo
and & using equation (1) as described in the Background section herein. After the
initial estimates of the parameters Vyme and O with respect to depth are obtained, a

method according to the invention then can include 3D velocity estimation using

tomography for VTI media.

[0029] A first iteration of the tomography procedure, shown at 24 in FIG. 2, can
include the following. First is to calculate V, using equation (1) and the initial models

with respect to depth of Vyme and, & obtained as explained above The tomography
8



determined formation top depths and the well data

deternined formation top depths. In equation (4) z
represents the well data determ ned formation top

dept hs. [00281 The above procedures will provide

| Ni grb@lduteth¥ Uith Héqgﬁiaﬁzé@ﬂ Eﬁasrsﬁﬁﬁl%(‘{hatttﬁe GRBhA] aﬂe‘l’l’ipttcﬁﬁirameter is
paraneters Vhno and 6. An i'nitial "nodel for th
par@fE{1§£0) VOheMdrég digs s aiptich infistieb hhm5&59h§fmaibébe readily determined
obt ai ned fromthe depth nodels of the foregoing
parﬁmmmeu@c’urﬁ% in ahvd gkgeiung seetisat hagein( 1hraug time eesidvals for depth

in the Ba [ ctlon erein...After the

cor B0 TR s R Gl B0 A R p L b pregck dep
dephigraing, Oﬁbﬁﬂtlﬁg@onmmnniﬂiagedeptﬁ qath@ts) Gsttlﬂattrigethe depth residuals for
|nvent|on then can include 3D velocity estimt

usi§9gh hetaadp AP 2nd .calvqipt%@iearanldmmsmﬁh fequm the depth residuals.

'tefé@éIQHn@foxﬁ(%?Tﬁhge fraaly Er@&ﬁféw  inS QA aﬁl t8& ihvrsion in the

, can omnng |rst I'S

cal grededt Sterd@ioHSd NG w%hgﬂn( t) adna/ t heard rau}useh AR@&hé foregoing
Wi th respect to depth of Vnmo and. 8 obtai ned as

ex phigratied, &G \gendinton, astgatehyf ddtipant edvelgimayiffdienials are again

gﬁ ec:arqulﬁlefadc EE‘F gwégcgl?xg %g] @Engg%q_frer}aclupa%lﬁévl? g)Fga%tlleﬁigunnl the travel

as SyAP HifRrentiaRlak@BirtiMated Cfob exafpl ETRY¥iInBehd RAIMIE expression:
det er m ned fron1equat|on (2) in the Background

section herei éﬁb residuals for depth

ni gr at @dn bas ve bﬂiﬂial assunptions can

be uIated gy rezs ck |dep m grating, outputting ©)
co mwage Q estimating the depth

residuals for each horlzon in depth and cal cul ati ng

[00BOE traveheré [A® is @Siccldntepréseming ingvetl eipichresidaalsivalcslated from depth
Travel tine tonggraphévcan then be perforned by
i nvesidpadndetepmip rAdAROVH inrf@mem@%%ﬂs darening fasters A related
b is hel.d constant,. S and Vn are d t he
f or@gdPh gﬂe RAFYREIET RNEes Yoy R ngrsarp%ﬁe ué%ff ton%%l?l 7 %Ffd regularize the

SZ}% rﬁ?ﬂ' dﬁ&@é%? iﬁ)g‘fglg ;g&%ﬁ&@? t?ahge{sa%?e I ments or decrements to

and reca

I's daek bovRdandng ubedt 1h&hé fomYcraphly i ifierslbh.f @r @zﬁﬁpaﬂ 1$1véﬁ§©n procedure
m ni m zed, for exanple, using the follomnng
expnasbd imrpleraented usingithe Tellwihg expressingl: | As [ 0030]
where [At] is a vector representing travel tine
res dugl¢s calgﬁbated fromdepth residuals determ ned

xpELLne ve. In sonme exampl es, danping factors
k r Iaalt’ed eagh qf _the parane At thanges Vnno and s
may| be used to st mﬂk}; nd [regularize the inversion

in dh@&$on (@) he "par net e changes" are the (6)
i ncfements or .dedrlenehi&s tlo leach|of Vnmp and c used
in e tonngréphy I nver si on. danped i nversion
procedur e
[0031] . A values in equation (6) may be defined as follows:
(o}
A=—4d ()
O-m
[0032] In equation (6) A is the damping factor, o, is the standard deviation of the

difference between the observed and calculated travel time residuals and o, is the
9



may be inplenmented using the foll owi ng expression: at

at avnmo a Al evnno a Vnno 0 As 0 (6) O ACO L- -J

[0031] , ? values in equation (6) may be defined as

folloms 1Z, (7) am[0032] In equation (6) %is the

di ;gf? angrd]c A&ifon (ﬂdthé %Jcﬁg g%ﬁl@%@ gé deo\f' hQH € fusgci“?n the inversion

erence between the obServe EI“°caI travel

ti Nirotedated URb® tamcasUfit inGmbBEof @ersﬁcﬂﬁdﬂdrdasdﬁ\thﬁbﬂz@ Rf €ife changes to
the node|] paraneter (Vnno or E) changes used.in the

nviBe angsisl pgqag@ga% pl@)ul%p@eﬁh y ggcrgeﬁg 1p gagfe iteggtion if the inversion
|terat| onsn(Jéncreases P ﬁ]eze of , the changes to Ey A
mo NV EF e FE 8o RN, PRh Ti \ASCTFatese ARG £aN5eHuEliyh A increases,

iteration if.the inversion. converges. Convergence
i TP EdInERIRbIy T thaée%%rgﬁhgc i onsequent |y ?
i.ncreases, . providing stabili ti%et o t he tonographi

[0033,er si dPptiqratigape aystyi apRl YaFiableeweialys dp theytravgh rlmﬂ réSlduals and the
wei ;&%a’? a‘eﬂvétnfes I % @e{tlo'h'(?g of ge? a?%ahﬁc@cﬂfj fﬂ% vaﬂﬁréf1 @fset (distance
derivatives 1 n equation as a runction of
t hebevratanesoofce @hd seeivedpastition) eeprézenied by esadiresamiadata trace.
receiver position) represented by each seismic data

[00Bapce. [Tkt JibRechEX theprBb@Ike isfo hif@tPheogdur e hid | todel values
update the Vo , Vnno and rJ nodel values wth respect '
t 0 \Wigprdspers it depth vaingagsatidns (Anahd(2) anddsiog nhegundhEd parameters V,
updat.ed. paranmeters Vo anpd E determ ned as explain
abARd &fetemyradas xpiained agejravityrederempe t&ﬁ@ua@eps @ﬁeg (6). The values

Yﬁ:‘f §|‘|"§h frF§P§8tt Ig(}]rd?ﬁ e%%héé‘gﬁg’«? flrg]‘,lglrh e%fm " e present iteration of

| SRFRAPHE hSRLEEE S RSO OB ARSI e ansm moce
formwsngrne%fég@mglagho?;@latrstﬁﬁGZz [0035] Next, at 28
in FIG 2, the horizon (layer) depths can be

[00%5{6" Cm}?}%ﬁ datml*@ ﬁ‘lgFItd‘Q tHeOhdrh Ry ErS RIESHS icQF be Tedaftula¥ed using the
following expresmgr’l :

7 _ : d v Onew —mig, j (8)
new,i Z
j=1 Voold—mig,j
[0036] Where Vo new-mig, j T€presents the subsequent vertical velocity as derived in the

present iteration for the jth horizon (formation layer). V, oi4.mig, j represents the prior
vertical velocity as derived in the prior iteration for the jth horizon and dz is the

sampling interval in the depth.

[0037] " Then, in a second iteration of the tomographic inversion process, and as shown
at 30 in FIG. 2, a first element is to prestack depth migrate the seismic data using the
updated values of V,, Vime and 1, obtained in the first iteration as explained above.
Next is to output common image depth gathers, estimate the depth residuals for each
horizon, and calculate the travel time residual for each horizon based on the depth
residual for each horizon. The process then can include performing travel time
tomography by maintaining € at a constant value for each horizon, adjusting & and

10



new, i. j=1 Voold - mg, j [0036] \Were Vo newnig, |j
-t . represents the subsequent vertical velocity as derived

in the present iteration for the jth horizon

(formation layer). Vo old-mg, j represents the prior
Ver‘p,'{nﬁ,zﬂnjd;{fﬁilnﬁﬁﬂzh% 188 tifRrreMashld, Rudhs Rhi R perfofhéd hﬁﬁ% the following

for hori Zzon and dz is the sanpling interva
|

i n expeesglemt h. [ 0037] Then, in a second iteration of
t he tonographic inversion process, and as shown at 30

in [Fl Gae2, a fafs ntlis to prestack depth
m g a.t_QLtt_he sﬁ%@j%% i=h A{pF updat ed val 8y of
Vo, | o _and §)§ taAn®d iin the Tirst iteration as
exptai n&% above. Xt is to output common i mage depth
athers, estimate the depth residuals for each
[0038}} zon, Adgitionadlly c darapiag ifartors Pafos|caeh b theeprrametrr shanges AVamo and
each_horizon based on the depth  residual for each ) )
hord& By berisedipstabilize theninrersionrie sakyingoequrtipmiflg Damped inversion
| travel, ti t omogr aphy by. mai nt ai ni E .at a constant
; val TR PopTiogmaC Rk JBR P Gierihg Be AAPYEE Vi,  and
| mnim zing the_time residuals, such as can be
perf or@ted usppg the following expression. at at A
Vn gy as -l [~t] c9) [0038] Additionally,
da |nngacto‘§s fror gach of| t he paraneter changes
AVnB,and A6 PAbe"m‘U%ed Qo stabilize the i nverghpn
in | vi ng uaft oécfg : nped i nversion may be
per f ormed using an expressionl such as the foll ow ng:
at pt a Vvnno ajs At 2 0 e Vhnmo = 0 Vhno A 15 (10) O
0 ere X may be defined as follows: =nod (11) am

i[go‘gﬁgrewna g%?&giﬁggd &sleollloass: is the danping factor, 6d

e sta eviation of the
(og
1 A=—2 (11)
1 O
[0039] In equation (11) A is the damping factor, o, is the standard deviation of the

difference between the observed and calculated travel time residuals and o, is the

standard deviation of the model parameter changes. Note that as the number of
iterations increases, the size of the successive changes to the model parameters should

| decrease if the inversion converges. Convergence implies that o, decreases, and

consequently A increases, providing stability to the tomographic inversion.

[0040] Optionally one may apply variable weights to the travel time residuals and the
partial derivatives in the sensitivity matrix in equation (9) or (10) as a function of the
small, mid and large offsets.

[0041] The next element in the tomography procedure is to update the V,, Vymo and N
values using equations (1) and (2) and using the updated parameters V,, and 8. The

parameter € with respect to depth is fixed in the present iteration.

11



di fference between the observed and cal cul ated travel
time residuals and 6mis the standard devi ation of
t he nodel paraneter changes. Note that as the nunber
of iterations increases, the size of the successive
[ooamanges TR hog apdeht namgg;o%éaméhe%du cl‘ateccﬁﬁaﬁ&dofn depths using
t he i nversi on converges nver gence |§% '1es that am
de caqualees(8) am@(pla;mdsaénquent ly A increases, providing
stability to the tonographic inversion. [0040]
[004B} i onal The entiee tomyogagyhlyVinvasivalpleeut ghissexipirifede beginning with the
travel tine residuals and the partial derivatives in
t heflrsleiierption, (copstpmt Q)i may Hleédilmlepwd( gxcept tf(amywatbe él mOdel values
function of the mal I, m d. and | arge offsets.
Th eWﬁle@at éffee?PéﬁPeqs i '1hﬁ 8598 w&ahﬁxn%?@e%am@ raéhqr éhan N =0. After
updat

and S e LT PRI LD R YEDET SnG PO B € values, the
Th Sec rlm o ex la‘Me %b[)g%ﬁrg%ﬁch% \Qa‘:ﬁP Iar I rglarlrléﬁ r?e(a an? tlIleb & values are

present 1terati e nex e

Pr Epegdemia tﬁegﬂég &dt he hori zon depths usi ng
equati on (8? as expl ai ned above. [0043] The entire

[0044™9r aphly sﬂogﬁneétsjzoﬂﬁ Iﬁ@“ﬁeﬁlléra%ol"@gr%c%ﬁlg ‘%cﬂﬁ&%ng the ﬁrst and second

begi nning wt first’iterati nst ant

t heRerittonk @P &R BfhogfPEF Prockdat mWbelBfeatad iRl @iabbéa\lal}lﬁ% for § and €
wll be those obtained in the sécond iteration

ex praiobathedb dhe, vahes € dndagthid obinedfridr be uepaatchlkglate values of
the first iteration using constant 8 val ues and
updae nrﬁgrvmh@eﬂlp&lama@énetqrh@th wepeshtp dapshafhomalugpelaalhdg foregoing

i s Wl ok AR 2 o it Bk i g o displayed.

shasnwilltbe 23Rplained b8ow2witl i‘eéeraimvce Fpeot.edur e, including
the first and second iterations of the tonography

[00pSpCedurkxaiesit réRRS of pdstiék ddptfﬁﬁl@é?htﬁ)n\/lﬁlirtg&ﬁmﬁﬁhbd according to the
and ¢ are obtained. The val ues and ¢

th
obtiayensian vall bseexpladpd; Witk afffer@n%ﬁ@ Eléisuéé @fougbr?& FIG. 3A shows
' ntc%?r}fﬁ(tes ldelBFH g?]tﬁa'% 3?5% Mmailet Jhrl{geﬁﬂgl‘ﬁ{off pﬁgﬁeﬁ Iaepth migration

ing paraneters

det iy R TBYaRemed QaREs fdt V,.GOVPUELEN. I Elagiely 6f e dotithon image
or displayed, as will be explained below with

r efgathenc ds t mdicative 4thaf OlelSiel®@itiasphud infervabs meliptisf parameters are

pre epth gr in rreth d acc |

P bRl 01 PR oA BF L0y s aspn
FI %grﬁﬁntfhf méghuﬁpmoﬁéﬁf VAN Oéﬁﬁ cqmvm 'sW?C@@PE@nerated for
gathers (Cl Gs) made using Ki'r ch(hoff prestack depth

m ghalmdRl of 3G KNawhmaiftea St fRethviedrates dOthe\BARgrayfly procedure
and '9. Flatness of the common inage gathers is

I ncixphlinedeabbiatvith hefercatow EliGe2. dndhouldtternoadd thateV lyd,poVi and 1 in the

paraneters are
above explained procedure are obtained in the present example by modeling V, and

Thomsen’s parameters in the tomography procedure. It is to be understood that
prestack depth migration techniques known in the art other than Kirchhoff migration

may be used in other implementations, for example beam migration.

[0046] In another aspect, the invention relates to computer programs stored in computer
readable media. Referring to FIG. 4, the foregoing process as explained with respect to
FIG.1 can be embodied in computer-readable code stored on a computer readable

medium, such as floppy disk 64, CD-ROM 62 or magnetic hard drive (not shown
12



substantially correct. FIG 3B shows Cl Gs nmade using

Ki rchhoff prestack depth migration for the initia

nodel of Vnno, Vo and r). FIG 3C shows Cl Gs generated

for the nodel of Vnno, Vo and rl after the fourth

I t efegirhRly) Ofcaddbte tu?"ﬁogarsgmﬁ(/e pﬂ&bﬁ?ﬁd&iﬁl@ driv¥ pé@lﬁ@%@h&\!ﬁi drive 56
with reference to FIG It shodl d be noted that

Vnrfermigg peidofr 3 gﬁmﬁraln@rp@bwegremmaéler@mmmﬁéh ul be gemputer 50, as
oP A e SR BB Ol TR, B9p 0 e e s o
i S Kegbdwed lﬁﬁdﬁd atwadlisgiat 52 prchsk adlat gl LOD display @R cathode ray tube
tec nlques known in the art other than Kjrchhoff

mi JHSRI®on Aceasdinge &t aspecbohdie inysndre thacpmRyter fegdable medium
?XQHHhSesbl%?f@ d;ﬁeﬁfb‘?é {PGusé HABImduerad kbiRe ?t%@?&st set f0%h above and
i nvention tes to conputer progranms stored In

corpptasred wihdatreet pedil@. 2ReVelues mf the vEHGIs paratrhe:rs calculated as

corSHE BaBRTE SRRt LEPIE & b SERAGT apd Potpesiivgus computer

COIfpatiaBle rhedisl ald] SinedEtvieor BMCHe @SplhycaRipithé Uﬁel{la?‘SQ.
CD-ROM 62 or magnetic hard drive (not shown

[003¢par at eW)Qle rtl?@ﬂﬁjahﬁ’od Hasabééﬁsﬁ’c%‘éltlﬁéﬁewftb %@écfjtosg e number of
CD-ROM drive 56 ftormng ner al
purmlmmﬁgﬂmﬁmnbdaommmaﬁm b'EhéitC(d'rtblstchsclcfs@re asa'll appreciate
kn i.n the art, processin
0.1 o SR Rlimens n S e dEnbieR dol bl a by scope of the
USGlhveﬁHtl@m Y diseloSedC Rerdin. aﬁcb@ﬁuﬂgn he Ls@f)ed b8 Rhél¥nv@htion should be
cat hode ray tube display. According to this aspect of
t hdimitgdeqply b thetatiachedighaimsr r eadabl e medi um i ncl udes
| ogi c operable to cause the conputer to execute steps
as set forth above and explained with respect to FIG
2. Values of the various paraneters cal cul ated as
expl ai ned above with reference to FIG 2 may be stored
in any of the various conputer readable nedia
expl ai ned above, or may be displayed on the display
52. [0047] Wile the invention has been described with
respect to a limted nunber of enbodinents, those
skilled in the art, having benefit of this disclosure,
wi |l appreciate that other enbodi mrents can be devised
whi ch do not depart fromthe scope of the invention
as di sclosed herein. Accordingly, the scope of the
i nvention should be limted only by the attached
claims. 13 Clains What is clainmed is: [ell A nmethod
for estimating seismc velocities in vertically
transversely isotropic nedia,
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conpri:sing: generating an initial estimate of vertica
interval velocity and interval normal noveout
velocity with respect to depth fromseismc data;
generating an initial estimate of a first anisotropy
paranmeter with respect to depth, the first anisotropy
paraneter related to the ingtgiygl normal noveout
velocity and the interval vertical velocity;
at i an initial estimate with respect to depth
“mgwsﬁagg‘gﬁd ani sotropy paraneter, the second
ani sotropy paraneter related to the first anisotropy
[c1par AnmrétRed forCestmmatihgdbeisnizl vedduitidsi iptveetiqatly armbwisely isotropic media,
performng a first tonographic inversion wth respect
t o OR¥IISHBer val nornmal noveout velocity and the
SeContraifl R1AARYsARERTG A i CANANY HliMEnAl nblifl moveout
sotropy paraneter unt travel "t
di f f er emtel @ity witharebpeat midept’mfuah sg@smicfdatagt adJ usting
| ayer depths estimate of vertica
| et an sehelesiae fha B3 RS etonih $pect to depth, the
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[¢2] The method of claim 1 wherein at least one of the first tomographic inversion and the

second tomographic inversion comprises damping.

[c3] The method of claim 2 wherein a damping coefficient is related to a standard deviation
of calculated travel time residuals with respect to a standard deviation of model value

perturbations used in the at least one of the first and second tomographic inversion.



[c5] The method of claim4 wherein the Kirchhoff
prestack depth mgrated seismc data is further
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[c10] The method of claim 1 wherein the interval normal moveout velocity, the interval

vertical velocity and the first anisotropy parameter are related by the expression
Vnmo = Vole + 28 wherein Vy represents the interval normal moveout velocity, V,

represents the interval vertical velocity and d represents the first anisotropy parameter.

[c11] A computer program stored in a computer readable medium, the program having logic
operable to cause a programmable computer to perform steps comprising:
generating an initial estimate of vertical interval velocity and interval normal moveout
velocity with respect to depth from seismic data;
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[c15] The computer program of claim 14 wherein the Kirchhoff prestack depth migrated

seismic data is further processed by isotropic tomographic inversion.
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from neasurenents made in a wellbore. [cl171 The
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[c19] The computer program of claim 11 wherein the first anisotropy parameter, the second
anisotropy parameter and the anelliptic parameter are related by the expression:
-0

1+ 26

wherein 0 represents the first anisotropy parameter, € represents the

77 =
second anisotropy parameter and 1| represents the anelliptic parameter.

[c20] The computer program of claim 11 wherein the interval normal moveout velocity, the

interval vertical velocity and the first anisotropy parameter are related by the expression
Vimo = Vo, V1+28 wherein Vi, represents the interval normal moveout velocity, V,

represents the interval vertical velocity and & represents the first anisotropy parameter.

17



