METHOD FOR TOMOGRAPHI C | NVERSI ON BY MATRI X
TRANSFORMATI ON [ 0001] This application clains the
woemgfoigseof U. S. Provisional Application No. PCT/US2006/026477
60/ 703,162 filed on July 28, 2005. FlIELD OF THE

I NVENTI ON [ 0002] This invention relates generally to
the field of seismc prospecting and nore particularly
to seismc data roceSS| n Specifically, the
invention is M @HQQR@PHIQH‘{)VERS}ONM

i ncreasi ng conput at i onal efficiency in tonographic

i nversi on for vel dBY{MATRIXI TRANSFORMABROMEROUND OF
THE | NVENTI ON [0003] In the oil and gas industry, a
techni que call ed tonographic inversion is used to
build nmodels in the formof data volunes giving

7 JOOBIF of Ty SRIEEH Lol B kL& P R PR Applicaion No

f os01R03, 62 filet ba My, dogxnogr aphi ¢ i nversion with
smoot hi’ ng constraint [0004] An approach consi dered

state-of -the-art usegm@ o ﬂﬁVﬁNﬁﬁ(ﬁJ agrid
consi sting of rect amH@—mterl ze the
nodel and tries to stabilize the inversion by adding

sri080R] ng Thniwention slaten geperadlyato, thenbelt hifngpismic prospectlng and
ective eno rt wavel en

o der Souly Bafrenic 0T Gig SEIERL gt nvention s & method
arfol fraghcing Sﬁﬁ%lhpn AniM thbrediSP ct)ﬁ'ipluta'tltmilh @ffﬁfetnbfr 3t fmographic

in one area are of the sane wavel éngth as true
vahpasipy fert valeritymeods] beildieg.e i n t he nodel . 2.

Mul ti-scal e tonmographi c inversion [0005] This approach
uses a mul ti - scaBACKGROUNDOBITHE INVENTHDNL eri ze a
nodel . The | ower scale grid nodel has [ onger

<aOBRRDD. o wiioPF edndiog}i & ‘rabne el banugmgy inversion is

Priaed %ﬁ@lﬁﬂ’cﬂnﬁd&ﬁ iS{HYb iR BEQUS Wlum-EQ [I%éehs%qlc wave veloc1ty values
mul tiplies the conmputational cost tracing

t heitlno aisebsuwface celi@soflintesddi Such m¢ChIﬂ'unSS také bodra tforhis
has the instability due to the underdeterni ned nodel

1. Uniform grid tomographic inversion with smoothing constraint

[0004] An approach considered state-of-the-art uses a uniform grid (e.g. a grid
consisting of rectangular cells) to parameterize the model and tries to stabilize the
inversion by adding smoothing constraints. In general, smoothing constraints are
effective in removing short-wavelength artifacts but fail to remove long-wavelength
artifacts. Smoothing will also fail if the artifacts in one area are of the same

wavelength as true velocity structure elsewhere in the model.
2. Multi-scale tomographic inversion

[0005]  This approach uses a multi-scale of uniform grids to parameterize a model.
The lower scale grid model has longer wavelength and, therefore, yields a more stable
solution. The multi-scale grid models can be solved progressively or simultaneously.

This method multiplies the computational cost in ray tracing by the number of scales.



paranmeters and will fail if artifacts in one area are
of the sane wavel ength as true velocity structure
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t onographi c i nversion [0006] This approach uses a
non-uniformgrid to paranmeterize a nodel. The non
uni form paraneterization generally has rrany f ewer
pararreters than a uniformgrid.

I n

t dRogdiion; &his masheg sl has dieatssiabisy dB?/ t? Té@tjercar@dqtrrellned model

ttJaLan’?é?&g %nafwﬂlhﬁ}lq?tafﬁf\éﬂg Qxl? gt cc’&ea &40 V(\ﬁ\fgé Farﬁ@Xwavelength as true
acing is generally nuc

paremzfﬁyefruateré eldetvhei@ m@}remadeﬂ.or m grl d. Furthernore, it

is hard to add snoothing constraints to a non-uniform

grid nodel. SUVMARY OF THE | NVENTI ON [ 0007] In one
n”o&?i“n‘b‘ﬁfom% gdd tomegraphicipxexsicdh i s a method for

constructing a physical properties nodel of a

S'Jbéﬁ'nx ?hirs%g R4c ﬁmrﬂoﬁ'-lﬂngor&gfgdqgg) ag'f%'té?&e% rhb&?aﬁ“he non-

systen of to rap I'C equations pressed in matri

f amifors phransetdrizatibne penetallys has memt fawenﬁpammmmmemmworm grid.
paraneterize the nodel, of said sical properties_i

a I jthig twayefheégleﬁgr&tvhlsﬁnwselar%stemﬁéqﬂrera@éuw@e .ﬂeﬁqnulbspace of the

CoRLAk n(?ﬁ,érﬁgf’r R d6h Vt?é{jznigr Iy Sfhwer in a model

representative said's bsur ac eg| n Sensitive

t q;amﬂxdﬂerp:ﬂe;l&imlala oo fdrinegrid. alﬁlrmemﬁirat ieds &ai‘dito add smoothing
physi cal ?r operties wthin said subsurface region to

sé’iOBStH‘éli‘t& 0?’69“‘%If‘§8’t$r#bm3 decond representation of

t he subsurface region in whi ch t he nodel of the sane

physi cal properti SUMMARNAG NY ENTIQRN conponent s

of a vector y, for which represent ation there exists a

! gﬁ&é‘i e blﬂsgelﬁﬁ&[l n’Mtlrxebglt eﬁllagn f1§ ﬁ%ethod for constructmg a
r o th y

presentation, X, epr esent atl

quhhsmdiqiroperﬁd\s‘ymodel)of la&ﬁﬁﬁrrfﬁb@ @gﬁchﬁ combiibing: (a) developmg a linear
mul ti pllcatlon C =AM, and (d) jnvertj nfg) the matrix

eqUHER o tegrlograﬁhleoe%lérlw FoFestakinprpscRIMmsofert §ekhere x is a

I ' ]
RERE Rl AR b BB o ol O Bkt SRR
umépredentagioh dof whidl eutishefase Q-egidn I peesaint ainfarmativh | dddived from

a non-uni form . . . . . .
measured data representative of said subsurface region and sensitive to said physical

properties, and A4 relates said physical properties within said subsurface region to said
data; (b) selecting a second representation of the subsurface region in which the model
of the same physical properties is parameterized by the components of a vector y, for
which representation there exists a linear mapping matrix M that maps the first
representation, x, to the second representation, y, such that x = My; (c) performing the
matrix multiplication C = AM; and (d) inverting the matrix equation Cy = b to solve

for the physical properties parameterized by y.

[0008] In many, but not all, embodiments of the invention, the first representation
will be a uniform grid, while the second representation will be a non-uniform
parameterization selected to substantially minimize the number of components in the

vector p.



paraneterization selected to substantially mnimze
t he nunber of conponents in the vector y .BRIEF
WOEBCRIEIE ON OF THE DRAW NGS [ 0009] The pr eseneCT/US2006/026477
invention and its advantages will be better understood
by referring to the follow ng detailed description and
to the attached drawings in which: [0010] Fig. 1is a
flow chart of basi ¢ st eps_of inventive
net hod; [001 H B DESEC RIPTION OF THEJMRAVINGS
appllcatlon of the present i nventive nmethod to
S tic ]
STPOOT TR iy Ehiln WS s A1 08 el RRdistood by
( geflerting to sledtfollowinpedetai edpleeeriiption wed tacthée ;lttzaihldd tiawings in which:
ani sotropy parameters; [0013] Fi gs. 3A-D show verti cal
sl of th .uni for non-uni form representatio
g[bﬁﬁﬁ) (g L i FIRY BRARBPEI LD thsaresPnbyeRtse method;
an| sotropy paraneters; and [0014] Figs. 4A-C show a
5 boﬁ veﬁ{gb%h iR 4 éx'&ﬁ@)‘f‘es eamt @hyﬁféa&ttmmwe method
|t| ocity nodel result e standard
re@sgl’m]netxg,rdath wheeisi on resul t (Fl g 4B) and the
present inventive nethod result (Fig. 4c). [0015] The

otBF LAY, caPiGho ARl 50k cRicct ook Hbe oRELHE ¢ P fcfeuniform
f By ef f
| SRS PLL U5 cRATeE f%l?%?%é@.aﬁé‘efﬁl‘t %‘é‘b‘ﬁ%%mme‘e“
is intended to be illustrative only, and is not to be
cd0@t3luedFias. 134D ishgwt Wertiselopbicesf of hdlei nméfntm omd @wn-uniform
the conir.ar i s i.nt.ended

o qarrai gud ik AR ORE Rl doE TRy o far psqUropgparameters;
bgpincl uded within the spirit and scope of the
i nvention, as defined by the appended cl ai ns. DETAI LED
DESCRI PTI ON OF THE PREFERRED EMBODI MENTS [ 001 6] The
ple8t4lt i FigertA-€hshiow aest pﬁvmi@}bg’aliniﬁeimagezugee@raaed using the initial

o JeloBi obdeD resfle Afta YTl sraerdSRERL B iSO, result Pig. 4m),
NQAY el {REN inventive method result (Fig. 4c).

15 [0015] The invention will be described in connection with its preferred

embodiments. However, to the extent that the following description is specific to a

particular embodiment or a particular use of the invention, this is intended to be

illustrative only, and is not to be construed as limiting the scope of the invention. On

the contrary, it is intended to cover all alternatives, modifications and equivalents that

20 may be included within the spirit and scope of the invention, as defined by the

appended claims.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0016] The present invention in certain embodiments uses a uniform grid velocity

model to generate a linear system of tomographic equations, while it uses a non-

25 uniform parameterization to solve an equivalent system of equations.

(Parameterization means a mathematical construct using a set of parameters to assign



paraneteri zation to solve an equival ent system of
equations. (Paraneterization neans a nat hemati cal

W@ew3nIssed using a set of paranmeters to assi gnREl/o8100¢/026477
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values to any point in a volunme. For exanple, a
uniformgrid is a paranmeterizati on where the

paraneters are regularly spaced in all three

di mensi ons of the volune. Values for points not on the
grvedpcityevalneseto @ayiprdet ithreovghimes i Foreegample, a uniform grid is a

interpal ati.on. ) Cenerat i the system of hi.c .

et POREAE et BE riteuiterh A% SR e BERREE tifensions of
Unthé Qlolingd, | dZalideVWeY bintndiobn Wi kA Mrd dfteielefhdd 8irb&ih trilinear
chosen in recognition of a priori know edge of the

s ubteenolativaan Generating the systeminfdomographiceequations ie musl simpler and

variability .wth ny f. araneters...(The term. .
et il o fROY e St E TR AR Bt S Ghiggtion chosen
Pah 26@leRitiod ¥ la QM oBil kildNediBi of WdRubBRFaASA red WD b8 Able A6 Sepresent
as it i's understood that the word grid does not

nebeswdel variabiljty withringmy fewse phrameteThalTherieun ganaruniform grid may

Lﬁ%&,&%ﬁb Flt_g%eq’ g? %gla-suﬁgggg eSt?t'iES p]ngt he?%r#g{iglg\jolfr l(%lrorrp_él%r O{dna hr%ﬁrege%?ation SO
| Nah@R 1ti1h uBSerstBod ARt HHRWR6:RI @1 doM inehnéVeSlit indfly ufiform cells.)

frequently borne out in fact. A linear relationship
bekhaeethist lean tiypicalbddle danearspgssisz ghat omsuniforms gidt bas too many

transform the generated |inear stem.pf to raphi c .
cqaorGatien S figoeRe R wl ek R ynsihifes, BiuHe BerSion, whieh
S Yt BBH A is FRARGHBHokte RAURTACONS linBatreldB&&hip Wetween the two model
non-uni formgrid. Inverting this new system of

e qazgmeserszatiphy isvesedoioetratsédyinethd ugeneatadhlinesi gpstémncefntompgraphic

R AR S Bl ETRA RS 958: G cvcions

Whhhtustd eGRMPHIREh IR R0&tRg s BN SEMNET dgigtiédsnedI be more
system of tonographic equations is significantl

y
r etabbedue fo0bd sipnifinanttyrredetet aiuinbecoftapdid paranicianreageded. Thus, the

sy of. fonogr aphi.c.equati ons represented b =b .
CERE e FRag RS A S AN B isaf e onal costs in
VehahtiAPthe SREASSREmIIFRoMELAFHiE ¥quiRidS! is siigi‘l‘iiﬁ&.nﬂi réluced.

given data vectof. A basic step in any tonographic

method is to construct the matrix A by known . )
r d0017hci by meehdelsil, Thesidery at Haesrnsystemt afnltgmegraphée equations

represented by
Ax=b ¢))

where A4 is a matrix, x is the unknown parameter vector to represent the velocity
model, and b is a given data vector. A basic step in any tomographic method is to
construct the matrix 4 by known ray-tracing methods. The ray-tracing not only traces
ray paths in a velocity volume (an initial velocity volume is assumed), but also
computes derivatives of depth and time data with respect to velocity parameters. Of
the entire tomographic process, the ray-tracing is the most time consuming. How
quickly and efficiently the ray-tracing is accomplished is highly dependent on the
parameterization of the model, x. Referring to the flow chart of Fig. 1, at step 10 a



ray paths in a velocity volune (an initial velocity
volunme is assuned), but also conputes derivatives of
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paraneters. O the entire tonographic process, the
ray-tracing is the nost tinme consum ng. How quickly
and efficiently the ray-tracing is acconplished is

hi gh dependent on the paraneterization of the nodel,

|

X Smuﬂ%% BRIEGTY 2t repAesCRiatgR isicApsendp uss fpr the raytiragingpandphence the
. A o A _ '

b 5 L Ml T ARECI0N PUADE U AT PR sy

NBtrhightféywaad eflg@tthms Theey-ameingemyouhf b CiBftkmaBed. In contrast,
fairly straightforward algorithns for ray-traci ngih )

t §velugiingthg siefivatieg essgciated veBhihe aax pathsy woulsh benguethmore difficult
derivativ associ at W [a ths woul e .
it ROPEERP R, i ok hipb b o ks h 2t BE omograptic

C Rgiationk | WBSIANBE dRdket DefRIAL.AtONt A eai-%ﬂtaggégﬁwng the tomographic
equations would be nore inefficient. On a ray-path )
segnations use éha mlaipnslynidistanga at velaeityus dimeqePersons who work in the

r ignship .di stance = vel oci t .tinme. . Persons 0

aieB! PP R Pl BOR R ot BlaP e i M e BoRRgT Qlfeamay rofer
eqolafor QREMPIS ZHENE 1200 atbksd MRloSlineaY réRiction tttaveltidie tomography,”
exanpl e, Zhang and Toksoz, "Nonlinear refraction

t GGeophysiared3, bvafgl AphilD98)Geophysi cs 63, 1726- 1737
(1998). [0018] The data, b, can be any type of data

t n sed.for tomgr.aphi s jinversion, inc]udin .
¢ RGO Ehe dERaL AR PR PR IR0 AR CHRlbe 1L RE P hosraphic
t aeedibn, B luang/ edveltisd ldmluale {Ervie ik @8nRSthidB treseldd traveltime)
m gration gathers. (Traveltime data are frequentl

deniipe desidud] eersvatpees t ¢sfimpied nins gligration diathers. | r(alrwi/thge data are

checkshpt data. ). EFrequent!ly b w.ll .contai.n.information
GARANGHS: AR, b AEREPERL telr Yeami RGP TRURS: cata)
CIFR&dtehey b WilRcditii ifformeti simii&ivied Clidth GHEcksRotMin€ldr seismic data.
typically a receiver is |ocated down in a well and the
séishiceksholtsce typs eft setsrdc saghnigoe in avich typicgHy p receiver is located

i nformation,th is.kept is the.source and. receiv .

| SRR e Pahae s EfH® Sy AL R bR AR g T fiormation hat
t hekeph iid G sbhiRdknd YechlRBr BEitfk and tel tiBEl ofiRkRstSefshhi@grrival — the
soni c I@g&s may al so be used as input data for

t Sfivgbegaky) NoosEjmirkdsuiged date sidhorsraogici ldgs may: Alse b upest as input

t%%tasfgrk%n?ofgrgh‘;l ci ency when buil di ng

[0019] Though a uniform grid is chosen for the sake of efficiency when building
the tomographic inversion equations, as indicated above, these equations are usually
not the best choice for the inversion itself. The matrix, 4, for a uniform grid typically
has a huge null space making it unstable for inversion. This instability can lead to
artifacts in the model that may affect the interpretation of the final seismic product.
Frequently a better choice, therefore, is performing the inversion on equations derived
for an alternate parameterization of the model such as smooth interpolation of a set of
non-uniformly distributed nodes. This non-uniform parameterization preferably has
significantly fewer parameters than the uniform grid. Furthermore the density of the

parameters for the non-uniform representation may be relatively large in regions



t he tonographic inversion equations, as indicated
above, these equations are usually not the best choice
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grid typically has a huge mull space nmaking it

unstable for inversion. This instability can lead to

artifacts in the nodel that nay affect the

interpretation of the final seism c product. ) )
rhegjingrareaterpropertyeyarighdity.candtlativgly smalliis spepthst pagians, and this

F

the_ inversion on equatioqps derived f l,ternate .. .
ARt oD g B b S pEt SR 280l Byib®)." 30 aiffculey s
| tha! podigdsedd Qlict, GRteqRhtidiRRrdBiffiitdnd ¢bsty kd Proldaek directly for
nodes. This non-uniform paraneterization preferably

habe soyypniforovparpypettdw@ionpar anet ers than the uni form

grid. Furthernore the density of the paraneters for

t -upiform.represent ation .be tively |ar .
| 1028 o ErE D ERET OF B S EpGaE o ffoclfy oG8l carir
I §laddohot&rized SRR vectbn xS OtAEl Bt A spRBoft Bi 21d¥BY non-uniform
vary fromone property to the next (see the Exanple

batapapsterizagionti  f iFoul the | puphses, ods thils s dugndigneathly ergn-uniform

: . ol e |
o Pt oGRS a5t 1S cheePr lem S b S ot e found th
L 6haplsRonY BfetsBhocofiRe dnif@Rl BRELAS ifBe Of thb ABn@lfo&h bid:

nodel earlier paraneterized by vector x, but let it be
in the space of a selected non-uniform
paranet eri zati on. For the py;ag;es of this invention, @)

thi s non-uniform paraneterizati‘on nust be chosen (step

30) such that a nmatrix M may be found that maps from

t g veipasest Q&heﬁé"ﬂle%'l(fcﬁt/y& Fusktiod it defiltd HPaGRe@fopeltfor on the set of
non-uniformgrid: x =My. (2) Mw |l exist where the
velabehtop thenenifasm ged.dedd erndbppbipinddnestap dhebntasneraiing Green's

t et of,.valpyes on the,unifgrmagrid, M can « r
ot Rsn (HRAE oy iebr at PHy. oot YiRgswsen, “Mattix
( "TroRsb SRS SRANSAS” IwwRSehisdulie/pRYavaRlBathMPhin€ 0BII3); or Kitaura,
“"Matrix Transformation Tutorrals,”

wiistandisiipatisr/ perildo€d) megah@ements miqrl d9®sh and Kinglgsr by matrix
" St di zat i 3D.CT , I h
RO ot 58 B s e RaR. R Rt CEPdnndy &> 349356

sys¢@y " Cdeft Palate Craniofac J. 37, 349-356 (2000).

[0021]  Substituting equation (2) into (1) yields
Cy=b 3)

where C = AM. Equation (3) represents the linear system of tomographic equations
in the space of the non-uniform parameterization and is step 50 in the flowchart of
Fig. 1. In general, the matrix C is more stable in the inversion process than 4 and has
a smaller size (because one is able to choose a non-uniform parameterization with
fewer parameters than the uniform grid). A person of ordinary skill in the art will
know of methods for inverting matrix equation (3) to solve for y (step 60). See, for
example, Vesnaver and Bohm, “Staggered or adapted grids for seismic tomography?”

The Leading Edge 19, 944-950 (2000); Hobro et al., “Three-dimensional tomographic
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(3) where C = AM Equation (3) represents the |inear
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non-uni f orm paraneterizatioh and is step 50 in the
flowchart of Fig. 1. In general, the matrix Cis nore
stable in the inversion process than A and has a

smal l er size (because one is able to choose a

no:nvqnﬁpm mfmtcmblaﬁfbtreﬂetczlanu a5 wﬁﬁﬁl%msmpatran@tl@p Geophysical

Bl PR B o8 AR Taiegple ' Traveltime

eqy@b%@ph ’3Eebﬁhy§£2'|e3/€8 fl@B9M6493(2©93ﬁ0) See, for
exanpl'e, Vesnavér and ‘Bohm " Staggered or adapted

grids for seism c tonography?" The Leadi ng Edge 19,
94[&0@%]0 (@gmtp)lredl—bb rconeantighal, appreaches, dihee pesseriainventive method

r éﬁofn% ? V'@ﬁf/a%ﬁsg P%{i? ﬁ’? {}g Sy ef(Lethﬁ:zl an?; glﬁ,} eﬂon—umformly

| HafintbadriZeA athoddl2, RAP-1@3ing 20 forrﬁ@&1 thﬁé', ifht b5 MiRre it
Travel tinme to?mgr aph 3 ! (%golpgé;e)él ces 618 16u3% 164% re it is

( 2¢ieByely [ e62}0 OdoparMairixo invmsiemt iso metforpet olc Hbs , non-uniform

oSSl o6 o T A S
by %ggir%e%@@nng%hx FasfohAbA0 préviddl URY RBfndooR NCTt can be

rid where it is relatively easy to do. Matrix
| nv@gglzgqh thag t@ﬁthpdmjncptdlmmﬁé ta (’o@mqgmphlc mversmn problems and can

. ation [
P I IRG R <€ Bl PR G rsinnrdpd gl YaRRitne o eauations is
( @!1151‘ th 6ﬂe%§1fe§érﬁ?ﬁdn%b}arﬁét91¥iaﬁ§§ atniaein%}ﬂﬁ? Gitd &{hatﬂ)ﬁs is easier in
can be recogni zed that the nethod is not Timted
t @m@maphmotheanagraphlp esihgleef aapiysicahptopedp |cble$1éfc$ Yedocity and

Jg{)]ﬁl%&%;{sfsggsggg:ég{p 111#1 ﬁtggl?alu%rrp d\'h gat?o%gsrte{aﬁgé Ié] % stes]s%nc data
r%gﬁg(gg(gﬁs%b@a/bp%}aﬁg&ggl zation, and inverting the
equations is eaSié€r in another. Another tonographic

exarrg{e of a physical property besides velocity and
af0@B3]r opGhoise i &madlcalaplnonumefoantmmctﬁnmt@ is significant. A

corgerttratPeGriedints 10r 5t SPobpsertaanus b paripbility by using only

p%rﬁwgﬂé}ﬁﬁe%té@ NsgHiRbf lﬂftH‘sﬁBﬂW@é’drﬂ;ﬁitét%al 8fficiency can be achieved.
si gni fican
It must also be possible to transform the non-uniform grid model to a uniform grid

model using a linear transformation (equation 2 above). A preferred non-uniform
parameterization for the present invention is the nodal model disclosed in U.S. Patent
No. 6,253,157 to Krebs, using an interpolator that is a linear function of the model
parameters. It is a robust representation of a velocity model using relatively few

parameters.
Example

[0024] The utility of the present inventive method, as well as further instruction
on how to perform it, is illustrated by an example application. The "true" model for
this example is described by three physical properties- velocity, epsilon, and delta. A

definition of the latter two parameters, which represent velocity anisotropy, can be



preferred paraneterization is one that can represent a
nodel's variability by using only a few paraneters, so
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be achieved. It nust also I possible to transformthe
non-uni formgrid nodel to a uniformgrid nodel using a
linear transformation (equation 2 above). A preferred

-unj form paraneterization for the present invention
| dopmbinaaticlan d howers | Bl olastia arusotORy 2 {teomgysics 51, 1954-1966
6, 15 j [ t j .
A28 QAL el SUABEB AUGRANRL Al AL et prova
r aibsait ah apsasignthat oxdp vafy lneudy 04thtdeptn@e) =using), and a small low-
relatively few paraneters. Exanple F0024] The utility
of velaedly snemalyt erbrddead nowr the wopefer ohtheyollyme and ghewie by the darker

i UCti 0F h formit. 1s i d i
HSHE 4385020 6. PRS00 ghBp ULy BYAR conis
| sonthesftd bdekgrobyd tibldeshiphghitaly, BhgRart litarly Wethoddpty

epsilon, and delta. A definition of the latter two
paraneters, whjch represent velocity ani sotropy, ca

bdPBgAH | AhaHniprn erd PejAmEisHstion haswedes lagsd ir@gularlynin all three
oA R ERRIALEE A SR o TS 0 v

vahotegontdipkligy; evidi JA albdest iam satiosl dicef Rat valodiyy W@l Yinisotropy
linearly with depth (v(z) = az + b), and a_snmall
| PARRAEDRP {eSBRFbiNally oRPGEPLIORH rpardiecters reBAve fn tthee same way.)

;g&&gﬁgggﬁ?ég&@@n 8}’ tﬁeh %g?r\lfo%rng E‘l%g id? reiten 8&'::113211% idg{%(’)ofecgll %97 a point

ropy par ers, epsrlon an

C qAsdey loitddywithingeabl2 €K Glanets foif @l1chardiheétbrs a8é BliREHY interpolated
only vary linearly with depth. [0025] The uniformgrid
pdqeéV@peqeﬂ%-atTihe AR iegE sTgpederEzatioe dor ealosjtyi rsanpny nodes near

t ' ' f t hy ee, nodel pro tl eSnpy FLas .
o RO Ry TBER ARt Londlely oS 5BRAR (PSR ahg 360, Sl there i
amd anbmaldindke hrilsdrop§ipatGidters, the€ Bon-hidiforuepRaibriditbn has nodes

ani sotropy paranmeters, respectively. (Both anisotropy
p&nbhoae daterahpesitianfor e asetromaparymetersdFig. BB), with several nodes

syb-,di.yi-si 0 fr the i,al .volume into discrete cells .
;R O 0P o oG By Aol pRIPRL Bl Satues s
Vahdiegedby gilak-spaé sl s are trilinearly interpol ated

bet ween cells. The non-uni form paraneterization for

V?bggé]t Y ]gglt% ansl%gn%apdogne}fs‘orgqegird-based tomographic procedure and the present
invention's tomographic procedure as outlined by the flowchart of Fig. 1 were
performed. Referring to Fig. 1, the initial model consists of the background values for
velocity (no anomaly) and a constant value of zero for the anisotropy parameters,
which is a reasonable starting point. For a real-world data set, the initial model would
usually be chosen based on some a priori knowledge about what a reasonable model
would look like. Then, the matrix 4 was developed by ray-tracing in the initial
velocity property volume using the uniform grid. For the example, synthetic seismic
data were generated assuming a series of flat (horizontal) reflectors at uniform depth
intervals, and using the true (with anomaly and anisotropy) velocity distribution. A

synthetic checkshot was also generated. The checkshot is located in the center of the

anomaly and provides information about the vertical travel times through the "true"



the I owvelocity anomaly and few nodes el sewhere
(Figs. 2B and 3B). Since there is no anomaly in the

WwW@i0g01886py paraneters, the non-uniform PCT/US2006/026477
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par aneterization has nodes nly at one | ateral
position for the anisotropy paraneters (Fig. 2D), wth
several nodes in depth (Fig. 3D). In all of these

dr awi ng variation in property (parameter) values is

i iapdelt ?&ptgyhegmjgmig@aﬂ dhes ehegkshigt Sigt@mpsquprprgduce the vector b in
s%éiodﬁf dInl‘th'-: gt%(@tr? %%ﬁrbgc%? %‘%@éﬁﬁ?@r %:bg% g—;&gﬁ%ﬁ %;?;o%taallﬂ 9.11 updated

st
t he “preésent Inven rapni

O Utelld ot ChrbertsnmiotibIOVESatht approbittdusihg WRS Brebéit fiRvdiBifle method, the
Referring to Fig. 1, the initial nodel consists of the

b kg rddum 60 vedres perforaed\aal the ichgsen mon-amiforh wyidatedgenerate an update
of zero for the anisotropy paraneters,

cqn tea.ntﬁalalogle
whi frga) oy §]Sonabl e starting point. For a real-world
data set, the initial nodel would usually be chosen

bqeed7pn gas®tlR t%ir@ilﬂtiﬂgrm&ﬂe@ﬁgﬁ)n@ﬂﬁ%eééﬁ@ﬁw&lﬁon_and the standard
reasonabl e nodel would |l ook |ike. Then, the matrix A

weppEhaole of paxeribng emthet yralormgerid weine usadi toi islage dheowyinthetic seismic

Co BRIt S B0 I TR B bRed o generat e
asmHr REr aorﬁ%triseﬁ, hsntit dhagine Wa%‘ylﬁoa]%]e)rfc{r&tah %@%&g?ﬁe alitial model.

uni form depth intervals, and using the true ( _
arfogwry 4Ard show dhe respljing vell afoierticall peismichutagemalodg the dashed line

synt het.i ¢..chegks | s ner at ed.. The che hot .

SBb B8 4t Euy B 20 B e Bt ot R dephan oo w-velocity
| Nin@ABL | OMheaBRKEd HRSs iAikht athe th@Y BbsitioN® forl IHQUEN the imaged
the "true"nodel. Both the seismic and the checkshot
ddwasizenrse Kigens 4/oshpmodhe mitid enodetbresult, Jig.rtBs sheywsabe stamdard result,

th andard a oach,.,.the.equation Ax = b . s inhverted

t GPGbhiEr ACarh b ARaR WL PR Fiun it breuta ensdF Tpgod. The
ankiRasinisdel with Shd (B8R PropitebiM B 140 are t QLS LEREt depth
40 -60 were performed on 'the ¢chosen non-uniformagrid

t cvgombere exeapt updatthe tlowtvebocityi aromalyrddeiter p0CORiARe) where the
The he two, resul,ting nodel fromthe present.

| A ioB iR TRE ISR Bl AT dFC 1Ry aR g gppthods show
t RemipRtabRY {?ér&frhﬁ)lcé{\’eTﬁerb' 3€ &M On lefRI Eﬂéepr%ﬁf&gh%lhé‘s_ that leads to
seismc data to see how accurately they coul d predict

t meughluta helficpde orag msthd setsngendtat Farhthe datwlts Fing the present

f ﬁlgqu%ﬁipﬁ,?tg]ls iﬁ@'@&& noticeable brrog> Tﬁ(la %gsﬁfcrgu?srigee %eua?lhrr}lgly matches
the expected results. This is not the case for the standard uniform grid-based
tomographic result. Note the error in the seismic that was added to the area outside
the anomalous zone, i.e., the portion of Fig. 4B within the oval. The extraneous nodes
in this region were not well constrained by the data and the instability in the inversion
led to the artifact in the solution. It should be noted that the artifact is roughly the
same size in extent as the low-velocity anomaly, so this artifact cannot be mitigated by
smoothing constraints. Though this is a synthetic example, similar artifacts are
commonly seen in images produced by the standard uniform grid tomographic

method.



Fi gures 4A-C show the resulting set of vertica
seism c i mages al ong the dashed |ine shown in Figs. 2B

w@ee7A386dThe top of each inmage is at the dept hPOFf/US1966/026477
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| ow-vel ocity anomaly. The déshed |ines indicate the

true positions for three of the inmged horizons.

Fi gure 4A shows the initial nodel result, Fig. 4B

sgﬁms fhe standard result, and Fig. 4C shows the )

r 490881 opltsheaadd bediofeyd thaifop this exannlenAdrrieterigation of the physical
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the only noticeable error. The seism c outside the

arisaiar y, prepessef itshenitoxmesidedd gseigned 648 gihponestsnfor thahdepth, 216

cas or _th t andard uniformgrid-hased tonographic

r &8y %FVR%¥§Y?%€@%$W8@nF u?$ﬁﬁ€%?%ﬁ$b t hat was added

to the area outside the anomal ous zone, i.e., the

Pqo0RON OfhdifgregdiBg dshriftionh® divedted BhparEistilaARBMYSiments of the
nodes in this region were not well constrained by the

d dreseahiavervionifasthg purnosy of Wustking ity dt wilbhe prrens, hayever, to one
art iifact izn the lution, Lt should be nate h the ..
arbtechn [ TR, e uabino G S Sl s, ohBodiments
| QlsorHle@ dictein arOP&dsible.S Fot Rikam@le] thkdabertianiotexpRined in terms of
mtigated by snmoothing constraints. Though this is a
s yparpitg fgomeamsiosm gidniol aaponayniformdrasanagterizaianseliegicd éepinimize
i Ny ) oduced he standard uniform grid .

¢ ab BRI AR e iR Bl VBl 1 Bt gt g effcien
t Riyp-tresiaglethodcpabaiBlctiped 3bi edttalf typBe oP S ufiFbrm grids, but the
properties nodel is actually conposed of the _ .

| e g abrefsartanearforing ghei Bivsrsim the diffeweat mospuiformsgrid.  The
oL spF Bl R PG Sidon Vit R B RTLARR™ B used 10
PaleReTeh ehd AfbdON, iandtd ifkest Paramdidridatien Seis Wed MBE @S inversion
shown Iin Figs. 2B and 2D. In other words, the vector
copertips 24 sishpeedificaions apd spinigng gret vtanded tafbp ithirpthe scope

Veolf %ei&é%{se\rllf Jjﬁlggrﬁion,l af &%nleg %y\{l?el al'lla%er?c{ga C ail%g.l ta value. By
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vector x, because of its uniformgrid, is assigned 648
conponents for that depth, 216 each for velocity and

WO b@70vgs6ani sot ropy paraneters. [0029] The forrQDUS06/026477
description is directed tolparticul ar enbodi nents of
the present invention for the purpose of illustrating
it. It will be apparent, however, to one skilled in
the art, that many nodifications and variations to the
enbodi ments described herei grag@ROssi bl e. For
exanpl e, the invention is exprained in terns of
mappi ng froma uniformgrid to a non-uniform
paﬁarretzérdomtemmpbh@m@dn@tboc}rfom icostrectimea pliysieal pufperties model
paqgne%ergﬁ%nodes) needed. However, it may happen that
an” & FOHEATE TR PR G et hod can be devel oped for

certain types of non-uniformgrids, but the user may

prefer @) peddvelopidghe lideue rs?étélﬁ bt SHrdfHe¢ @Qhations expressed in
non-uni formgrid. The invention may be used for any
si metaii form wh dic & rvhepax dnaeventiraeiidse nompomentasedameferize the model

devel 0 he. trix A .and different paraneteri zation .

y HesTE aIFigt PRESTIRY dh ot SRoisRrReTgot AF 1Ay Sipsidace” region, b
MOintdikAtnfORsatidl HeYigbd HohP Rtadlr&d dMaRPRkARiRE M disBbsurface
the scope of the present invention, as defined by the

appeind edd skasiti. 1GlsaldBysicaliproperties, end idnplatasesaidgghysical properties
net had f.ar constructi a sical properties nodel of
8 s B RG o s " o) dovel opt ng-a

I i near system of tonographic equations expressed in

matri x Gbpr m Reectife zBecontt @6esentaior of Bel PHsuMIRS Begion in which the
conmponent s paraneterize the nodel of said physical

priogdal of g samephiysiea tpropspliesse paramietsnized by tieccomponents of a vector
subsurface region,. b.,contains . informtion derjved fro
Al UG s R et RS TYE S e APtott Bl B e the fis
andpegmtdtiony £ th theSbshdrBySthdtion! PRAEH ey =and A

relates said physical properties wthin said

subsurface region to said data; (b) selecting a second

repr esdfi at i rerfopningke maunplipicatiogi (oTi 4M andi ch t he

nodel of the same physical properties is paraneterized

by the (ﬁfg.{)qg%}tlﬁ%?ﬁe ¥ %é&a%io%i’CH; D té"@éls@ for thn@é%hi}frsi)((:a]]\ﬁroperties

represen I on e exi st ear nmappl ng
t hatania@szedhs i r st

2. The method of claim 1, wherein the first representation is a uniform grid

parameterization, and the second representation is a non-uniform parameterization.

3. The method of claim 2, wherein said non-uniform parameterization is selected

to substantially minimize the number of components required in y.

4, The method of claim 1, wherein the physical properties are one or more
selected from the group consisting of (a) velocity; (b) velocity anisotropy parameters;

and (c) seismic amplitude attenuation (Q).
5. The method of claim 1, wherein step (a) comprises:

selecting an initial physical properties model based on a priori knowledge;



representation, x, to the second representation, vy,
such that x =My; (c) performng the matrix

woredoriopsscati on C= AM and (d) inverting the nmeaCT/iU%2006/026477
equation Cy =b to sol ve fon2the physical properties
paraneterized by;m 2. The nethod of claim1, wherein
the first representation is a uniformgrid

parameteri zation, and the second representation is a

non- uni $elaning metterd bataydwmcing inTead deitinbphysicat pedperties model
i form paraneterization is

Se@fgg%%&f&&% esslgg{r%ll Izglfl ly minimze the nunber of

components required in, . 4. The nethod of claiml,

wher ei nThéwethloy Sif chlim 3; ARtet codSprivig £e At iiRiEng step:

sel ected fromthe group consisting of (a) velocity;

(b) velocity a |sotr opy. parameters and (c) seismc
anpl it u&é at ¥RARAE S (oytial physieal Beopriies omodelamithy the physical

wh ' lecting an initial
ph@{g?{% %r%g%él?%heg%%rrgolﬁﬁ@&kgécgd onI agrl ori know edge;

devel oping matrix A by ray-tracing in said initial
physi caff) pr ompedtirgsstemc(a} (d)hSlgtlb?ﬁq?}@s&hlrlﬁb?ertieshsolution converges
repr esent at The nethod of claimb5 urther
co&ﬁ?ﬁdér?t‘h aaSF‘Fe@Fedé’éﬁtﬂlqnnvertl ng step: (e) updating
said initial physical properties nmodel with the
Physi CaihPLRRARIE bf 15AUE dwhéteinn§id" ' i
(f) repeating steps ‘9)-’(35‘ Snt %l tfﬁ %?/es??%&?on W said second
priepes¢ntgonsomatn wrchamged én gesy sepeatedicyude.t 0 a sel ect ed
criterion. 7. The nethod of claim®6, wherein sai d

,ﬁ%r esﬁ]@ég)tflc i ?@1%?6' ‘é%’? %lgsn g)}féq rl%ge gﬂ‘ Prom seismic or
wegeﬁggc_ggrl\gé@dd@al where b contains information
derived fromseismc or seismc-derived data. 9. The

met hod of claim1l, where b contains information
det.i vedlier mathod @f bt 1, gvbtete, b contains information derived from checkshot

data.

10. A method for producing hydrocarbons from a subsurface region, comprising:

(a) obtaining seismic data from a seismic survey of the subterranean
region;

(b) obtaining a seismic wave velocity model for the subsurface region, said
model having been generated by:

(1) developing a linear system of tomographic equations expressed in
matrix form as 4x = b, where x is a vector whose components
parameterize the seismic wave velocity model in a first representation
of said subsurface region, b contains data from the seismic survey of
said subsurface region, and 4 relates seismic velocity within said

subsurface region to said seismic data;

(ii) selecting a second representation of the subsurface region in which

the seismic wave velocity model is parameterized by the components



10. A nmethod for producing hydrocarbons froma

subsurface region, conprising: (a) obtaining seismc
wa@l2108/0§886m a sei sm c survey of the subterraneaPCT/E§10061026477

(b) obtaining a seismc wau& velocity nodel for the

subsurface region, said nodel having been generated

by: (i) developing a linear system of tonographic

equations expressed in matrix formas Ax =b, where x )

is a vector Yhdyectebmpbuenkish senresentatipn tkere [§Kistien dimpay mapping

wave vel ocit d [ WLt repr t of sai,d

subsurface r éﬁ?%nﬁ %a{grgn? S;t?lﬁ z'”% 5?pges?ir§t§ﬁn&?’ ﬁcjé 902t F& ?ﬁogd

survey of saiefresethstivid, aosich a@k & ppnd A rel ates

seismc velocity within said subsurface region to said

seismc data;  (ii) selecti ng_ a se_co_nd_oglzgr esent ati on

of the subsuidReaforagiedhe mattinmskiplingiond e/ sude

vel ocity nodel is paraneterized by the conponentsof a

vector y , f i on~th ' .o

l'i near mappi ﬁ@ lﬁg‘%r??g( EW%Z\?%@%%&[% ?)r tr‘?)sst‘8 WeYof th scismic wave
r epr esent at i walocity, médel pranmsegioedlby gpr esent ation, y

such that x =My; (iii) performng the matrix

multipljcation C= AM, and (iv), inverting the matrix

equat i o) oy Mmagingghe seismic data pias dbs seiympiC ape Nelgcyimedel from
nog{gbr%@g{% erized by y ; (c) inmaging the seismc

data using the seismc wave velocity nodel fromthe
previous step; (d) drilling at |east one well to a
formati@n i ndtilisg etdleash onbevelldb arformativagadicated i the seismic image;
pra%%uci ng hydrocarbons fromthe formation.

(e) producing hydrocarbons from the formation.



