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21 The quality of an earth model and the quality of a corresponding seismic
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30 A seismic imaging expert, often a geophysicist, generates in step 40 images
31  of the earth by using imaging software known in the seismic industry as

32 migration software. An example of a migration program is ChevronTexaco’s
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31  There are many barriers to improving upon a suboptimal seismic image. First,
32  itis often not clear what changes should be made to the model to improve the
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10C S PP AR Mel RIS ahf Syt HoP BBl £ Sl ah
11 anabywite imgge of comblexegenlagynebgologic mm:dembomsrmwt/casr@tra;n
up b Fi.rst
12 of ?eﬂan nag]tlé %tgg%&'%%i %ﬁ@é@gﬁ&ﬁs& G:S’Q“ﬁ%aé- t’%SWPée geologic
13 go C_dr/ehsttalntgf;%ﬂaigg g’tal‘h :Ehe itnfe ﬂﬂ@ﬁ?@@%@&.ﬂl existing well data, which
I ng..of the | mge. . .
14 o BT B iigns R Cos g diedctnd T s i the image.
15 angfenetheheisths heslugiconairaint izt EetATRBBdS th $8MYBe should be
nodel corrections to 3 reduce this m sfocus.

16 No g AR angdat. Anpihergomsieingis et eHk-planereBeaiona should line up
17P! wm@mﬁgé cbfrBe"dﬁﬁlﬁécN&!W motéc%ﬁ%; g%'m @ﬁg ons

produce the sa degree of ovenen t he
18| nﬁg@e!’de cadssingLgpolegic lbeddmg@aemt bmreom Thesdare just a

100! SRRt 450 OBl B3 g

20 pr t1d geodogyt he seismc signal is vveak and noise is 8
21strong meking it difficult to discern whether the
imge is focused or not. 9 10 Geophysi cal

22 Me @SRy hSosHYRicHBHabIsIonHitn& Wbisivid 4tk Vil geUMb Rt BbRStraints
23 anon the earth model is difficult to derive mathematically and to implement in
24 computer code. For example, the obvious constraint that geologic beds

25  cannot cross is beyond the current technical art of tomographic seismic

26  inversion. Only rudimentary constraints on the smoothness of the velocity
27  field and reflection horizons are part of the current inversion art. Even

28  smoothness constraints should not be imposed solely by the geologist or the
29  geophysicist. A well-focused image that is consistent with a geologic

30  framework should be the product of collaboration between geologic and

31  geophysical experts.
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11 accurate inmage of conpl ex geol ogy. Geol ogic
consi derations nust constrain 12 the image. There
are many exanpl es of these constraints. A sinple

wooMls@giw1 13 constraint would be that the i pega<iiashs1sss
agree with existing well data, which 14 m ght
i ncl ude the positions and di ps of beddi ng that

1apFedisind B selifnié wikp %lb&u& m§1§1}§ﬁ§ difffedith %&fogés%ys or

constral nt that certain eds int i mage sh
216 Waaks|af canputar Sme, FVRIMEAN §vage retjuires coordingtion of an

3f aufska ik ﬂ)gg\(?r Jﬁ’[ﬂ:@%‘s ih UiforSaLlef gb&?alfé& ér?o%’r}lp sttébes using

i mage o hr ow. réover,
4exscpataie $8ftwa|peapphq:ﬂismd imﬂtesman@ssg elnkhegd of beuktarg

t 9 f i mpl
5 oSS BSOS Hndaf 4t oo P R are
gal Smnsfm&a‘dlrfmrﬁ onéGidpte t?@?ﬁﬂgﬂGZi d:a@;ﬁa?@mﬁa BedlBgic and
eo | Sal, i nversion, o e seismc data wif
700 SROLRSIERY skl 8 3imeds e ks tusiosm e iterpreter
8d| fdebriektif the iflggd )é%uﬂﬁﬁéiﬁ'f@?ﬁa‘b%ébeéﬁ@rcts‘irdcfmé SRBNE it is not,

in 24 conputer code. For exanE he~obvi ous
9comeintapHt thenisficigaey oidhe image to Q@Rf‘eﬁﬁ@iem%@ﬂdﬁsm them

10b€¥9 ﬂﬁprtok}g éﬁé‘fnﬁ { .ff%cll:]%qi?@ller? he%{l[ 43aD 95@@% cﬁrec cily involved

seism¢c I NVET si on REnt ary con
110n in the ganpbybingismabfsist he veI ocity 27 field and
qoreflection horizons are part of the current inversion

art. Even 28 snoot hness constraints should not be

13i nmmmibmdne how bgst ibeupgatd mglwﬁhmﬁodéw an@ $eismic images and
e that is consistent

X
14ge?‘ﬁ“y82}%15ﬁ5 *%%SWHH%@ tioRg f geperafiy aoteligheratively

15CO0lnkARObRAI fHe HOLYECThB9REEG daBdo tr?elleag RﬂmeCi@{akes to
experts.” 32 -8 WO 2006/ 031481 PCT/ US20057 031558

16Re\v$@rﬁ@uta upgtedicteta flegd.ani earthy@erelgiaia filesi @ewmlcgmage data
1791 FfdsCHhd 1o r{%ﬁ?ﬁ%@%ﬁ&*ﬁdﬂ@bedal Wﬁéﬁ O(E‘or‘ﬁgr?}ﬁ h?tgaﬁés'%any

revisi ng requires coo 1 on
18as bonts tyr damséolmcmmﬂsrsutn cwfnpute thiebé éargm,rpé@ted ifiddd fot sach of

. i. L t
19 BogrT R B Sl Buadlad AL RiduR o BiRGtian stops. Asa
20co Irdeeam;) thet éarth medgitig and®siérhic 1mgmga@am@| ipréepnent is done
inte iate results 6tr rredfromones ep
21 o 1 GlEpte s dasciPa ahRke [41aSTgEen Byt il allaborative

22 9 PRINIGH b&tvetH abkpaitd RBmahe waﬁoumg@p%sd | AIf iR =R his
steps. The interpreter

3 discretized process of creating the separate data files which are repeatedly
24 passed back and forth between geologists, geophysicists and interpreters
25  may take months before arriving at a satisfactory seismic image and
26  corresponding earth model.
27
28  As described above, conventional methods of iteratively refining earth models
29  and seismic images have a number of shoricomings. First, the computational
30  efforts to update earth models, seismic images, and maps are great due to
31 the recomputing of the eniire data files during iterations. Second, because

32  each of the updating steps in earth modeling, seismic imaging and seismic
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8 decides if the image is sufficient to map the

geologic structure and, if it is not, 9 points out

the deficiency of the inmage to geophysical experts

and asks them 10 to inprove the imge. The

interpreter generally does not get directly invol ved
kteipnetatien ge opd\tsne adonanediysi & . is 1difficud Decmsl andkely that the

how best tq update th arth del s and seism ¢

VAR Sxngrts by 1 SIBPIAIP AERE. dasrdng ars Théde as how to
Hggﬂeqhétégﬂh%o@éﬁar&?@@i%ﬁﬁé imagds. Cﬁhbﬁ*’, Qhaph¥shy of hamerous

e by all the experts. This is largely due tothe

Hategfilesoback apdiforthdeiween va®usr expaiisuaed yaeessing software
data files, d.e.. earth nodel t il es. sei.sm

il area ofonS andc @it do et I8 e e s ufupted or lost
BaFAG M BERSncEMEMtbiesd.t takes nmany 18 hours or

days for conputers to conpute these | arge updated

files for each of 19 the earth nodeling, seisnic
TBCESepf Behfof Fh6ylPh 7 B Bhd RanmtBfondy Siceht method

Fdreinddragtivéiymel seieotively whaating Zartm niduelslasdrssismic images.

st eps descri bed above rather than in a_fallg )

&8l [Bsgenvencs calanyAtior RERYPSE siasireds egRetipein geoiogy,
: ecinlin - | . | ccr ot

(BRI seualy erpfldiar St oo SEEFEd, us

tiepaghedi Yhe ératass ptbdeasskinapgdéting hhé etawdemodel and seismic

eol ogi st's, geophysi.cists.and interpreters .25 na .
TRRES oV ISP aier B ROURICATY Srages PeGep paEed in @
roBg6e SREZEN efRendbNhdens Bhd | rathet thdR d¥ys, weeks or
déescri bed above, conventional methods of iteratively _
e mogthear flrtherd ideally 200 imegraésd pragramaigegseashifetivs iterative
nunber of. shaort com ngs. First i .

B P Shish R LSS L Tes g urublif STRMAG LeBl fles uFa in the
Mepstivar éhitiRemeiierdcesdl the reconputing of the
entire data files during iterations. Second, because

32 each of the updating steps in earth nodeling,

1S Lol [ ﬁ‘WE iSic -9 1 interpretation is

SUPNARY O THE RVERTION 7 Wit for and unl i kel y

that the 2 various experts will fully collaborate

when deci signs are nade as {JOWtO . 3 _updat [{ﬁg? earth. '
R ARG i Ui Oresaly e VERiion RPVIdeR e jRE f creating an

lat ; Fious

UHREhesS deétfﬂﬁﬁ@raiéd %s@gnfitfnm%@ the Fldth & LBRPRsHEF

experts and protessi ng e 5 require great

ef for @eandacﬁﬁ[gg’ltgtééiéiﬂ%lﬂﬁatﬁlﬁn dadcterhic! KFvéE) Sofflicted over a

corru d or
subterranean regior,

(b) fransforming the seismic data into a set of energy components;

(c) creating an earth model having velocity model characterizations

- therewithin representative of the subterranean region, the earth model

comprising a set of lens elements having propagation properties which affect

energy propagation through the lens elements;

(d) propagating the set of energy components through the lens
elements to form image components which are combined into a depth-
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10
11
12
13
14

15

6 during the enhancenent process. 7 8 The present

i nvention provides a tinme and conputationally
efficient nethod 9 for interactively and selectively
updating earth nodels and seismc inages. 10 As a
consequence, coll aboration between desired experts in

BRGIRSY seishlc GRAGHYSI cs, seism c interpretation, and
conmput er nodel ing can be used 12 throughout the

i tergihve R{e‘i’ﬁlﬁﬁﬁg 'af‘ca#gé‘i'ﬁ theOsdib@iciidde P dehg@BAhancement;
seismcCc 13 ineges. This leads to better qualit

"odel © andsekstjes aifERhebseb ghless than all of e engelersents from

FRES 0B B by Yo lenesd e g

anbsattafdernd eiderrmfrﬂg wantch malysaeﬁebcrt mmaging of ther targatevithidut

cess, . whi ch uces ¢ r corr
RgA S 1k eroPapatoy Bt S el e BREHHG A8 Pl eartn
gpcenent process. 18 19 SUNNARY OF THE | NVENTI ON
20 21 One aspect of the present invention provides a

met ho@) f or séfe%ﬂh% %gtrlaﬂsu&%’c ehkzBaRgh @ﬁl@if mél‘e&rgy%@mponents
seism C i mage e nethod conpri si ng;

Foquthe srf of @inermcceapanwfem'mce @wféeréurmewg of the target;

conduct ed over a 24 subterranean re?lon z

t ransffor ni pEopagatiogi thaitdal sabaet, mihoy @&paﬁlﬁtte@aé 1g9f the set of
, , r |

SPRB I RonS B oRG2 e ABe S JOrEp iR

compesentsitande of the subterranean region, the earth

nodel . 28 co rlSIE% a .set .of e;s e enents havin 5% is of th
oropeffat | ofFePE: S XRoay eP0g w#ﬁm nents of the

opagation throu el enent

BTG s YR e Sergitgy Tearpamenre Ty &w’%ﬁr{eiﬂﬁeng al of
Iens 31 elenents to forminmage, conpone
o image | rREPTRBSL ho - BIVE ety ofbq SBPISAL SAAGl. mage.
2 (e) identifying a target in the seismc inmage for
i mage enhancenent; 3 (f) selecting a trial subset of
less than all of the Iens elenents from 4 the set of

| ens el ements and updating propagati on properties of
the trial -

-10a-
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5 subset of lens elenents which may affect imaging of
the target without 6 updating the propagation
properties of all the lens elenents of the earth 7
nodel ; 8 (g) selecting a trial subset of |ess than
all of the energy conponents 9 fromthe set of
energy conponents which may affect imaging of the
h i al hQi,
SR Ehetefabh e MERRAE KO dolbEing 1 subLES! sndigh Withoonents
Whiaw@t(blm @%;bégatedethrmfgrf mgnundémédeﬁm@néﬂ to form the

corrponents and 13 (i) ga]iﬂ éﬂ e|s C |rmg R¥
Hegaigd 'H{fqen%ﬁaﬂp%'b?ﬁ%ﬁ%ﬁ? oligwg- ne righsel reé\*?(% PrERPRents is
LORgRdMrbth Meetr?'lﬁ’éﬁﬁﬁg ISRGRic GPITRONEHY SelbbfidiPbfiteria is that an

replaci ng e I rage conponents to arrive
ener@m cen‘qmmeetj lenjes @i cormeapgending 16y patip th@‘istpasses within a

Sl ARk S E S5 ol of BUEL| NP HRS RUBSR s Blreroa tha

‘tlﬂé ‘?é'yg Eafrhﬁaéboﬂ'ﬁé &h beRase bﬁ@@ﬁtthé %rfsoétéinbh% which is updated.
date | mage CO onents is as lows. Atrial set

dﬁeﬁlﬁeﬂgg trmajrmxbﬁehp’s energysccs@p@@ecr@ta i$ figtharHeduced. Ray paths

oh 30 40 B e o send iR 98 EFce ol B vl earn

Rddel th atedtaspastad fayipaths. NdihesR! esmposshtdinetdmesformed at

of a tar interest. Furthernore, 1t is preferred

thiatimes Bﬁhé'f%%? SHEITY 9@@@%%%@% Rfonasade aaﬂ dough the target
A5 A SRLI ) oo ABAroudh B2 o, ifes ens

Biasmeatshs selktaaf {d e wtciudidd imethe alubeaesiggnergyrpomponents which

are traced through the u dated earth 11 del to

& Enbe q?ﬁéépé‘armgpe pRAAEed KRGS REEPOBRDSN eSS diptpd image
t S

SRETRRSRle xhE ERlgBe et HR6e QORyher P TR AR Sourrent

gspdatiedmegy ipatdatp ansgxiated eagmuonreagé the updat ed

lens 14 elenents is selected to be included in the

subset of energy conponents which 15 is to be used

to formthe updated i mage conponents. These updated

i mage 16 conponents will replace correspondi ng i mage

conmponent fromthe current 17 seismc inmage to

create an updated seismc image. -11 1 Ray tracing

may be used to select the trial set of lens elenents

to be updated

11-
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2 and also to select the trial set of energy
conponents. The preferred energy 3 conponents are
Gaussi an beam conponents and the preferred
propagation 4 or mgration technique used is
Gaussi an beammgration, The iterative 5 updatin

R TR AT, PR yee 0 Bolech Mectan et ioRs SlaThpas to be pdated
QRH ldl%@té QB1eRf thd Blal Bt R \/%Jr g pggfg@ﬂfs h‘?E;@ pgé‘fﬁnh%d energy

bef'ween separ ate s

abtn@bnahﬁ M%Us@ihntkﬁ@mrmmnsn’wanﬂltbe preterieteprapagation
nmet hod f or eghanm ng a epth m rated.sej.smc

PRegr@linmipenmgue 1'03%)'8 M Bugragen.seTER; terative
%Eﬁ%@?@ Bpfr%;@"rﬁgﬁﬁ c 4 A gé‘?orﬁ?éd tﬂnthﬂﬂla aBBMéeﬂﬂJn so that

y ar ac atrons therewt
datepfiles idognat hewe tofbd passed Iietewkenseparaie sbﬂwmapa@(ages.
of i mage conponents which are sumred to form a dept h-
13 migrated seismc image; 14 (b) identifyi ng a

18 AEmaeatass ob i siascat Rudmt T piodidsS e e 3 rancing 2

kiests-rhifAledbdishic utnage t&hprisk®y: el ements fromthe set of
l ens el'ements to update the earth nodel w thout

updatéahg alfropagatipg atsﬁboﬂ ERigMis| epRER COMAPNeRe tBEaUgR an earth

c:orrpone\,]]‘fEJ &eq‘%c't?ess E %?Hah?'l'siﬁg%mg%ﬁ? €% set of lens

eamEntentforn Beat d)fhmagaﬂ eorgyomhqowhiehase sn‘mmedarp foah ; a @€pth-

h% hsoa atln the trial subset of energy conponents
%& ©5M&fpdat ed earth nodel without

t th f ] t
Phrouth | oBeHlsiariey Tee SRerBHaI o TP DA e bg pEAER
| Mage(c§ ONPABE&ING a MaH sdshet b leh€ BleRhRROf (485 HgdH all @fﬂ@@iens
nponents with the updated i nage 24 conponents and
TR eiD ey S el 1S ORI SRS 08 SBHAaHeT i updating al

g.%q%%r%iﬁmegé O%%aéaq},..ar;q%@hanced seism c i mage. 26

er aspect o e present invention provides

a net d f

" mage Bomp e i 85 s fuftet SSrER ArBoRERR SIS RS of he
seegyiconiprages frenmipe @nerggcompnpeds ohetep (1), 30

vel ocity nodel characterizations therew thin

conpr {eyi ng pm;ﬂgat:mg‘ thie énes sebﬁmﬁemrgmdomﬁdnamg thopugh the
S oS md %@%@ B'f%jﬁ{ \gn%hql.ﬁ ggorgagﬁtmg of ?hen?ert Io? clarﬁle(k;? cgn(? ponefnts through

the updated earth model to create updated image components; and

i3] replacing current image components with the updated image
components and not replacing those image components that were not updated to

create an enhanced seismic image.

A further aspect of the present invention provides a method for enhancing a
depth-migrated seismic image comprising:

{(a) creating a depth-migrated seismic image using an earth model having
velocity model characterizations therewithin comprising a set of lens eiements and

using seismic data, the seismic image comprising a set of image components, the

-12-
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1 seismc image including a target which is to be
enhanced; 2 (b) updating a trial subset of |ess than
all of the lens elenents selected 3 fromthe set of
| ens elements in the earth nodel; 4 (c) updating
those i mage conponents in the seismc i mage which are
BeigdR0GhgE Rdiudinghe Egut gdichiintd eeertthanatd;subset of | ens
el enents of the earth nodel which 6 affect the

sei sibf | M@hAithgO4 triahsutisar gfaéss thadlall of(tey isiskiidnernts sgiected
ima%e conponents in the seismc inmge and adding in
Bomiiae petff e slgsaetied PREFEN E¥iSbnent s wi t hout

repl agf N9 pliaf %B@el%ﬁ%%ecgﬁp%ﬁ&ﬁgﬂﬂ%%ets%i@mb@%%ich are

the seismc magge addi ti onal aspect of the
psEsaird witiverangen impthetiial ssbset pblens glefmentseefiiag earfiymadel which

phan S heiedfe BFed el BRET 7O Component s -

t hrou a velocity. 14 nmodel risin tof . .
| ens Ferreﬁ‘lﬁgfack'?xg%?gr% Caonépé)tnelat% ?%ﬁgsé'scocn%?)aﬁ?%nafng adding in
Wirgilacelipdated isageedmbondris witihout espladinedl of the image
depth-m grated seism c i rage; 16 b) updating at | east
SBMBOTHING R enasednR RIS 1T8%%ipdat e the velocity 17
nodel ; 18 c) selecting a trial subset of energy
conponents of less than all of the 19 ener

dorgsidiienalaispedaf theepresent giveatirsy Ripvidend m?éfﬁﬁ(g%bﬁnhﬁnéiﬁg a

; ! ' drial subset, wthout
&?é@g‘é@{a?%dg%@ﬂ%q%%b?%%%Eﬁsélﬁ%y 21 conponents through
t he upjlat edropabeiiig ¥y seind skistnd aveegt eompaohahedhionglye vBRcity
co nents; and 23 e) subtracting inmage.conponents .
PR CRBPENG b af Odgts SPmen oo ot b S5 1HEHP AgParents which
e LEmped &Sionh Al RGiraMBgRh sagReteRIsiic Whideout
replacing all of the inmage 25 conponents of the .
ori gi Mal s&pdafing atigasbsoe obihgilgns eAgmens ihidraaiyjthe veiocity
pced seismc 26 inmage. 27 28 Enbodinents of the
present invention to provide an integrated workfl ow
in 2%)ear shientutpd triasebset giednendyccammegenig ob lesg tizam all of the

wherei n the conputati | 1] E g 0 update
SIF( Roteare e na L Er Rl & srpidieomidnb T BEE @7, “hor
that d31 t hishagatikd thew sl anbde, wittmohprlobadeithg all, of the energy
interactively in m'gutes or hours rathter )
components throagh the updated velocity mode! to create updated image
components; and

e) subtracting image components from the original seismic image and
adding in their place updated image components, without replacing all of the image
components of the original seismic image, to arrive at an updated enhanced seismic

image.

Embodiments of the present invention to provide an integrated workflow in
earth modeling and seismic imaging program wherein the computational time
required o update earth models and seismic images is sufficiently short that
this workflow can be accomplished interactively in minutes or hours rather

than using discretized programs and analyses which
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32 than using discretized prograns and anal yses which

12a | require weeks or nonths to conplete. 2 3

Al ternate enbodi ments increnmentally update depth

m grated i mages by 4 reconputing only those targeted

i mage conponent s associ at e(%l with the latest 5

Eriisoveels oH@oaig 19 GRS0RII®.6 7 Further enbodi nents
provide an interpretation-depth mgration schene 8
wherein select elenments of a earth nodel are updated
Alterraaie y embedsenisoinaem@ntallyr eppetedidegtipomigratecofimages by

e S Rss PRt e it SFS G, e latest
Hﬁgﬁ%g@s annheadh medel using not only information 13
fro

structural patterns energing in the inmge but
al so by a quick ray-trace 14 analysis of inaging

EETEER R LI A ot ST

agheasihagesctafiehBAtsPs S @Aakthi mveslt arerupdifedvahll dIdg amibset of a
better understood with regard to the follow ng

gegespprding portien pEihe sgisEIaimBIamged o HBEALECHG providing an
%hﬁ‘ﬁ'@@c‘fsé‘@ﬁﬂcew%%hm 2006/ 031481 PCT/ | JS2005/ 031558

'S a art show ng steps conventionally
used in iteratively 2 enhancing seism c inmges and
earth nodel s;

.3 4 FI 2isaf|ov\§art,ofa X .
tignad erehastisrentn HPgRte A8 BRKR SRPIFINYSIAG npt orly information

TR IRROBHARY T MRS BLE oS08 A o e
razplysisaof inpgirerfotugings whi ch may be used to

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects, features and advanfages of the present invention
will become befter understood with regard to the foliowing description,

pending claims and accompanying drawings where
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8 select lens elenments which are to have their
propagati on properties, such as 9 shape or velocity
field, updated; 10 11 FIG 4 shows preferred steps

woseRniassel ect a subset of energy conponent $crARaoos/3isss
whi ch are to be propagated through an updated earth

nodel to formupdated 13 inage conponents; 14 15

1Fl ﬁe 5 Is'el fISGE RS Bichs %h@e@bﬁé@é@%ﬂ lhrﬁe?atﬁ/ely

Conmon- O f set Section ©Or 16 appr oxi
2m§nhawg§%@mmme@esza@d@adhf@ els;17 18 FIG 6
gdepicts a single beam energy corrponent i.e., a
Gaussi an beam 19 which is projected into the earth
4al 6Hg. Aisraaffowpetten of20prefdrred e diment bithermesantnvention

555 g BkaRw 3 b AL R ImelRs AP FEs Ml
68 Illustrates the transformati on of seismc data into
ts f
7S BIB DSl s SEusN B e bRt raugused
8265618kt !bﬁ@é%nﬁéﬁ?@&fﬁldﬂeér@% RE®S BelrgffoPafdtioh Hrepdiess, such as

earth along all shot-detector 27 ray path pairs that
Yhavearp pavalenitrifield. wpdpted2s 29 FIG 9 shows a displ ay
1gused to analyze the problemof crossing reflectors in

a 30 seismc image; 31 -13 WD 2006/ 031481
11 PCFIEISR 80510 Brehs8ed siEp&Bsed ta¥electd SiﬂBet of erstrgytemponents

12f O?\}gl Lﬁhrhse ?%Sé)s' Saeq%i%#:%é%@hm% ﬁ%%%%% ecgc{;ai po fo‘%mouf pdated

13t r anadecoraponantsti fferent 3 ray pat hs and focus at
different locations, indicating a problemwth the
Yearth 4 nodel ; and 5

15 FIG. 6 illustrates seismic data processed into a Common-Offset Seclion or

16  approximated to what would be recorded at zero offset;

17

18 FIG. 6 depicts a single beam energy component, i.e., a Gaussian beam,

19 which is projected into the earth along a ray path;

20

21. FIG. 7 illustrates a seismic image of a subterranean sait dome which is

22 comprised of summed image components;

23

24 FIG. 8 lilustrates the transformation of seismic data into beam components
25  showing (A) a transform separating events near location L having dip p™ ; and
26 (B)these events being projected back into the earth along all shot-detector
27  ray path pairs that have dips summing to p™,

28

29 FIG. 9 shows a display used to analyze the problem of crossing reflectors in a
30 seismic image;

31

13-



6 FIG 11 shows lens elenents of an earth nodel being

nodified wwth a portion 7 of an earth surface being

interactively dragged with the change in the focusing
w8 2@fe/ob1ag1 | ens el ement being inmedi ately Upd@‘c‘%ﬂ}sztﬁsmsbss

10 DETAI LED DESCRI PTI ON OF THE | NVENTION 11

exenpl ary and preferred enbodi nent of a net hod for

1 Cr pRtg n’%ﬂ@ﬁn&39§ ﬁEﬁﬂEfeda ﬁfch§l:ﬁ}t1;%nb %%SWIT@Q B Bowt ray search

accordance wt e present ven
2j nofz fauly. lmagwhewaﬁaemyﬁwwmbtsdnwstramle@t @pag disierent

o ool bud ol sl o R FRAGHLS PRty v e con
4i nag@el Brd 18 In step 110, seism c data are obtained

5from a seismc survey of a 19 subterranean regi on of
interest. The seismc data, if so desired, can be 20

6 or gHR ﬁe@howg lengd alemncitd 6f aiiaih helel béing mddﬁédmh a portion
ana Si In this exe 21 enbodi nent
7 sef %ﬁ' eadhsurface Rrigg nl‘z)'é'a’“‘?%w dragepasvihdhe §h@n%€e@tfh@ fiacusing
8 220f f%ens étbh%ﬁﬂﬁélh%%medtdﬁ&% agl@m c data may be

used in a raw formDby using the recor ded
9organ| zation of the seismc data, i.e., comon shot

pgathers. O g 86 pESERFSHEN SFSAIE NFRENPRON

organl zed i ntoTotnier data sets such as 25
11 conmon- m dpoi nt gathers or comon-recei ver data. 26

27 Fl G h t di | f . COs
12 518 Sembg 388 oferbSs AhBoas s artaiBe S eding o

13 haBllﬁiﬂdrﬁseH@é@nl? Mhage rrﬂadl{ ins®icordaned \nﬁﬁﬁhd Q@I’e’teﬁﬁhvaﬁhon is
| NC| ude e a were recorded

14 | oShes o 1 2 JIBEs g o Syt-sieps of tepsdBGas! Al

15 SPRIG.. VRS h@thckbeéde«%aﬁehmeoﬁtﬁh@a&, 8n SQHA FRoRD giohﬁef‘tvlth the

: seismc 31 detector for trace. A trace at
16 paPEIPRNG H1206% f set vector might -be available 32
zdirectly froma recorded data set. |If this offset is
not directly available, then -14 W 2006/031481
18 PG $18p01%Y, 68itHi8data ard ebrsidrfeain larmmccsamelye)f a

ap ximt ed by a andard SSI ng. 2 ste
CRE e e L G e S e
20 Somaﬁizieeﬁnt@fcfﬁ@tsets which facilitate further analy3|s. In this exemplary
21 embodiment, the seismic data is organized info common-offset sections

22 (COS). Alternatively, these seismic data may be used in a raw form by using
23  the recorded organization of the seismic data, i.e., common shot gathers. Or
24 eise, the seismic data may be organized into other data sets such as

25 common-midpoint gathers or common-receiver data.

26

27 FIG.5showsa nfvo-dimensional'example of a COS data set, which, for this
28  particular example, happens to be for zero offset. Each COS data set

29  includes only traces that were recorded at a particular offset vector. An offset
30  vector s the spatial vector between the seismic source and the seismic

31 detector for a trace. A trace at a particular offset vector might be avaitable
32 directly from a recorded data set. If this offset is not directly available, then

14~



3 vectors. Wthin each COS data set, the seisnmc

traces are ordered into a 4 three-di nensional array

of values. The first axis of the three-dinensional 5
w@sdoaystss the recorded tinme. The origin of ther/fsz84/031558

axis is the initiation tinme of 6 the seism c source.

The other two axes are the X and Y spatial positions

1 0f theldddiedta4Re! Icah bB%IﬁWM&ié@ phend Bndafiesrbesssing

for each trace. In step 12 these data sets are
2¢ r sieppdpyRtuas WMQ@HE?@S‘/S@SWH@ﬁ@@ﬁ regeyded absqme other offset

3 pu‘(/@@t%?ss Wfthﬂl%a%h%t% 'dfatacé’ét' ﬂ’;@ se?%ﬁicttn%ﬁé% afd '&{i%nyed into a
nponent s’ onents I nt

4m1meﬂmem%@m!@e@y§éwa!ne@ aheﬁrstgmrcélﬂwﬁm@dm@swnal
tr r C

5 par%ﬁ?& s ﬁ?ﬁsconjﬁgg fiie! Fbheset BF{F%% ré;?&ﬁéc g‘ﬂéé‘ ﬁﬁ‘n b time of

6pr e SaismicosTmneE 'ﬁrﬁé sthier thad axescarertios Xnrdpy lspatral bésrt:ons of
data an l,ane wave ener C onents. 15 16 In this

7 or Ui IR COUTe 2 CHPROh 2GR0y o

gtransforned in energy 17 conponents, referred toms
bean1co onents, and nore preferably Gaussi an

dhse data selgare H§Es®fm6‘é!ﬂ%ﬂ) @aﬁsﬁaﬁ@m&oneﬂ% For
106”%9&@69@@8%% petfcaRRY, e fé%eéue@y %Bﬁhp%néht@g l’f-ﬁers toa

ray pat Several physical energy solrfces,
11 exaapeiecompanegtmisio wainh Eeipcerdes seisrhic oieta ﬁ@ﬂlﬁé@ﬁd or

co gl I %?859}
12pa?%ﬂ%ﬁﬁ1§ "rﬂg% nb@n(%lg aﬁa%ﬁg%yﬁciﬁc{a [ n,r{]’%@hﬁe(féSZ
13ex apishds data |adani igy sboingrofiest commbp ofibétodats siosmnon datipoint
can _be 23 mat herratlcall anal yzed or deconposed
4 n@?%d%néﬂiaped"ﬁvﬁeef‘? %’r %'% ‘24 mat hemat i cal
15t ransformati ons such as pI ane-wave transfornms (F-K 25
transforng). |nt g case of shot %gthers t he
|

16t r %ﬁ?{%?f?&%ﬂ%e@ genbéhe SRISMieida seb e Ensfrpegdn energy
17/ d%alsﬂtpbmeﬁtrsafé%r?émooa“s Bd¥n CERPBASSS ! da'ﬂ(ﬁmWFB gﬂéfer%&y Gaussian

resul in i ori %I nal shot gathers.
18s eibeatmccarapenaés.  Inj h@casem@eare cﬁmpnewﬁm’fbaleln?rgy propagates

19t r %@%@%@E@ a) Alof ﬁ%n]g?é)ray%ﬂg ntg"g\éf%a S;ﬁg%ﬂ%gg%oﬁ%s for
200 orguampld, sir g‘l]msscdntﬁm_ﬁé ¢ eath ofrthe bebdeadrhporeaty fredbling along
21 pc%‘?%%ﬁ%@%ﬁ)’%?‘%g glaﬁ]sHléyl Wway E)Tl gxavr%%)!g %91 /I‘ICC)l? Fr%ga]ﬁon other

22  examples of energy components into which seismic data can be

23  mathematically analyzed or decomposed include shot gathers or simple

24  mathematical transformations such as plane-wave transforms (F-K

25  transforms). In the case of shot gathers, the transformation can be

26 considered o be simply an identity transform on the recorded data which

27  resulis in the original shot gathers.

28

28  Each seismic data set, L.e., COS, is mathematically transformed in step 120
30 into a corresponding set of energy components, in this case Gaussian beam

31 components. This transformation is ideally carried out as described in Hill,
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1 NR, Prestack Gaussian Beam M grati on, Geophysics,
Vol ume 66, 2 pp. 1240-50 (2001), and as will be
further described in detail below. 3 4 Although not

waSoposkerred, the transformation i nto beam eompenesiasss
could 5 also be performed in accordance with the

transfornmati on nethod described in 6 U S. Patent

15, RfH, W@sta&f‘é‘a%&gn B@@mm;gMzwnaGe%a m%ﬂégl%sdﬂﬁé%

Gaussi an Beans”, the teachi ngs of are hereby
2j neBr woaﬁ% Q) rasiceaewiide fﬁﬂh@rsdewlbﬂd i detpil balow.
afurther transformation net hod is al so described in
H1ll, NR, 9 Gaussian Beam M grati on, Geophysi cs,
4Vo Ntheuﬁsmotms prifeiGed? e tartddmation (mthlaeroﬁom]bments could

%&P&?r%%rﬁoﬁ%%fﬁr* Retahn g itk e iseSistiofsgifod Bescribed i

sdesms P@tem’ﬂ];s mg%cvsj iengtis DepittaMidretion Melitod U8ing Gduseian
eferre

f‘b“'r’ g %ﬁ?hmstr%é"%reﬂfr%%\f 'gg‘gé’?étg&% reference in its

8 C 0 éhﬁl‘éﬂp Al i eh P SRS RAMBAS S MethddSis I@ﬁ!ofdﬁgéﬁgecﬂlﬁﬂ Flm kife,
5 fol I'ow ng mat hermati cal expressi-on:

QW@%SIam%mwgr@ﬂw ERanihysigs.4umgrdia, pp %bﬁ 28 A(1890).
10( Lotbs tﬂegfcgérr@ vec?d é@ol%ﬁﬂ%% R Hill 2 r*e"@ls&‘ %01t ?ated

data recor e| ng
1120 heraim b cafesshcerfonthealeseripdioas wge(rdmg Cloresian, bamﬁs
12Wherevv, is the initial wdth 21 of the beam at
reference frequency wt . The transforned data areDh,

13( Lin e presgnt, prefdfredhrathod @eitl 02G0 1D, taedramsfmmdnef the COS
surface I o ations and directions of

H4cofd ° PPERASRAIEA FBWPE"ﬁmﬁ & %?r?‘?‘"f%d Yeingtne

15WM "P@l%‘i}ﬁfb :E@H{én%tlo%ﬂeiﬂrééﬁéﬁfm and to a Gabor
transform Each of the beam conponents is the 25

16conmponent of the seisnic energy that travels through
the earth approxinmately 26 alpng a partlcular r
f one bea

path FIG 6|g waxrgﬁ exanp| e

17 cofpiodeRt @b ora cll e Adr s @eexgeph ('l Tnsya ce, D
the of fset hapPpens*@o be

18

19 where D,(+',@) are the data recorded at vector offset h after being Fourier
20 transformed into the frequency (w ) domain, and where w, is the initial width
21  of the beam at reference frequency @,. The transformed data are D, (L, p',»),

22 where vectors L and p’ are the surface locations and directions of the beam

23  components. Transform Equation (1) is similar to a windowed Fourier

24 transform and to a Gabor transform. Each of the beam components is the

25  component of the seismic energy that travels through the earth approximately
26 along a particular ray path. FIG. 6 shows an example of one beam

27 component projected into the earth. In this instance, the offset happens to be
28 zero.

28

18-



28 zero. 29 -16 WD 2006/ 031481 PCT/ US2005/031558 1 A
provi sional earth nodel is constructed in step 130
which is representative 2 of a subterranean region
wabdogiz1gant ai ns or i s prospective for hydrocatpensesosdsss
For exanple, the preferred earth nodeling program nay
be the GOCADT"' 4 software which was di scussed '
1 abﬂV;ﬁow@:onQI %3@1 r%@&élhs BBskucteR! iINR9&p %{l th ﬁ%b!%eentahve
per haps even ndr eds of thousands I ions of
2 cepf 8 sulfiggranesmadign yhispspntains efis Pr@p@étl\resfqr Rydigsarbons.
ea { ™
3 o boboRfil, Aok Pan e Rihh Bdant Ray Bt r RROKD
4speoﬁWarteaMhidmmadilaﬂuaserctabweese cel | s shal | be
5referred to as 10 "lens elenents" as these cells
direct energy simlar to the manner in which an 11
6 opThea@arthensddlis matis of mgihy celld) pkrhizps dviea Huedeeds of thousands

7 P BRI oI J5IOLR BgRREAS 1o IB i o e mode
8 13 affeBanslamnbcHoRQF sbldthio éﬁa%g@%pagaﬂmp%&wmgw foiRe

i ndi vidual | ens el enents rising the earth
9 mo @BTPOSKA PEthfasnacHispEen nd piREss t n%?&ﬁﬁ?j'ﬁtﬁhél’q be referred fo as

10 pr 9BRE Efeﬁ?entél’fés'fﬁbésé &9 sWiec erx’ér?@‘sffn? fg?go {Hléé?n}éﬁlg?ltiﬁ i’v\%ch an

he geometrl ¢ sh ape, e ve OcClI
11 an pptital isalirgotsdight. c’éhafos, e 1ameeiwenbire§ra¢ti arledgy aming

2! " GRIROGIT. 28 horrablioRl tr ISR (YSfybliSTs eibfhertart

13 ut ubpemd@tnben tray priopagatdn praPeréiesof the indieidgdl lens elements
onent s, si.an beam conponents,

1455 CRRBRANGHY® &R AIOREh MORUPCAe Y, Ce ppbagdHorupportis
1501‘ MERARTIGASRRGRd AoBiinfitedds, ih@eﬁalometrmf W%@v&s@?@m

the I'ens el enents using Gaussian beam ni gration

161 o IfcHdiRg ﬁﬁ@@r%rﬁ@?@ﬁﬁ%'omf e wlacity diglsh. aed tap campasgional

to 24 image. This Gaussi an beam
17 ah8'sPbAr RESSHRL 9

grat| on |s preferably carried out as described 25
18in HII, Prestack Gaussi an Beam M grati on,

19@6%@3@ 39\5%8 el etefisc Pt Aol e gy mocel

20be and theeidrgy aeshponedis cios. /GacEsian bdsam kRempehnbag, in this

21 d_e%%;inBF gy Ie%bodiﬁ‘ien?a}\lﬁa% pgﬁ%:z{%k[gotﬁé set of beam components are
22  ideally propagated through the lens elements using Gaussian beam migration
23  to form image components which are combined or summed io form a seismic
24 image. This Gaussian beam migration is preferably carried out as described
25 in Hil, N.R., Prestack Gaussian Beam Migration, Geophysics, Volume 66,

26  pp. 1240-50 (2001). Although not as preferred, the migration couid also be
27  performed in accordance with the method described in U.S. Patent 5,274,605,
28 entfitled “Depth Migration Method Using Gaussian Beams”, which has

29  previously been mentioned above. For a zero-offset case, the method

30 described in Hill, N.R., Gaussian Beam Migration, Geaphysics, Volume 55,

31  pp. 1416-28, (1990) can also be used. Appendices A and B describe,
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28 entitled "Depth Mgration Method Usi ng Gaussi an
Beans", which has 29 previously been nentioned above.
For a zero-offset case, the nmethod 30 described in

wdbdobo31lé1R ., Gaussi an Beam M grati on, Geophy®Ctas2005/031558
Vol ume 55, 31 pp. 1416-28, (1990) can al so be used.
Appendi ces A and B describe, -17 WO 2006/ 031481

1 P%swmgehmﬂ €SR61h\Btlams Afedic/reBri¥enthtion of a point

Gaussi an Beans and the representation of a point 2

2 sopwEe by GaussienfeapeeinegitRtion. 3 4 FIG 6 shows

3 a beam conponent after energy has been projected into
the 5 earth and the energ%/ is received back al on(g

4 coF Kz Gshmwy apepmtdepponies!t giarianesdy has begspgianitaipto the

5 S8 e G52 9 Pk B Pl
6 angkie dizplaepptiuingkilameiters mind dorifantak dnéds isthdsizantal position.
TR TR

gth @éémrc%ﬁ‘mbhb/ er He”lyeIWMmagﬁ &f ﬂwﬁmj%ﬂrfa&@fst disthihed by
contributions to the inmage I n the manner described in

9 Hi proigcting Bfi, bwﬁbcqmm'@m floRg el wgpectivedgy paths iKbsnming
101 ntfeﬁr%on?rtbt‘@bﬁﬂc?ﬁ‘l% n‘%a é”?r{ ﬁferrﬁ&ﬁ?é?' d%%!:ﬁbéd?m%ﬁ?z@ﬂq The

he singl e beam corrpon depicted 1n FIG
11 coresuitingtsessnoio imbge, mwr@m%& frecjeplays a ﬁgbtgrr@epan salt

coﬁpg]l ﬁzg%)' \?\Illf h[ehél?rﬁg g‘lg)gg l;ne%{hgp u ng(rjg@ irg4 o‘féeg%@lg%eﬁo the

1315 selﬂ;ﬁicThmgmsftth@ siebpiiiaak 2@@$meainm@.a'rﬁhmsgtt doimerflank 292 is

14 G TS ehERy e s RAPEERT ne of vaves in

1518 | nhormgeneous Media with Applications to
Del i neati on of Conplicated 19 Seism c Structures;
16 GedpAyRIS refered @@wsa@s beagpioralig Ugegdp® gardown imaging

20 f Sii
17 &meg@'qagba&e;ag%c):fs‘@@ﬁgv Sji Fca%ogagt&naaffd ngslﬁi?fmgls of Waves in

18 st MqugmeoamMa@@w:tm épplinatieds @D@knﬁﬁéloe C@mlrp d
197 0 SEATAE WURETe: SEPLRMES o9, J0ZAIS R R Calin .

20 dorandamtiats afr@sephysicaDalki frocedsirgh d/aGrawnwdil o {10 B;i sthe

211 WPV T O A DA o A0 JORes P Brose-onelaing

22 CORY GFwRRAdUdRtiBuad, rebards® Waosingual iied forwakPmodeled source
23 wavefield. In the Fourier domain, this cross correlation of the two wavefields
24  corresponds io summing over frequency the product of the downward-

25  continued wavefield and the complex conjugate of the source wavefield. The
26  boundary-value integral:

27

2 gr0)=—ffacay OO 4 0 @)

29

30 provides the downward-continued recorded wavefield, where r' =(x',/,0) is

31 the detector positions at the earth’s surface z'=0. A Green's function

-18-



26 boundary-val ue integral: 27 28
A(r,w)=Z~JJdx'dy'a a r'4(e, O (2) 29 30 provides
t he domnmard-continued recor ded m@vefield, where r' =
wd Yoos3146) 1S 31 the detector positions at phewus2esn3isss
earth's surface z' = 0. A Geen's function _18 WO
2006/ 031481 PCT/ US2005/ 031558 1 r,r',w) is the
17 eSRPRSH) X thRYeBhorsel & it YUCLs@irc® 8t Potr . Eads
beZﬁs 2)enter tg'a% S(?er%ht der?vatricon Ey] e&p%és{g%ng aeams
2G enier thd curcdrit@ariastion Sasigsessing 8 Crearts suHotdh izea Gaussian-
Appendi ces A.and B show t hat hi gh-frequen 4
37 oBPASENTAT AT, GAPRSTEASe: A sheial & deieEnusyioy
4 SOws8s@itaitt tithé fieldsat 2poﬁat)rz:euséd PP %8s WEBOINt ' is: 6
Gqr,r' wP>CO (3 77r Pz 7 8 where uGB(r;r',p';
5co) is the normalized beam (A ..9) with initial
condi tions 1':9 (@9, 3 and (A 11). The ray path for beam
GUGB(([«,:rr;h;)Q'—ﬂl\g Pag gk Fgmgoint 10 r' with ray 3
vector p°. 2@l 12’zGre§n' s function Equation (3) )
requires that the source point. coincides with the
13 initial point of the rays. Since seismc
8" elyhRed LN SHIYe¥Ts RRrilafS Modth 84 88 with tnBaWdn8ition
and det e@?grs,#’%\?\ever, Equat i on (g@Zhoul d! be ons
gnogh FDREnG oA MRt ThA Aay pPeth $Rbieam RRE N Tp'; SafddRRes from point
di?}\ergnt ﬁom}ithe initial point % Othepr@ys ro. A P
10si mpméth rag veelpr pb. do this nodification is to insert a
factor in the integrand of Equation (3) 17 to
1corrpensate for the phase change frompoints ro to r':
12 ,1? Pr%%r;'?ﬁ{ngﬁoh EYVBROA R réquirds that thE86urc® ghitcofitRictWiith the

13 initial point of the rays. Since seismic reflection surveys have closely spaced
14 sources and detectors, however, Equation (3) should be modified so that the
15  source point ¥’ can be different from the initial point of the réys r,. Asimple
16  way to do this modification is to insert a factor in the integrand of Equation (3)

17  to compensate for the phase change from points r, to r':

18
. dp' dp'
; (2] X r . r !
19 Gr0) s e [——L ugp (r:rg,0'; @) -expl-iop’ (¢~ rp)] “)
2w Pz
20

21 Equation (4) is vaiid for source points r’ in some neighborhood of the ray

22  initial point ;. Since an additional phase factor has been introduced into the

23  integrand, the saddle-point integration in Appendix B should aiso inciude the
24  additional phase factor. These modifications, however, do not result in large
25  corrections and make little difference in migrated images. This derivation

26  proceeds by using the simple approximation in Equation (4).

27

28  Summing contributions from ali sources results in the image:
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27c Pz , 20 21 Equation (4) is valid for source

points r' in sone nei ghborhood of the ray 22 initial

point ro . Since an additional phase factor has been
wo Blosasiygied i nto the 23 integrand, the saddberszoot/os1sss

integration in Appendix B should also include the 24

addi tional phase factor. These nodifications,

homever do not result in l\grge .25 corrections and

ma | % b%ét@ct; [
1delr??r\;at2m€1&2rgﬂg:a%gg%%5y usikzgg t he Erqﬁ‘pe@p(}r‘? 13, 0) ®)

approximation in Equation (4). 27 28 Sunm ng
2contributions fromall sources results in the imge:

—?y*‘%ﬁ""%ﬂu TP T PR Chelier t pai

4W) ) #eds fodaedd & (L dy r vv) is the
f| e d recdord k}gegoget e?:tor at poPth @ (xd

5yd, 0) when the source is |located at r, _ (x y"0) . 5

nste d of s .ng. directly ove so rce apd .
6 ol ShAUETTG (reCie Oy s Spule AT GRitlss Posens, Asdant
7f oubadd @), BERRGENT Wloﬁ@?ﬁp@@h‘eg & bppit@tiSn of the

| magli ng operatiron to commn- of fset sections.

8 Ac boaging ghgrationdo remapnaeifsehsedionar AeBPIEiNgdy, éhe inbeayation

1 Y2
o P PR H SRR Sl SPALHAN Brredt
t1obeconmes: 14 15 I(r)= Jthadh,,Ih(r) (7) 16 * 17
Ih(r)= 2fdwf JdzndynDh(rmw)aG (rr,,rd; 0)G(rrs;w) (8)
g = o) -

h=:%(rd “rs)

12
13  Equation (5) becomes:
14
15 I(r) = [fdn.dh 1,(r) : (7)
16
_ 8G
17 I =2 ] dol] dimdyn Db (@ 2 0 5 110 ©

18
19  where D, (r,,w)is the field recorded at midpoint r,,and offset h. The

20 summation Equation (8} is the seismic image from data collected at the
21 common-offset specified by the offset vector h. The integral Equation (7)
22  sums the results of common-offset migrations (8) info a final image.

23

24  To use the Green's function representation of Equation (4) in integral

25 Equation (8), the integrand must be partitioned. This partitioning is
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- 21

18 19 where D,,(r,,,,w) is the field recorded at

m dpoint r," and offset h. The 20 summati on Equati on

(8) is the seismc inage fromdata collected at the
w@do0gormEn- of f set specified by the of fset veetowsivwsio3isss
- The integral Equation (7) 22 suns the results of

comon-of fset mgrations (8) into a final inage. 23

1 24a&i€brﬁt§ii@hé@ﬁyQ’s%ﬁﬁlgﬁnfdmétlmt@g newmm@ﬁ (®vefapping
Equat i on %4) i n integral uat i on the

2 i nbeyreng %Pn%@aﬁaﬁwpl %ﬂp&?@aafeﬂhwrpfarf@r @“Sb’lﬁf'f‘ﬂ%h S
3-20 WO 2006/ 031481 PCT/ US2005/ 031558 | acconplished
by inserti ng into the i nt egrand of Equation (8)

overha pl n u SI tions that sum
4 ap ,a[ly x and y: 30, 0 2 (9)
I r'4 wz\xvg :le22 9) | ZzLZ2w 5 6

Vect or (LL, L 0) raﬁg over a two-di mensional
5lattice of p0| nts that spans 7 the range of the
recorded seismc data. The Gaussian wdth w, is the
6 saWecBr ds= (e iohrdrigals dveamtwe-dirheriserel Mifienadi poiltp that spans
Constant a is the distance 9 between -
7 netheesnga of fierecondad tsetse"up datat sl heTBaussiamwidiiz at, isdhe same

factor in 10 Equation g is appropriate for a
8 hezad¥miaitial eam vadih(Fee APBRRY X2 e SOpRENt 4 i the distance

ap | B
M b R S i S T
10t oERwatian (% i&apmomvde ey a:nexagooeble ce whicizopimjzes the

" 3SR M R e g

12 a~ )WL o) andPE(x,x,; H)ard hdddh to Berat vy =L +h and r,=L-h (see
13 FIG. 8B). These steps result in:

14

15 I()”@Conde Jdp), ” 4P p"uGB(rL+hp ;@)1 (15 L~ b, p° 3 0) D, (L, p? +p°¢
16 (10)

17

18  Equation (10) becomes more manageable if the integration variables are

19 . changed fo new variables p” = (pJ, p}')and p’ =(p,p’), such that:

20
=% + 25
m ___d 5
Py =Py *Py (1)
h . d s
x =Px —Px
ph=p¢ -0}
22

23  The new variables correspond fo the time dip in common offset and common
24 midpoint gathers. With these variable changes, Equation (10) becomes:
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18 Equation (10) becones nore manageable if the
integration variables are 19 changed to new
variables p° == (px , py;') and po = (p', py) , such

wo b3 Px =Pd+Pz m_d s 21 ph -P~ +Py (1l#yTuk2005031558
Px - Px hds Py =Py Py 22 23 The new vari abl es
correspond to the tine dip in comon offset and

1 common 24 mdpoint gathers. Wth these variable
changes, Equation (10) becones: -21 WO 2006/031481

2 PCT/, WS2005{ DBA5HE T 312 Ui T pliw) Wh((L; 77 pio); (12
V\/)DHJ? Pm v%ﬁ(lﬁgl)gpx %U% 4 V\,hgre E)h@?llf EJILI pc\?\;; IS the( )
transformati on Equation (1) for data of offset h, and

35 n(, ,pm co) dw ({dPxdPy GB(;L+h d GB r L-h, S w)

4 1%1)19@28;]([{,#{’; ,%B@ﬁe‘l#n%fdﬁn%ﬁo%\gﬁ%%rf g yFordata &t e?ffset h, and

descri ropagation o conponen
5Db(L,pm,w) . The sumand 9 difference of the
t wo- di nensi onal vectors p'nmand pJ' determ ne the

initial 10 diregdi dpd and ps_ of, t he, beam
6 cofud¥ibaR's; e %Iﬁgﬁrﬁwraﬁh, s@eer T dn—bpsy@) 12(13)
13 The propaga on d&scri bed by Equation (13)

includes all pairs of ray paths 14 fromthe source

and detector such that their dips are in accord with

8 describes the propagation of wavefield component D, (L,p",®). The sum and

g difference of the two-dimensional vectors p™and p*determine the initial

10  directions pd and p°of the beam components in the integrand of

11 Equation (13).

12

13  The propagation described by Equation (13) includes alli pairs of ray paths
14 from the source and detector such that their dips are in accord with

156  Equation (11). As depicted in FIGS. 8A and 88, the dips of the shot ray and

16  the detector ray must sum to p™, which is equal to the dip of the data

17  component D (L,p",®).

18

19  Efficient evaluation of summation Equation (13) is important o pre-stack

20  Gaussian beam migration. This summation over the product of source and
21 detector beams does not depend on the recorded data, suggesting that {ravel
22 time description is the essential role of Equation (13). Large contributions to

23 the summation occur if both the beams pass near the point r for the same

24 value of p* {see FIG. 8B). In general, the ray paths of both beams will not

25 pass through r at the same value of p”. Contributions to the summation

26  Equation (13) could be evaluated by the method of steepest descents.
27  Equation (13) may be written as:
28

2P



15 Equation (11). As depicted in FIGS. 8A and 8B, the
di ps of the shot ray and 16 the detector ray nust
sumto p', which is equal to the dip of the data 17

woosleast Dh(L, pmw) 18 19 Efficient eval uati@R2005031558
summati on Equation (13) is inportant to pre-stack 20
Gaussi an beam m grati on. This summati on over the

product of source 21 detector beans does not
1de mi rée Ttrave 14
ZzQﬁr{rre ges@?ﬁﬁm the essent ro e gt) Equatlko

(13). Large contri butl ons to 23 the sunmati on occur
2if both the beans pass near the point rfor the sane

53@&3‘1' ife @gf hFﬁ%ﬁ{dﬁﬂﬁ Rot B Ikt %frﬁ]‘%&gﬂégg gfthe two
450 PRl P 2af o eyl vl SHOABRELE e Tet nod of

5st eepest descents. 27 Equation (13) nay be witten
as: 28 -22 WD 2006/ 031481 PCT/ US2005/031558 hd h 1
BUN (F(r:ip" o) 8)7, & p“)ed, (csp™Px Py A(r; Pm Ph) exp[i WAT(r; (15)
Pm Ph)] (14) 27r JJ Pz J 2 3 by using (A9).

Funct| on A(r;p"" ") is the product of anplitudes of

' S{’ﬁ\ o féé{?&an%u ﬁg P&)5"°“egher%°'1“§19&q'%"5§h For% beams
A g N e
O?Z&ﬂ@éﬁg ¢ o@gg%%ﬁ‘ﬁf%gerﬂg 'e%lﬁa@ﬂﬁ @Bglg{ré l{s @elntm tial

11eval uation would result in: 11 12 Unh(r;L,pm
AOexp[icoTod (16) 13

12 Uy(;L.p™;0) = 4y explioly ] (16)
13
14 where 7 is the complex travel time Equation (15) evaluated at the saddle

15 point and 4, is a complex amplitude. The amplitude A, does not depend on

16  frequency because the steepest-descents evaluation of the two-dimensional
17  integral generates a factor »™ that cancels the factor @ appearing in

18  Equation {14). A steepest-descents evaluation of Equation (14) wouid

19  determine 4,from a second-order expansion of T(r;p™,p") about its saddle
20 poinis. This expansion could be achieved by using the same dynamic-ray-
21 tracing information used fo construct the Gaussian beams. This added effort
22 iodetermine 4, is unwarranted in the present theory, however, because the
23 imaging principle used is only kinematically correct.

24 _

25  The present goal of Gaussian beam migration is to form structurally correct
26 images; the image amplitudes are secondary. For this limited goal, the

27  following method provides a simple, fast evaluation of Equation (13). The first
28  step is to assume that Equation {13} can be reduced to the form of
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14 where To is the conplex travel tinme Equation (15)

eval uated at the saddle 15 point and A is a conplex

anpl i tude. The anplitude Ao does not depend on 16
whhfdMangy because the steepest-descents evabpgdigssisHiisss

the two-di mensional 17 integral generates a factor

co-' that cancels the factor co appearing in 18

1 Equalibiih (164 )whiéh ﬁﬁﬁ%ﬁm@ﬁﬁéﬁﬂhﬁ (§’tﬁ§ IH%g'rélri‘s 8bminated by

Equatlon (14) woul d 19 determ ne AO from a
2 s o GOMHDWICTSegk paislaisd spddiemaint, Jo fyrthgraimplify she evaluation
sa [

3 aﬁgls%a&ﬂ (RS %és%cﬂwdss@&fg%%sgq}n&%ﬁh@%a@cga B

4 usenjr,pb pfp eting it rédﬂq)"GduS}satansbetaH&addlbl pirgddade jocaied by
effort 22 to determne 4 is unwarranted in the

5pr esaming leway valbeswel pf fortiee salse thateninREizesrtgi ingginary part
principle used is only kinematically correct. 24 25

6Thef Bfrer'ent) .gbbe last siepus & use t&@aaﬁqmajnfaavwﬁge of the amplitude
fongstru turalfleé correct, 26,i

R HEOHTE oL eSO fior ARIRGSR t@ﬁ?fiméaqs that{ge
853 [<@apBLLg pBELAAC iRl Rl Bilrfar 83t when pppleg to &

9 as sameofisetiyjatkgrat i on (13) can be reduced to the form
10°f -23 WD 2006/ 031481 PCT/ US2005/ 031558 1 Equati on
(16), which is tantanount to assunming the integral is

11 domfeam@d 0 co?npr@nﬁrhe beos (nﬁaﬂi Ast a:ﬁgy@h% ﬁ@dgc!)isted
To further sinp %gt he eval uati on

12 g égﬁid!% Roinisshat %‘Wl’é@é’éﬁ@i thg,apryoxigiasisn lﬁﬁyatimﬁ &he
13S aﬂ?bﬁ)xﬁﬁ’étf&;n E’(ﬁua‘hog(('i 6 Pwill nBPbe 98hd hSsohle & \B]ege théte are

case, the sa pol nt can be | ocate
14 S c ANl mju‘@ni trayeldimagal Nr@@rkbrelq@s singe Etaleatml (d é) raséricts the
15 m H{Jmaﬁ'necff tﬁ@?r?{é&ﬁg!‘é&taih}fluﬂgﬂ lt:'$ | éé og Pt al%q r)efsﬂg;ﬁs multi-path
16 anpd)mtnhmte)ns'ito tiis idtegmhmlthwgis it Hoes hhlﬁelmahate toésed, . An

advant. eof hi at the 8,pre-stack
17 Do LontB S, ThHALS s dyaniits Faeartiiceiot [HESainadn erpinary
18 apphit eflthedravel fimeahigead bede BaiMam redPparl LaGho 88e two
the conplex tinme Equatjon (15) will not always ve

19¢ nBoR OVl CamCidpRt Rsicle peinhusinglbe minienusy w@@vmart tends
20t hg SNDEIN n%t pnﬁawéaeaxe(a&m whan ARRE % Ea'ﬁtm@trrogs from

Equation (16) not be valid in sone cases
21t henose thas one4 mJItl -val ued travel tines.
29 Nevert hel ess, since Equation (11) restricts the

23  Typically, the initial seismic image generated by the migration of siep 140 will
24  need iterative refinement. In step 150, one or more zones of interest or

25 Ttargets” are identified in the seismic image which are to be enhanced by

26  iterative refinement. A “target’ shall mean a portion of the overall image

27  selected for enhancement. Usually, the target will be a small sub-volume of
28  the complete seismic image generated in step 140. For example, the target
29  may be the indicated portion of the seismic image enclosed by rectangle 294
30 InFIG. 7. A particular target may be selected because that portion of the

31 image is key to delineating a reservoir.

24



15 domain of the travel times included in Equation
(14), it also restricts nmulti-path 16 contributions
to this integral, although it does not elimnate

wo BRe631d¢t contributions. There is an advant ager/of200s/031558
searching for the mninumimaginary 18 part of the
travel tine instead of the maxinumreal part.

1 A' Ff'ﬂ%‘%bgfé@%?sé#\@ wa]y%d?i@ieﬁi $hh tHe SPINYRbES i@bvAluated and
addl e point, using the mninmuminmaginary part tends

2 2omo@lf§é| &Geoladieand seoRIYSIA ReRAALS @afaau@aa% 2R Corgheiently
3t h@%ﬁmf%ﬁ $ARL EMIH@{E}%& L0 rédardBg ‘5 ﬁ as2d23fc:|ent or

cal ly, sel's C|rrae ?/
4 t hqumt@nablemncbfe probed ndoragiivaly fop geplogis: art@%ﬁnhwca

5 URRETSL bR B ERybe B ARt

6see£aimple| mage which are to be enhanced by 26
iterative refinenent. A "target"” shall nean a portion
of the overall inmage 27 selected for enhancenent.

8 Us pdiap. 160h Qntirﬁé@ﬁéte%hél a@%oﬁh?sﬂﬁbﬂ Wi%lﬁre\/i@ba![yae enea&ed in

t he conpl efe seismc %e nerated in
9 exanigedon pheeismicgata rm ﬁﬁéﬁ;ﬁ Brighsst pﬁtﬂia&hﬂné&l%wﬁ 6rﬁ)m the
10 of &éﬁs nﬁ%‘e Mifis ‘tﬁ%’f%@t @ﬂéx‘uQél‘éﬁweWs fs%ﬁa@'h%cﬁf gogﬁﬁ arStdpt to

particular target nmay be selected because
11t hanhmnettha wadh mddel and resulfing seisraiy imegedeiThaddaliseyotlens

! PSR ol AR YR T RE T i ve

13 rmtt&beil SR@/%G}W; mﬂ:halqdes %rerpmférabm used &b pmwﬂeaglddance in this

14 O aeknn Pogeee aare Inaratnd b RAS S 4 Pogdl 4ERagpedives

15 ge%b@ﬂu SA!S@SF@eﬁldhbﬂrBta ﬂﬁwcrém&hmg A r@illh"abﬁfag
pr obed |nteract|vel geolog and geophysica

16. niesiniquges p Pthey rﬂ@thpé% Fﬁﬂ seipsdiod Qe feduak ged gplens &fement to be
il [
17} AR i o bTsbE, Korb Ao, SR ion ey Mty
18| demwlyvmpbnsmm in 9 mgration of seismc data
19then select a trial set of trial lens elenents from
the 10 earth npdel. This trial set of |lens elenments
201 s FI@. Hehowslaf irmdge B02supdrimpaeedtaver &ft earthamn:laei BBé fmage
resu

.1
21 S aB0gmaRdRunS by RGN ShifEld himis i and K il finpsed in
22af lapgte bl theBgHRhddel BOE. Net ®at Bk suce 305 in earth model

23 304 contains a model anticline 308, i.e., an upwardly protruding “bump.”

24  image 302 also shows an image anticline 310, although the model anticiine
25 306 and image anticline 310 do not exactly maich. For this synthetic data set,
26  the surface 305 of the earth model 304 and the surface of image 302 should
27  be flat; the erroneous anticline 310 in the image 302 is likely caused by the

28  erroneous anticline 306 in the earth madel 304.

29

30 There are several ways to test if the initial image 302 and the earth model 304
31 are correct. For example, image 302 is suspect because of crossing

32 refiectors 312a and 312b at the boundaries of several layers. A suspect
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13 target. Ray tracing techniques are preferably used
to provide guidance in this 14 selection process, as
is illustrated in FIGS. 9 and 10, and will be

wélemeniiad 15 below. Also, FIG 3 shows a f| suristobs/sisss
descri bing these ray tracing 16 techni ques. O her
met hods for selection of the trial set of |ens

el Qﬁﬁﬁih i$ iﬂehﬁﬁedll?y ?d@@ﬁb@ﬁy HBMtléﬂ:g@irbﬁe?ﬁfl (Fl'_@r3) a test disk

exanpl e, the selection_nma 8 sinp
2y §Gﬂ1l0Vﬁ'h% gésnachportion of ﬁ'(? eaTth model Hm@@eaﬁa i %ﬁg@f thgtwo

3su Eﬁfsb [ﬁ%ggﬁgct&’ée\ﬁ 28N T8} §i8k P4 BkciRés 2 t8MPErand ilef%%gn%

rating synthetic seismc data
4su purfazmamsemthu model 304p ddier evasophimicistntanactivekypagdions this

ecﬂﬁ‘é g SRD agtﬂ{poﬁ‘ﬁ%s %Qeﬁu%e';iagﬁ‘é nq%d? A upgg%g‘f'ﬂ 6 is traced

con ains cline
Bpr ot steg 18P ridyagiy Trthbmgterf&@ﬂlsaBsa tsioogb lans elemeeats to a

antlcllne 3 nticline 25,306 .
7 aniedarils a2t efttBONE ot 1B AR Suodtl RO, TG rediRaing Hatum is

8t hittse syrfideetdng withahs ebismi@ utvbe wel réasi8ed 0Fhiefndrtal ray 316
earth podel 304 and the surface of inmge 302 shoul d

927 dggcrinesithe spismis dain secdas el eerp pifsel omorerelissiagest
30 t
10 DEnBR Bl aIGRH e oM B RS LBRBRY ancAbM A e directions.
11 wayetpath ektheirgy BHeextands tiroughlges siEmens whiste thare might be

12 gog%m%ﬁ%g in th 3R 41 Bl théﬁ%e‘?éﬁ&k@&e fd eﬁgﬁeéﬁ image

ecause of crossin of s 2a an
13 312:bcmssmg eefirntord &1 Eaandf31§bv doabxdrapler the ray Su§pe €iG. 9

006/ 0 /.
147 GUIFTSEERH BY OO AR ARy ool IR IREr i Bgfhe 206 s

15( Fifgorrdkt, & mgﬁt b@tl’@@auge%iﬂws)t‘aaﬁy m&g&mmmamg@ hs
the earthrmelllrme one of the t

glesenys that ef PER POV BNl PRTMY 1P ke §§*@G‘l§€d%ﬁ*@£ 166 as a trial
17t e@EPéﬁéMs éi‘éfrle‘ﬁ%‘é Whith 4rs i E@EBdéth fthehdpRa ek ,%vmg the

er a ysi cl st |nteract|veyp03|t|onst

18reﬂm@@QD\%@edﬁ@E’£ 314 upon this feature in the |rmge

19302 a ray path 316 is traced 6 in step 162 nornmally
fromthe center of disk 314 through lens elenents to

20a 7\ saxoad gienghybidtal tasf isoghostrom1Gofi OAh Agamr Hheﬂmxﬂlag dISk 332

217 nds HEPEhES SRR WAER 16 Erud s et rifiche! fipidhc

229 @eslinhase. tTiwe @l@ll: SB2 @ &l stet Y UsHgthe- (ﬁﬁfeﬁs@ﬁfaﬁﬁimputer
3 Forgra%pehru?s tgf({rgg? the dlSk |tnto the desired location and orientation. I1deally, the

24 disk is oriented sub-parallel to the bedding shown in the image or where

25 bedding is anticipated to be in the image. In step 163, many different

26  specular ray paths 330a-j are projected which reflect off reflecting disk 332.

27  For each of these specular rays 330a-j, the angle of incidence to the disk

28 surface 332 equals angle of reflection, as depicted in FIG. 10A. These

29 reflected rays intercept spaced-apart locations on the recording datum. The

30 intercept locations are compared against the actual locations of the sources

31 and detectors used in the seismic survey of step 110.

32
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10 energy travels along coincident paths in the

upward and downward directions. 11 The path of the

ray 316 extends through | ens el ements where there
wob@bbzie 12 problens in the earth nodel 30#4ctAgdondstsss

responsi bl e for the erroneous image 13 of crossing

reflectors 312a and 312b. For exanple, the ray 316 in
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2i t seisgit rdydhebry, isgesiormoed trlﬁtepailﬁ‘lﬂ? mata@ thesiptercept locatlons

3 noPPAE P Sy et B ol sBadiy Risfin angles

4 17aaehzmﬁuthe aEe mldﬁ'nmati)s andhiteratioely atijusteel atidaspdctilar reflection

5 6 Poig i S iy St lpotp Rt R ee Al O At the
8 1Oéctuégi@b§horﬂ; arehé §@Map HoulcsX and Yetotlork S ThE @Q?whyan FiG. 10A

adjusted in step 161 over a, suspect portion

7 eaﬁhtwv@ zaw(fc?élaﬂudﬁé@@m%@' thissgeag pmeﬁhlqe\f@f alythyoffsets
us computer 23 graphics to dra
8t hgﬂ%egj{]&ﬁﬁggaﬁ%gw red Ingcatl on ang OPI ent ati on. )
8ldeally, the 24 disk is oriented sub-parallel to the
b
10aﬁ?)lw nggfggnvﬁg ggﬁ\gﬁep G%W;%gémqh%ggiah%%%h%kééfm
11di Hisfoensing i stepclésay netr;evpr@tths e&@f@r wihiiclatraves ajcact exth of

whi,.ch fl f f
12,1 Uiakelays Biban oSS YREG Jie Sich VGRS of Eespond
’l?;t Oté bfe 6f e en%$g éﬁrﬁ@@rﬂen@@rcﬁﬁlé@ i st 20.0To help explain this,
| ection, picted in OA. These 2

147 oFIGS B4 SPELHE Shneinedplatop REBRSRAY xaaaR RAvkodurce rays
15t h%sé%?x rdliddodal s 3s Bhe thépeh&bfes.%eanérﬁg atd OfsarAr €

npar e agal nst "the actual |ocations of he sources
1631 camodem’recm thresprietspd axemplary einhadimeny Vidye eynergingpangies of
110. 32 -26 WD 2006/ 031481 PCT(US20051031558 1 A
17t wihepeetactor apd spuise ra¥addh 3 aflﬁeufsewwecmﬁ@\nn Etn@lp Asis

18 pelRgIraEd I 1SBeR 264 o eReY VAL Hpap Dl path Wi apbar in

Io tp ihe, Ex 8tk
ggegﬁié% ‘rés%v%ﬁtgqg%té arﬂ%ﬁ%lpgg g’hg ésﬁzﬂ a’ﬁgyaéz’{m%nﬁs

20ar € D }Sj‘uﬁq th¥ yacﬁr‘échér?(s%b'ﬁfﬁlaﬂoﬁ% %JSM%F&@E!" tdirgy

specul &’ reflecti'on 5 points until the ray source

21anGhr, @pﬁ%@ﬁbﬁ laldnt tAlsGRIVERpAh Qvilt aphedrae BICOS bl avBAtstocated near
actual 1ocations of the stjrvey sources and detectors.

22 Théheimignaant qoprdinades mA ¥

23 (x,,y,) and slope (p, p,) determine which beam data component contains

L +%.), ¥, =%y, +y,). The location

24 the energy traveling along this ray path. In particular, the location and slope
25 determine the arguments L and p’ appearing on the left side of Equation (1).
26 All @ samples for this (L, p’) pair are retrieved from beamed data provided in
27 step 110 and inverse Fourier transformed fo the time domain. The beam

28 components are often fransformed to the time domain before storage, in

29  which case the time samples are directly retrieved from a beam file. The

30 location (x,,,,) and slope (p7, p,) will not, in general, fall exactly upon the
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7 shows rays 330a -j determned by this search
procedure for all the offsets 8 utilized provided in
step 110. 9 10 Once rays in FIG 10A are determ ned,

wo BfRchiegie can be checked for 11 m sfocusi ngrcnusieosisss
165 by retrieving the energy which travel s al ong each
of 12 these rays 330a j. The energy traveling along
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Equation 11). Moreover, energy 21 propagation al ong
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15Pr GidiHEsh b Murmbér of 8Bcdeler tAg errhval e ety Eieiicenergy, indicated by
transforned to the time domain. The beam 28

16 coApwRiemasic phase P BMAIARFNBRIR AN ACaHBICTERRIdd diiliercase in
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are direc retrieved froma beam f
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23y altegehestaonbiieefvely-t his retrieval will be 5 referred

to as a beamtrace. This beamtrace contai ns the
waveform _
25 A geophysicist observes that the rays which iliuminate a faulty part of the

26  image pass through portions of the earth mode! that are suspect. For

27 example, the ray paths in the synthetic data of FIGS. @ and 10 pass through
28 the bump or anticline 306 in the earth surface 322. The geologist and

29 geophysicist analyzing the image might suspect that the bump is incorrect,
30 perhaps because the mapping of this part of the image was ambiguous. The
31  misfocusing observed in FIG. 108 is further evidence that some of the lens
32 elements falling along the rays paths in Fig 10A are incorrect and should be

-28-



6 information of the energy that traveled along a ray
path. 7 8 A beamtrace is retrieved for each of the
ray paths in FIG 10A. Each beam 9 trace is

wélkmphayad to show how it contributes to thepcrmg®oso3isss
near the disk. 10 FIG 10B shows a beaned trace for
each ray path. A small w ndow of each 11 trace has
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24  the shapes, of these lens elements 406. Alternatively, the propagation

25 properties of these lens elements could be medified or updated by changing
26 the velocity field within this region. Or else, both the geometric shapes and
27  the velocity fields could be updated.

28

29  The propagation properties of the selected subset of lens elements are then
30 updated. These updates are largely trial and error but the trials are informed
31 by the ray trace analysis described with respect to FIGS. 8 and 10. ideally, a
32  geophysicist/migration expert will collaborate with a geologist to determine
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22

23 Preferably, only a subset of the original energy components computed in

24  step 120 must be repropagated to form updated image components to be

25 used in updating the image. FIG. 4 shows a flowchart describing a preferred
26 method for selecting this subset of energy components. First a reduced, but

27  preferably overly inclusive, trial set of energy components which may

28 contribuie o the image near the target is sought. Ray paths of those energy

29  components computed in step 120 are checked to in step 171. Rays

30 corresponding to each energy component are traced downward from the

31 surface and only energy components having rays that pass within some

32 predetermined distance from the target are candidates for this frial set of lens
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27

28 In step 180, the subset of energy components, or beam components in the
29  preferred embodiment, is propagated through the updated earth model to

30 form updated image components. The ray paths of these beam componenis
31  will be changed due to the change in propagaiion properties of the updated
32 lens elements. Similarly, the updated image components wifl also be revised.
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2027 depart from the earth’s surface within some predetermined spatial distance
23 from one of the rays reflecting from one of the disks. Also, the direciion of the
24  departing test ray must be within some predetermined angular distance from
25  one of the rays reflecting from one of the disks. Limiting the ray tracing in this
26  way is similar fo the limited aperture methods named above in that the chosen
27 subset of input data used in the migration is based upon interpretively

28 - identifying reflection events within the seismic data. The current method,

29  however, limits the input data not only to components falling within some

30 small spatial aperture identified by ray tracing, but also to beam components
31  that propagate in directions also identified by ray fracing. Moreover, the

32 altemnative methods named above compute the image solely from data
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17 SRR ot cettered Sasraipdtes. St sisByibids apondy
12° 3§rdinary differential equation for M(s). The standard procedure of dynamic
13 ray fracing is to reduce this equation to the linear system:

14

dQ(S)

15 =($YP(s) (A.5)

16

ar(s)

17 =v )V (5)Q(5) (A.6)

18
19  where P(s) and Q(s) are 2x2 matrices such that:
20

21 M) =P(Q7(s) (A7)
22
23 Matrix V(s) is a 2x 2 mattix of second derivative of the velocity field:
24
v
04,04

25 V,= (A.8)

26
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travel 2 time field with respect to the coordi nates

wd20000814612: 4 ML (s) [a2T(s)] (A 4) agrag) BCEYK2005/030558

1
2
3
4
5

6

7

Expansion (A. 1) contains no first order derivatives
because, for the isotropic 7 case considered in this

Pagiice tﬁ@ %‘Iériﬁréé fi& ‘EA 11) 'sHﬁsf%@rtﬁééﬁénﬁréhuahon in the vicinity of
per pendi cul ar ra determ ne

A way

t héhareayriiah, wg)ran@qrbe@tﬁs@ﬂucﬁmﬂeer( be nvokwﬂ & getermine the

ei

oS b SR QR s Ach IR qugton (1). The
ordesuﬂlrgg shilftfoprient i al equation for Ms). The standard
procedure of dynamic 13 ray tracing is to reduce

this equation to the linear system 14 15 dQ(s)
=v( 6 17 (s) =v 2(s)V(s)Qs) (A 6)
18 (x@q 2x2 matrices such tHab)

‘iquxﬁ%tP(& P(S)Q (sY (A7) 22 23 Matrix V(s) is a

2 x 2 matrix of second derivative of the velocity

field: 24 z 25 Vrs = a V (A 8). 8gjag3 26 -36 WO

8200hAGI48 Yo LnET 4S2G)5/ 031558

9
10
11
12

13

14

15

16

17

18
19

20

21

22

23
24

25
26

The character of solution (A.9) is determined by the initial conditions chosen
for matrix functions P and Q. For any choice of real P and Q, there might be
points along the ray path where solution (A.9) fails because detQ=0. Onthe

other hand, complex initial values of P and Q can be chosen so that (A.9) is

always a bounded, high frequency solution of the scalar wave eguation. If
choice of complex initial values is such that Im{PQ_I} is positive definite and
detQ =0, then these qualities hold everywhere along the ray path. In this
case, (A.9) is the well-known Gaussian-beam asympitotic solution to the wave
equation (Cerveny, 1985). The particular inifial-value choice:

i, 0
P = A.10
Q,= oWt [V, 0 (A1)

0 wmf/ﬂ

results in a beam with initiaf width w, at frequency @,. Quantfity ¥, is the

seistnic velocity at the ray’s initial point ;.
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| Since the travel tinme field (A 1) satisfies the
ei konal equation in the vicinity of 2 the ray path,
the transport equation can then be invoked to
wdlelenitufie the 3 anplitudes of a hi gh-frequencyus2005031558
solution to the scal ar wave equation (1). The 4
resulti ng solutionis: 5 6 v(s}detQsp) exp{iwr(s)+
-9TMs) q] } (A 9) v(sp)deARPENDIX B3 normalized to
unlty at s = .9 10 The character of solution

2(A.9) is det erRERBESE;N%EIQNﬂF.%PCHUMWB&E chosen
311 for matri x fUWG rgj%ﬁpbngQy ggmmﬂyl oi ce of
m ght be 1

real P and Q there poi nts al ong the ray
4path wher e sol utlon (A.9) fails because detQ = 0. On

g SRR BT S b % B

6h| girmhiatignency soI ution of the scalar wave equati on.
If 15 choice of conplex initial values is such that
7Im[PQl} 'S p03|t|ve deflnlte and 16 detQ # 0, then

th A Li ere along the ray path
8In |S{%27 ase % )’|s’ he wel | - known 1)

Gaussi an- beam asynptotic solution to the wave 18
equation (Cerveny, 1985). The particul ar

101 ninthiesd funaticreughisiteevalli® at POinP r-ofia Gatsgish BEIM thak ddparts
21 22[WW /VO 0 (A 11) Oww IO 23 24

11r e§aim goinhr’ attasgle Qﬁﬂf? ¢)n|étf'i Qi thehSQMd aggler ﬁl@éuéﬁ%@x The

12, a§p§8" %Tf’?%{ﬁmﬁtﬁsrﬂre§ h tl‘f% pm°n§S m.e %?}8'@1&1@# pomf3 r ison
13 PClHd 240 Q5L 3 thRdtion () must be determmed. If the velocity field is

14 constant v(r)=¥,, then by symmetry, this function is constant, ¥(Q) =Y.
15  This constant ¥, will also be appropriate if the actual medium is nearly

16  constant for a few wavelengths about the source, but is more complicated
17  elsewhere.

18

19  In a constant velocity medium, the Gaussian beam given by Equations (A.9)
20 to (A.11) simplifies to:

21
2 -1 . 3, 2
22 gy =P[O o) explia gl BXE (B.2)
Vo U ¥ Vy, 2o +iVs
23
24 Then equation (B.1) becomes:
25

2 . 2.2
2 . , | R
26 G=‘POI ﬁdgﬁrsmﬁ-dé? 5 i exXpt i 0086}+;C f sin”¢
0 0 aywi +iVyRcos@ oo 2 apwi +iVyRcos@

27
28 (B.3)
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1 APPENDI X B 2 REPRESENTATI ON OF A PO NT SOURCE 3 BY

GAUSSI AN BEAM SUMVATION 4 5 The field froma point

source at r' is approxi mated by the Gaussi an beam 6
woHigRhkan: 7 8 G(r,r';w) = Jdc2W Q uGg(r; r' p€rnd2005/031558

(B.1) 9 10 where function u@ is the value at point

r of a Gaussian beamthat departs 11 frompoint r'

do‘gﬁgr%' gr lié ﬁ%ﬂaﬂagpg%oor helﬂﬁe | 6hupOH 8= NsBhce for

i c |nat are such t hat

0
p !apée ﬂaé péﬁc:ﬁ&%oﬂfrltﬂh@n ?eﬂ%uegtﬁ!egtéal g)gi:lzrrrfrﬁérﬁ gg§ stdli®nary

3thpom’eI(Brﬂ)t:§mfo|eap@rchyﬂatﬁd afc‘onst ant v(r) = V., then by
4symTetry, this function is constant, "P(Q PO 15

This constant To will also be approprl ate |
5 wayel ep

actual nmediumis nearly 16 constanf
B30 do
17 el sewhewps? 48,19 I n a condtant \Pel iy gﬁeﬂbfb

Ecn—hn

U Bp (RARIVG R, mﬁp

t he Gaussi an beam gi ven by Equations (A.9) 20 to
6(A 11) Bbplifiesto: 21 zz +qz z w ww i 22 u
TGBe iws +q, - (B.2) caw Vo (va) VQ2 wwl

+i Vus 23 24 Then equation (B.1) becones: 25 2)r

8 W xgalBatisr of thR dafinitedidjral@s@te O J do J sin9.d8 2 2
9exp ico + 2

10 G__F‘IJO(—Zr:zVo]exp(m;R/Vo) (B.6)

11

12 Equation (B.6) is the well-known response for a constant velocity if:

13

14 Wy=—"2 (B.7)
2r VO

15

16  For the present derivation, it is more convenient to change integration

17  variables from @ and ¢ to ray-parameters p.and p}:

18
Py =?10-sin9005¢

19 pl, =?1(—)-si116’sin¢ (B.8)
Pz =%%oos6'

20

21  With these variable changes and (B.7), the Green's funciion (B.1) becomes:
22
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0O 0Owwl +iJORcosO L VO 2 wz1'1l +i VORcosO 27 28

(B.3) -38 WO 2006/ 031481 PCT/ US2005/ 031558

whereR=V-r'|. A stationary point of the integra
wPhedlesg4at 6 = 0- Since for 2 |large w, the priyosiop=i31558

contribution to the integral occur near this

stationary 3 point, (B.3) can be approxinmated as: 4

z 1l z5 G2 rT&, "1 lexp(iwR/ Yp} exp-iwRww B2 d8
11 WG, r'tioys Nalyrwl.p+oyYOR] 6 (B.5) 7 8 (B.9)
Eval uati on tHe definite integral results in: 9|

-27ri Vpl exp(icoRFVO) (B.6) 10 Gw r( Il w) R 11
12 Equation (B.6) is the well-known response for a
constant velocity if: 13z CO14 'I'0=V (B.7) 2g 0
15 16 For the present derivation, it is nore
convenient to change integration 17 variables from$8
and to ray-paraneters p .'and p,': 18 px =0
sinecosO V 19 p5, =1 sinOsin0 (B.8) pz=y0cosO
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20 21 Wth these variable changes and (B.7), the

Geen's function (B.1) becones: 22 -39 WO

2006/ 031481 PCT/ US2005/ 031558 1 r,r ;
W) =awddpdpy' uca(r;r,p' ;w (B.9) 2gz p? -40 CLAI ME:
o 1. Anethod for creating. an enhanced depth-m grated

_ CLAII\@i smc imge, the nmethod conprising:: (a) acquiring

- .. .seismic¢ data. froma seism.c _ su vey conduct ed, over
1 %uwﬁwéaf%aﬁseaqﬂég%rﬁnhewﬁdté g SEIPEICS HPagH: che method
compnsg%ta into a-set of energy conponents (c) creating an

rth nodel having velocity nodel characterizations

@her eaviquiringi seismip detsciomta seasmoic sueeysaoptiestedoverna subterranean
region, the earth nodel conprising a set of |ens
>el ements having propagation properties which affect

@her gyarsforpigathe geisily dutginté bectlofesergl eampm:nts(, d)

fggga%gtlng th;rgfet of ener%]eg rrp&%gﬁptg rou h t %remm

represe:rﬁﬁtim:I dTale 5kbiQrahcaf PidionTitRed é‘éxﬂﬂm%&élsﬂé pﬁ@ﬁsat((ﬁ)lens elements
dentlfylngatarg@hmthe seismc inm i mage

having prapegatieeraperties ) w. eﬁwtwger@ymrmﬁgam@&ugbﬂh# leBs elcments

. éﬁan b ka%dfhaé ﬁedg rbﬁge%%%g%&%o%%%g%ﬁ eelgﬁ% k:l%{-hﬁ:nts to form |

image cbmipahersuwhieh acd cdzﬂnaecbin&rmd&ﬁhmﬂugxaﬁndme;snuaﬁﬁm

| G opa@g V%H} ¥ tar _ \émﬁ%g%lul%mllégg%lt@%se g&%ﬁ%‘?@’ of

fﬂe e@élédﬂin d.ﬁhl su@;gét of §ds€ Eilan Ml GF the ieak chpbaa! fr@fl tﬂl@&ﬁ of lens.
t han al | the energy conponents fromthe se

elements gad gydaé@m@sﬁgowti%ﬁﬁﬁwf Ang el SPhS&@P%@n%Flemets which may -

affect i idgi ;%fifﬂr% a#e{?tf@\g@ ﬂ%déet gl?é g{o gmtgro one%ngf all the lens

eiemenmlmfﬂl@qlarthhnm@hrt h nodel to forimupdated image

QTP oRiRtmy ah GipketRRL B WSO SA LIBRRARY from the sc
of energ;fag@dﬂbﬁtb wihlich mpyl affed iinbgige oﬁﬂfe‘pﬁ'getﬂt S Wt hout

Qﬁpgﬁ%g o RTAYNE of - hels“béiﬁ‘g mthout &QSJ‘gtaﬁné %.llaro[fltge set of energy

region;

corponents through the earth model to form updated i image components; and
(i) updating the seismic image by replacing image components of the current
seismic image with the updated image components without replacing all - of the image

components to arrive at an enhanced seismic image.

2. The method of claim 1 wherein:

the energy components are beam components.

3. The method of claim 2 wherein:

the beam components are Gaussian beam components.

4. The method of claim 1 wherein:
the set of energy components includes any partitioning of the seismic data including
~ shot profiles, common offset data, common midpoint data and plane wave energy

-components.
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2. The method of claim 1 wherein: the energy
- conponents are beam conponents. 3. The nethod of
claim 2 wherein: the beam conponents are Gaussi an
beam conponents. 4. The nethod of claiml wherein:
the set of energy conponents includes any

5. Tarhethbd of cginnfl wheeeisei sm ¢ data i ncludi ng shot

rofiles, copmyon of fset data, co ] dpoj nt dat )
i, BroRERRRPTARY, e ST, oRREBl SHRUER A1 Ien pleiegis 1 grm image
compon&its & RniPuled\i@iEDem Baidropagat i on of the energy
conponents through the lens elenents to formi nage

conmponents i s conputed using beammgration. 6. The

: Aet f i m,. rein: the trial subset of |ens
6. @e@egﬁggolfgﬂagg?}g@e\g%ﬁusi ng ray tracing. 7. The
tire tritd dulodfet of lzhselémadtsrieselectbdesingyayt travingag utili zes a

two-point ray trace search. 8. The method of claim®6
wherein: the ray tracing utilizes normal ray tracing.

7. Bhe BB oABF bRt 6fwigdréihin 1 wherein: the trial subset of
: lens elenents is selected by visual inspection. 10.

the gy EeRE UHZeE BAVATDOINERST 6395 S8R tri al subset of
energy conponents is selected using a 7
directed-aperture. 11. The. nethod of claim1l

8.  Thwemethod of hlsim Giwhersinbset. of energy conponents is

elected using a mgratj aperture. 12. The net hod
BF oY i TS Bl e s ubset o ener gy
.conmponents is selected using ray tracing. 13. The
net ho f .claim1l wherein: the step of selecting a
9. W‘?@I“’g’é’aiﬂ’é‘é@%a}'m?l&y conponents incl udes sel ecting
e $HA1S8bse? b 18P S ints ORRABARY by tildkl igRtbRY pat hs
that pass wthin a predeterm ned di stance of the

: target prior to updating of the lens elenments. 14,
10, TREMTRLAY Rim G Bhdleih, Wher ei n:

the trial subset of energy components is selected using a directed-aperture.

11, ‘ The method of claim 1 wherein:

the trial subset of energy components is selected using a migration aperture.

'12. ~ The method of claim 1 wherein:

. the trial subset of energy components is selected using ray tracing.

13.  The method of claim 1 wherein:
the step of selecting a trial subset of energy components includes selecting a subset of
energy components that have ray paths that pass within a predetermined distance of the target

prior to updating of the lens elements. -

14. The method of claim 1 wherein:
the step of selecting a trial subset of energy components includes selecting a subset of
energy components each having a ray path that passes through at least one of the updated lens

elements.
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the step of selecting a trial subset of energy
conponents includes selecting a subset of energy
conmponents each having a ray path that passes through
at | east one of the updated lens  elenments. 42 15.
The method of claiml| wherein: the step of selecting
a trial subset of energy conponents i ncludes
sel ecting a subset qof energy conponents that each
15. ‘FHV%EQWQQ§CBHFEVﬁﬁﬁﬂnbasses wi thin a predeternined

h g%%“@elgét}ng ANfial &b8&lof % gg %Sﬂl éﬁtﬁ%ﬁd&as%ﬁ%ﬁng a subset of

ast one of pda I ens el enent
energy ciﬁnpo'ﬁhnts mmt loach hofve alraw path_ tlwh ORISR mthha@ m@@emﬁned distance of

‘ | the targ?te Ct Ly ng é)lé\g%es gléattci asggl%g nE’agnc? Eﬁ%glgments

conponents t hrough t he updat ed earth nodel to create
_ dated r y paths far the trial subset of energy
16. %@ﬁﬁ@ﬁ@ﬂﬁg 1 wlEeiBat hod of claim 16 wherein: the
{hE'sﬁ;i) o?lé@lé@ﬁn g0 triaNGIbg df%ﬁ&%?%h}%oh&tssﬁbﬁxﬁé ]%i-oﬁz[géﬂhg the trial
nergy conponents which touch the targe

subset of guergy gpmpemnanss thraugh thesepdatadregth made] m@at@ Hedaggd ney @aths for
18. The nmethod of claim1l
ﬂwtﬂﬂmﬁﬁ%&?ﬁ?k? A éa&ﬁﬁ%e) (i) are computed within a
single interactive software application. 19. The
' tho aim1l wherein: steps (e)-(i) are repeated
17. o fla b "0 The method of claiml
’d«fé&hﬁll fibsdthe e RofiERintd & Rle¢RkFrirt YheToal@by cdhpork® which
met hod of ctaim1l wherein ste éﬁqgék further copprises
touch the fargeh anddayry avh pake ghat- BRs§r ¥ ket conengilyéhenppdpted lens
clemen@€Pth mgration software. 22. The method of claim1
wherein step (d) further conprises: generating the
depth-m grated seismc image wth depth- mgration
™ f responsive to the earth node
8. Egagﬁ@%@é§8%?qﬂ; WBAER" char act eri zat i ons t her ew t hi n.
the stepé $¢)-(T e tBipoEd ofithirl @binpidGnteteties sofevepafiljcafion.t her

conpri ses: erating the depth-mgrated seismc
19. Th%@%"ﬂwdt‘}f g“é‘ﬁt I WhsT8Eat i on i magi ng softvvare

SEPPRIT) W fefeckdPar@1sOGA thofsRL

20. The method of claim 1 wherein:
the earth mode] is a velocity model.

21.  The method of claim 1 wherein step (d) further comprises:
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24. A nethod for enhancing a depth-m grated seismc
i mage conprising: (a) propagating a set of seismc
ener gy conponents through an earth nodel having
vel ocity nodel characterizations therewithin
conprising a set of-lens elements to form a set of

defBEing TGN hgraleidGishtic insageTwith Hepth atigration software.
depth-m grated seismc image; (b) identifying a
target in the seismc imge which is to be enhanced;

22, ri;e)m&méﬁ*of QQmﬁWb?&nn 5D 3 fuRhel @Rprigb@MENt S Of | ess

an al | ens elenments fromthe set of |ens
geineraiing $het deplipehigratedrasismie imagrwish depttmagnation maginggsoftware

esponsBsi e 4 050 S TBRLA ek IhabRid b Thaeiin .
- than all of the ener gy corrponents fromtE: telrr1ie£1|g;;y
23. §§£§%%°gﬁ?@ gé“@S&ﬁLﬁ@&ﬁbig o 'Lpdated earth

SRARINYIthd etth-PRiGRRIPidMic ﬂ’nég@ﬂwﬂﬁ Béptﬁ&ﬁtgi%ﬁoﬁ‘ MeddiG software
conponent s through the updated earth nodel to create :

responwdattweﬂ@ﬁﬂgén onents; and (f) replacing current
i mage. conmponent s with the updat ed i nage conponents
. and not replacing those i mage conponents that were
24,  Achethqabifor enhammgreahapél mi’grmﬂanisaﬁb BwEgs bmprisingpge. 25.
The nmet hod of cl aj ei n: "the ener gy, conponen :
 Ge pORRESORCR, & i e AR ARG, OB CtE model
having GEEHR- bl hftctERIHBhe thefTRdthis 0SMRPHShE @ set(oFlert leRAldnBOo form

a depth-mgrated_seismc HT&g}e usi_ng. an earth mdel
a set of HaggerRPTPORERLS PRLChASY SIMEEQ Fufarey o AsPthupErateteicisipie HPages:

g;g?prid%h%@n%easfieg&iu hE WG5S %ﬁ{ﬁs%b@&lﬁ%&m ¢

ismc I mage conprising a set of 1mage
@rrponphmg atthie! swhsstiof l4nseedemente loli disp ghan alk of Getlens elements

' be en hanged;.. (b 0
som e g1 R D3Pt BRI PPl g B Bt e
denwn&h@ﬂme&ﬁhn@ﬁhlens elenents in the earth nodel; (c)
dating those, i e C onents in the_seis
o e eking o Bis) Rt OneReT N Eeregenth of g el O e enerey
compon%ﬂgsﬁimg{e dnBhS RLRIFBAS oPdte @ earth nodel which
: _ fect the sersmc- inmaging the target; and (d)

éa) bt r BEPREAINETHe éﬂiﬂ@ﬂb%ﬁﬁ @ﬁ {€BeTEN QORPoRRTTS fireughthgdipdaigd earth

‘model @ﬂﬁ%&%{rbﬁhggﬁﬁ% Irall%géfgtﬁ? s @%&%g@%g%%g%ﬁgﬁ%t the updated earth

model terhatcepdated image components; and
) replacing current image components with the updated image components and
not replacing those image éomponents that were not updaied to create an enhanced seismic

image.

25. The method of claim 24 wherein:

the energy components are beam components.
26. A method for enhancing a depth-migrated seismic image comprising:

(a) creating a depth-migrated setsmic image using an earth model having velocity

model characterizations therewithin comprising a set of lens elements and using seismic data,
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seismc inmage. 27. A nmethod for enhancing a

depth-m grated seism c i nmage conprising: a)

propagati ng a set of seism c energy conponents

t hrough-a vel ocity nodel, conprising a set of |ens
elements, to forma set of inmage conponents which are

the selsﬁitn‘{m@-t @mﬁrﬁﬁn‘g areoof ginagd celapsienty] dieatedshisdinsye dncluding a
: b) updating at |east sonme of the |ens el enments
7 mgetw@éhéﬁiﬂé’@'é@%e locity nodel; c) selecting a tri al

(Bybsetpdting '&%QVSL%MI@@MEH logsife TeR@BlelehtsQklebhRE from the
eher yp conponents fromthe set of energy conponents

.setoflemelsngpsaaﬁle eafth prodpla gatl ng the trial subset wi t hout

P04 o A SRR e U i

with chmgamnﬁe gl sabstt ©f 1@19 el evaemits ofythic reagle nuxdnbwhﬂ:htfﬁfeb‘rﬁnmsemmlc
?g@e inal, seismc .inmage and adding in ‘their
imaging "'3{?% i&%€d i mage conponents, without replacing all
@t hRbi:HAES IGREPBRRbEer inl (he seidiid aP@ia88ing in their place
i mage, to arrive_ at an, updated enhanc seismc

updated; ipage componcTiE WiHBOHJEPIIFING| A 9 B1p 1 uméff EPRPONCELs 19 [phance the

sexs:mc?ila cheal | of the lens el'ements are updated in step b)
pdate the velocity nodel. 29. The nethod of
cI aim 27 wher ei n: the trial subset of lens elenents

b VIS |ns |on 0, hod of
ﬁf’g %Or ?%ﬁ g%l%e iy ng?geecneinggg
;£3)0 W%ﬁpég&nhg asel cﬁ@bﬁﬂuweneﬁgjz eombcrneﬁﬁs elﬁoaglea veloeity médel,
met hod "of cI aim 27 %er ein: the trial subset
comprisrg &b PhIPnE BBSAENIOSTONE aget QidPRge ERMPRICHIS Py SHrmmed to

fi %9%5,{ te'ﬁ‘g% Hacsis eof claim 27 wherein: the
orm an updat wragémcon'pcl)nents of the enhanced seismc

bmageupdapingeeleat soms pbhdilens clememietoomdpisibnyeloginompdel;

h I
G et B B AN o R SRR RV A B i ncrey

componzh froh) ﬂfe%ﬁ%ﬁéﬂb@ csmxmnh&t oégep (e updat ed. sel sm c
i.mage and the.ori ismc i

eismic i
O o1 BORE ORI Tih 3% S Gt P RR A BAT I Y Componens
throughQHé fi5dke OFelaHi ) Bhoded kS SFefite nPBLE WiigeRotrpohdnthand
enhanced. 34. The nethod of claim 33 wherejn:
e)  subtracting image components from the original seismic image and addmg n
their place updated image components, without replacing all of the image components of the

original seismic image, to arrive at an updated enhanced seismic image.

28.  The method of claim 27 wherein:
less than of the all of the lens elements are updated in step b) to update the velocity

| model.

29.  The method of claim 27 wherein:
the trial subset of lens elements is selected by visual inspection.

30. The method of claim 27 wherein:

the trial subset of energy components is selected using a directed-aperture.



the step of selecting a trial subset of energy
conponents of |less than all of the energy conponents
uses ray tracing and selects energy conponents which
may affect imaging of the target. 35. The nethod of
claim 34 wherein: the ray tracing uses a two-point

31.  ThidYméthae of slgias Chwhedm: The method of claim 34

wherein: the ray trac:ln %Lr’@ s normal ra traC| ng
thermrﬁ@bae*e@ﬁrﬁ@arafcompap i YEPHE U Fppriur

selectlng a trial subset of ener gy conponents

i ncl udes selecting energy conponents that have ray
32. Bmmsthbthafclpus§7whtetwm a predeterm ned di stance of

|or '
{8 Sad A ik lRbgndsfo 4T KR e R RplE rfesponding
image c5ﬁb6ﬁdﬂts’@om the driginsl ubsmiic pfiagened gmagmmmmnnts for which no
i.ncl udes sel ectin n s ea haV|
updated i Rpe, SUTRPYICETS IS LS 7 SR ) HmAiE oGPy ubtated
, H&BQ%‘ gingll RIEBHE finagd®. The nethod of claim 34
seismic e]ﬁﬂlthtgﬁé st es% of selecting a trial subset of

energy conponents includes sel ecting energy

wa ave a ray path that passes.
33. fﬁ?ﬁ@ﬁﬁg pr%%ﬁ?gSﬁ%né% di stance of the target and
' | passess sdvctadgh ti cureatoriging sefsotihenagsdehickiis te s enhanced. -
~elenments. 40. The nmethod of claim 34 wherein: the
trial subset of energy. conponents is selected from

34. . ThenRNRUGY cRAABIRARIEn VNI ch have ray paths that
" touch the target and pass t hrough at | east e ?
steped splesiing trishgibpet of ggergy components of less than al

components.uses ray tracing and selects energy components which may affect imaging of the -
target. ' '

e energy _

35.  The method of claim 34 wherein:

the ray tracing uses a two-point ray trace search.

36. The method of claam 34 Wherein: ‘
the ray tracing utilizes normal ray tracing.

37.  The method of claim 34 wherein:

the step of selecting a trial subset of energy components includes selecting energy
components that have ray paths that pass within a predetermined distance of the target prior
o upc_iatig of the lens elements.



38. The method of claim 34 wherein: _
the step of sélecting a trial subset of energy components includes selecting energy”
components each having a ray path that passes through at least one of the updated lens

élements.

39.  The method of claim 34 wherein:

the step of selecting a trial subset of energy components includes selecting energy
componerits that each have a ray path that passes within a predetermined distance of the
targetrand passes tﬁrough- at least one of the updated lens elements.

40.  The method of claim 34 wherein:
 the trial subset of energy. components is selected from the energy components which
have ray paths that touch the target and pass through at least one of the updated lens

elements.
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