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15  where to place wells in subterranean regions containing hydrocarbon

16 reservoirs. They also use velocity or earth models to create reservoir models
17  suitable for reservoir fluid flow modeling. The quality of the decisions made
18 by the earth scientists is highly dependent on the quality of the seismic

19 images and earth models.

20

21  The quality of an earth model and the quality of a corresponding seismic

22 image are interrelated. An earth model is typically comprised of hundreds of
23 thousands or even millions of cells or elements which are used in a computer
24  simulation. An imaging program is used which simulates energy passing

25 through the elements of the earth model, constrained by seismic data, to

26 create a seismic image. An accurate earth model is often necessary for a

27  clear seismic image, and vice versa.

28

29  The earth model has various properties that will affect the computation of the
30 seismic image. For example, a seismic velocity field is specified within each
31  geologic layer in the earth model. The magnitude of the velocities and the

32 spatial variations within the velocity field affect the positioning and focusing of
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seism c i mage. For exanple, a seismc velocity field

is specified within each geologic layer in the earth
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variations within the velocity field affect the

posi tioning and focusing of energy propagation through

1 tf@n&b?%ﬁéganwﬁrtﬁ Y@'h théfé@erﬁ@meew&feowp RO dRLBES éﬁthe

between various geol ogic | ayers can great|ly affect the
2 pr bmag@tnee hetiveen vadoudgesledicnayere sengyeatly adieet thegropagation

or G o Pl oy ORES el EBF BtiReRf sty ol e &

4 berh\aegne %élttfomﬁbﬁlcﬁﬁdlgmﬂyaﬁfedt@ry By $he Shapa of tHeeboundaries
veI ocities are not strongay depe dent on the direction

5 of belweeqpapasisaaptimentaty, Pothienvalefifjes geenet erengly
6 CohTIdERL Bn AEUBRIG Sty phiduatih drfy ISR Ofimately
7 nosjpdcifiethasa simplel ibytrolsit achledfialdi dbisrhmpominglconirmorshowever,
8 gl BRI GeGilsghE A PPGP e SBPAEHelel og nisotropio
9 bo@é]oé,ﬁgsf ﬁ/ﬁﬁteﬂteﬁegﬁhelénd the seismc imge. FIG 1

shows rt outlining this conventiona
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1 ne 6o EBBhpE Lo /g dBPOBE P KR GBI EDer e e pement

12 "Bdfﬁ‘f‘otﬁ%é Bhith %odiﬂtafhﬂf’fhééblsﬁﬂc %a@é‘ FIE! PRhbAE ReWEHart
model in step 30. This earth nodel "is based upon

13 | ndwifiniagithis cvaveniiend iterativeliroerasa, A seissiif susignisjigken in step

« S PR SRR BT RSB B0g R
15 cogsdphysicafigeblograeinterpheter Bpially enakeeGh (it determination of

earth-nodel 1 ng software is available from Earth
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18 ne@@tﬂdgmcstmcapalr@rmﬂapts aCumﬂErcﬂéyoamdu@ble programs are often
19  used to construct such models. For example, GOCAD™ earth-modeling
20 software is available from Earth Decision Sciences of Houston, Texas.
21
22 The earth modeling software creates an earth model data file that contains the
23 particulars of the model. The time needed to prepare such a model depends
24 on the size and complexity of model. Commonly, the time needed to prepare
25 the initial model ranges on the order of 5 days to 5 weeks. The technical
26  expertise required for creating an earth model is usually provided by
27  collaboration between a person skilled in geology and another skilled in
28 computer-aided design, especially of earth-model representations.
29 .
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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on the size and conplexity of nodel. Commonly, the

time needed to prepare the initial nodel ranges on the
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interpretation software is used in step 50 to eval uate .
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17 4 eI ot o s S ol
18 avakamaplesoffsushninterpretation software is Seisworks® software available from
19 Landmark Graphics Corporation, Houston, Texas. The technical skills for this
20  evaluation and comparison include an understanding of structural geology

21 and seismic stratigraphy. Several different factors are considered during the
22  evaluation of the seismic image, including: (1) whether the earth model is

23  consistent with the seismic image; (2) whether the seismic image is

24 geologically plausible or even possible; and (3) whether the image is

25 well-focused or is blurred.

26

27  After evaluation of the current seismic image, the earth model is refined in

28 step 60 in hopes of reducing observed deficiencies in the image in a next

29  round of imaging computations. A geophysical expert selects elements of the
30 original earth model and revises these elements in an effort to improve the

31 model. The updated model, containing the updated elements, is then saved
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construction of the initial earth nodel. These

6 consi derations will vary depending on the type of
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18 pnnmpally responsible for the development of an exploration prospect The
19 first step for the interpreter is typically to specify the ocean depths over the
20 region of the recorded seismic data. These depths might be specified by the
21 recorded bathometry, but more often the depths are mapped from a seismic
22  image while working in a seismic interpretation system, such as Landmark’s
23  Seisworks® software. The initial seismic image used for identification of the
24  water bottom can be constructed by very rudimentary imaging method since
25  the travel paths to the water bottom are simple. Once the water bottom has
26 been mapped, this map is saved as a computer data file and given to a
27  geophysicist who is also skilled in computer-aided modeling of the earth. This
28 geophysicist will form a two-layer model, the upper layer being the ocean, and
29 the lower layer being a sedimentary layer. The velocities of the sedimentary
30 layer are at this point only roughly specified by converting initial stacking
31 velocities to interval velocities using a Dix conversion. The salt bodies are not

32 yetrepresented in the model.



often constructed in a top-down fashion, as will now
be described. An "interpreter"” is a person skilled in
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responsi bl e for the devel opment of an exploration
prospect. The first step for the interpreter is
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19 gaﬁ%agmt?pfgagggrintlgggam applied to the seismic data using the updated
20 velocity or earth model. Since this updated model now has accurate
21 velocities at least down to the top of salt layers, the computed energy
22 propagation down to the top of salt should be accurate and result in an
23  accurate image of the top of salt.
24
25  This latest image is again sent to the interpreter, whose job is now to map the
26 top of salt. This round of mapping is not as easy as mapping the water
27 bottom because the top of salt is often rugose. In fact, the mapping of the top
28  of the salt is sometimes ambiguous, especially where the salt might be locally
29  overturned or where sedimentary country rock might be entrained in the salt.
30  Nevertheless, the top of salt is usually well imaged at this point because the
31  propagation paths from the earth’s surface to the top of salt are relatively

32  simple.



of the m sfocusing is nmeasured by the geophysicist and
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19

20  The mapping of the bottom of salt is sometimes easy because the boundary is
21  sometimes clearly imaged. Often, however, mapping the salt bottom is very
22  difficult and ambiguous. The salt bottom is not well illuminated everywhere
23  because the salt top refracts energy in other directions. There are often

24 suture boundaries within the salt that might be mistaken for the salt bottom.
25  Usually, the signal is weak because the salt top interface significantly reduces
26  the energy transmitted to illuminate deeper horizons. There can also be large
27  coherent noise ca‘used by muitiple reflections above the salt and by

28  conversion of the pressure-wave seismic energy to shear-wave seismic

29  energy. Although these factors make the identification of the salt bottom

30  difficult, the interpreter must nevertheless map the salt bottom and save this
31  map as a computer file.
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geophysi ci st. The geophysicist enters this salt-top
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18 Thseécim%?\?s glesgompllcateg and the shape of these boundaries often can be
19  determined by the top-down recipe just described.

20

21 In many other cases, the construction of the velocity model is much more

22 complicated and cannot be described beforehand in a step-by-step recipe.

23  For example, in thrustbelt geology, there can be overturned layers for which it
24 s difficult to determine both the layer shapes and the velocities within the

25 layers. In other examples, anhydrates entrained in salt masses have a large
26  effect on the propagation of the seismic energy but are difficult to map from
27  the seismic image. Even for sub-salt imaging, the top-down recipe just

28  described only results in a sub-optimal provisional earth model, which could
29  be refined by further analysis.

30

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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17 with the image of bedding throw. Moreover, an image that exhibits

18  superimposed crossing geologic bedding cannot be correct. These are just a
19  few simple considerations, but advanced structural principles also constrain
20 the geology.

21

22 Combining geophysical inversion of the seismic data with geologic constraints
23 on 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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6 SORBhSfdrfeRf 6k [PRRIE SR He héWMETFIE0R éﬁé@%ﬁ%’%g?@ld&@ and
th erive no

e msfocus of a seismc inage to
7 cogeephysical avaluatido of thehinsage a$ difissentNdsps.t ke ésterpretes

8 \mrgoer fang imens rer BRRElt MaRdhdioRPRsl Safnelishnd i s not
9 degbRfs Bt ihléFHé?i\é@ﬁ%?bf tHe Inhsgd MPGEINEHRI eRbEROHAN asks them

each different nodel will produce an’image wWth _
10 di tg srpieve dpp dnage. fbeiniginteter gesetally doesmdi@ehdirectly involved

ma el SG,.] | .probl ens, the seismc signal is
1 mﬁth}%&%@&gfgﬁf@ﬁeﬁﬁlgng, making it difficult to
12 di scern whether the inage is focused or not.

Gegphysi cal neasurenents are usually not sufficient

13 1 o%pe&ﬁﬂ%n%@rhQowme&&&m@%teithagaﬁbfm@@%a@;d sfigNiegnages and
Ge . i derati _ . : _

14 BB T A Bl A M bicB S8 et R faoraiyoly

15 geoianty oy albtrst expents. ithi$ & laegdlhduetibi¢he omgeh Dﬁ’ﬁmea’glrakes to
W th existin | .data, .which m ght include the .

16 0 b e G s S S L L8 i imago data
[ . har. 0 :

17 or e 2 Mg s Srb e bREG Q9P E PORMAY, § s many

18 Anbouksroradaystfoacompiters tracomaute thebatarge efddatad files for each of

19sh%ul d Line

e earth mocPeﬁng, seismic imaging, and seismic interpretation steps. As a
20  result, the earth modeling and seismic imaging iterative improvement is done
21 in the discrete steps described above rather than in a fully collaborative
22  fashion between experts from the various disciplines. All in all, this
23  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 shortcomings. First, the computational
30 efforts to update earth models, seismic images, and maps are great due to
31 the recomputing of the entire data files during iterations. Second, because

32  each of the updating steps in earth modeling, seismic imaging and seismic
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with the image of bedding throw Mbreover, an inage
that exhibits superinposed crossing geol ogi ¢ beddi ng

W@ 200608148 correct. These are just a few si nplBCT/US2005/031558
consi derations, but advanced structural principles
al so constrain the geol ogy. Conbi ni ng geophysi cal

11 nirdepiretatioh i be tisl coristntad dt isi dificgk @bragidunlikely that the
constralnts eear’h nodel |s difficult to derive

2 ma /AR %%@f?%/nwﬁlrf&"x goliahpraifarien deeisiopatase neastfeas paw to
3 exgpRbR thb*le%rﬂ’ﬂ%b@élsa BSEmR a g}d&atFlﬁﬁlﬁ{, Z'g% Ba?ﬁﬁ@ of numerous

cannot cross I's beyon the current tec art
4t onetp tph |beCls @indrfoth betvesari WJOLeéxperrtsoﬁtmbpltoa:eysing software

constral nt s he snoot hness t oci t ield

5 ante A 88t Sflond And GG 8BS hefite Hescireuraticomuted or fost
61 Nvarifg e @hhan@fﬁéhtm@égjy]ess constraints should not

be inposed sol ely by the geol ogi st or the

7geophy5| cist. A well-focused inmage that is consistent

[ I I h roguct
o e SEh AT P s o Eindlint metnoo
9 ex nﬁrm&r&ﬂmgx agl selselivaly apdamgceanitt hdrM a6d eeishsit thhges.
is d| fficult. Besides days or weeks of conputer tine,

O efsd ?@mulenﬁ@ecqﬂéagfai@g hedwpen ﬁlgﬁnr@qh egperinin geology,
11 a3§§8’§r‘1 snlf]é 138 s%ﬁ‘?ﬁ@?préfétle a%'lé}? abh eer%oagﬁng éflsed

s st & Lo are ap |ca i ons
12i nthrbegim@dbssteratwetmadesﬁmcmndstlagtthe: ebithpaodd!iapw, seismic

t t on nternedi ate results
3 ar ENEGSH! é'ﬁr' 205 {Ogbﬁ élugl&w@&ﬁ'ﬁ@ HERgesheing prepared in a
14 di ASERBSHAIE pERSY Bflimeand, ESQl%hé/rﬁi Bﬁ(s RXReMUABh gﬁggf weeks or

the 1mage as different steps. preter
15 f eveRr rmcrréig@ Fertberf, fdasillgrmn m’@gnaipdtmeg@misomed in this lteratlve
structure ane

16 of Pt Sb U teshss shoBeelor RpuPlo 2hlpsitkesBus 55 in the

17 | MR&RAICe IdhGahBB@ent gldeessit erpreter general |y does not
get directly invol ved

19 SUMMARY OF THE INVENTION
20

21 A method for creating an enhanced seismic image is described. Ideally, an

22 earth model will concurrently be enhanced in quality. Seismic data are

23 acquired from a seismic survey conducted over a subterranean region. The
24 seismic data are transformed into energy components, preferably Gaussian
25  beam components. An earth model is created which is comprised of lens
26  elements having propagation properties, such as velocity and shape, which
27  affect energy propagation through the lens elements. The energy

28 components are propagated or migrated through the lens elements to form
29  image components which are combined into a seismic image.

30

31 A portion or portions of the seismic image, referred to as a target(s), is

32 identified in the seismic image for image enhancement. A trial set of lens
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i n the geophysical analysis. Decisions on how best to

update the earth nodels and seismc images and how to
wW@erbosst he seismc interpretati on are gener ab¢HUSIINS/031558

col | aboratively nade by all the experts. This is

| argely due to the length of tine it takes to

11 eclomertte isipdetrRd WhAcA rhay gfectith® imagingtdt tﬁ@@&beﬂ@hén their
f| les, seismc image data files, and topol ogi cal

2 sub&RaoRteN REaReTgS @ﬁ@@lter@dm%fm tfacing tectviguemare prelerably
or h .
371 HE8 o PO RER S drfer Ry, RPN SN SR 1 the i
4 an Seseﬁ lens elémests@are tln opdatee jrs an Asfoat toasiiaice the seismic
earth nmodeling and seismic imaging iterative
5 mP8%&ment is done in the discrete steps described
gabove rather than in a fully collaborative fashion
bet ween experts fromthe various disciplines. Al in
7 al A subisies oge@@nggtdonmormnta:wbbhoﬁayc affati inpgitpobihpareat is

SIS A i

9t a&pdat@atémbmfoabetoafbrmwmate@h Og@édrﬁb@ﬁér%y THe s?é?érﬁuc image
and corresponding earth . As describ

10 ab!ﬁ/‘@d?&i@%@é‘ﬁﬁp@ﬁmg Iﬁ*eﬁgﬁmmﬂnamt%mhhemrgem @fausmm gmage with

11 S2E oS ARG RRERIUfgh TP e

12 upgedpmgated huhm;ﬂeifselesmdsenergy ceaednedtd TwPSeidffic image and
great due to the reconputi of the entire data files
13 quPRHE Meds! are dreatively, te Weti b seissmc inagads satisfactory.
14 Updating steps in earth model | ng, seismc imging and
seismcinterpretation is so tinme consumng, it is
15 di Mast prefefainly, dhe methot &rselduingtthe subsétaferexge components
ful are made as how

R S o N T
171 h@p@ﬁé&'lﬁﬁg@fcd%b@féi’%lsda%g@llé\g% g?st?i%%eta&%ﬁe‘?@ Bomponents is
18 eselmggt%dvf?orrhgclleg tr%)rggf%rr;nsédzglsnﬁ)lc data. Thg selection criteria is that an
19 energy component have a corresponding ray path that passes within a
20  predetermined distance of a target of interest. Furthermore, it is preferred that
21  this ray path pass through at least one of the lens elements which is updated.
22 ldeally, this trial subset of energy components is further reduced. Ray paths
23  of the trial set of energy components are traced through the updated earth
24 model to create updated ray paths. No image components need be formed at
25 this time. Only those energy components who propagate and touch the target
26  and also whose updated ray path passes through one of the updated lens
27  elements is selected to be included in the subset of energy components which
28 isto be used to form the updated image components. These updated image
29  components will replace corresponding image component from the current
30  seismic image to create an updated seismic image.

31
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require great efforts and care to insure the data

files are not corrupted or |ost during the enhancenent
wW@e@6o3=81 The present invention provides a ti nBCHOS005/031558

conmputationally efficient method for interactively and

sel ectively updating earth nodels and sei sm c inages.

1 As RayGREIRAMRY IR usd irdnedtithe il ebyBeRnde3émBAts to be updated
experts in geol ogy, geophysics, seismc

2 need gisa tprsedect tgﬁaﬂag @@EQ%/ energygemnegenis bee psefarred energy
th t ' ' r i ' ‘

o nCEHBBAEE L AARCRIE EoR ORES g A BRI Bt aton

4 mode hdgratidn iteagégudesad ispGapssiat beamamigehidn. VEhs iterdtive
peri d.of%#' me, .i.e., hoyrs and days rather than days,

5 ma@aﬂm bR SeisPisdMagans RerormereWithin aind appligatign so that

6 PT 88f=Afbs Bo Lh?)?gxayé‘ td Bb?)a'sts&ﬂ ﬁb’th&arf)%%I?aﬁé{% d%%\ﬁ & packages.

reduces chance or corrupting or
7used in the iterative enhancenent process. SUWARY OF

B eltéft OPlrey e 116 Bissan buaniriGapDyirer Bieq s arbugrkiow i
O W bhrtk @Rsdeling HrldysdiemRITRRARplodratialhdéin AR othSutdabRal time

are acquired froma seismc survey conducted over a
10 sumatiredrie aipdetyeaith mModelsand geismiairnageist sudficientiyreliort that

111Dl fRRBY EATBERERFipiBRE] BT AR Rours rner

12 cottein sty dfschatizedeiregRimisahdehagses Apadatd@ite weeks or months
properties, such as velocity and shape, which affect

13 entd g8Mpledhagat i on through the I ens el enents. The
14 €nergy conponents are propagated or mgrated through

the lens elenents to forminmage conponents which are
15 cottiis siiibanather abjsei rincrenmardally dpdaie idepth nfignated Ineages by
16 of retc%?npsu iinargn y J;h%%%%érée?efacf lrnqgg(;je E:gmggngnttsgs%gtci%%d Wiitﬁ the latest
17  changes in the earth model.
18
19  ltis yet another object to provide an interpretation-depth migration scheme
20  wherein select elements of a earth model are updated and only a subset of a
21 corresponding portion of the seismic image need be updated in providing an
22  enhanced seismic image.
23
24 Still a further object is to update an earth model using not only information
25  from structural patterns emerging in the image but also by a quick ray-trace
26  analysis of imaging focusing.
27
28 BRIEF DESCRIPTION OF THE DRAWINGS
29

30  These and other objects, features and advantages of the present invention

31 will become better understood with regard to the following description,

32  pending claims and accompanying drawings where:
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identified in the seismc imge for inmage enhancenent.

Atrial set of lenselenents is selected which may
w@bdoems148he i magi ng of the target when their PCT/US2005/031558

propagati on properties are altered. Ray tracing

techni ques are preferably used to select the trial set

1 of Fl@N$isch A6WRBA S sﬁbwn@gﬁbhg BoRVaRNElIPEsed in RerativeRl
set of lens elenents are then updated 1n an effort to

2 enRBReRCIpG ECISBIIG iMageHaae calkhdedals; of ener gy
conponents which may affect imaging of the target is
sel ected. The subset of energy conponents are
4 pr 6pagatsal flowtiag bf & herelepdat adbedintdmt o thed ptesehbinvention
updat ed i mage conponents. The seism c image is updated
5y SPRINGCE HETHRRLET SERRBISRE ormPRes A aatin BFe. ¢
gimage with correspondi ng updated image conponents
whi ch are forned fromthe propagated subset of
7 seFHst 2 @flewgphactodgsenibingsray Traeingeieshhinueswgdctanthy be used to
earth del ,are jterative updated until .the seisnc
8 nagBol B8 sidTapaisuBion ol NPT ReCR I ROPREPS SHoh as
o sekRspd BvEIBEIHPHdIacp@ite@ner gy conponents which is to
be propagated through the updated |l ens elenent to form

10t he updated i nage conponents is as follows. A trial

15 TS BB b BB il Sus R IFee see¥Tol Bipray gmponents
12 t hahicareretgypropagaeethrdigvearfusdute e SRethdhbaelr tdYfoRapdated
that passes within a predeterm ned di stance of a

13 t aitgege ePmpAR@Rtsst . Furthernore, it is preferred that
this ray path pass through at | east one of the | ens
el ements which is updated. Ideally, this trial subset

15 of FHRES dlystratmseatsrhie data ousddssed irdd ac@dmniavy-Qifsieh Seofion or

the trial set of ener conponents are traced through
16 ¢ hEPRISHARRGIda M HGHAH DEJORTTERH &1 ZBmPRREG ay pat ho.
17 No i mage conponents need be formed at this time. Only

those energy conponents who propagate and touch the
18 t aF@16 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 salt dome which is

22 comprised of summed image components;

23

24 FIG. 8 lllustrates 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
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and al so whose updated ray path passes through one of
the updated lens elenents is selected to be included
WO pooblozi48ubset of energy conponents which is tRPCDHES2H88031558
to formthe updated i mage conponents. These updated
i mage conponents will replace correspondi ng i mage
1 CORIB®ETTA Bh@MoBhfustte %ﬁbc§§h§ @n@lys@&@n@ %) t%qaéuﬁt /Y search
updat ed seism c inmage. Ray tracing rmay be used
2 seplez faultydmageavheyetn &1erpysemposesis fsa\teotr@@ela@@mr@odlfferent
an c
3 Tl Rhalfe pRUTSURC M sht IRaBES 4R S FBBRERRR e carn
4 compdekningd and the preferred propagati on or migration
techni que used is Gaussi an beam m gration. The
iterative updating of the seismc inmage is perforned
Wi f f ;
6 Pl PR s TR AR Orh S et B hbEReflRuth portion
7 |1 tof an eartbispdate beinghistepadieht diagged twitntheachangeiid ¢hafocusing

|nt ted rkf,l ow i.n eart nodel i ng and seismc
e do sliiant bR et RtR B onal +1 e
9 reqU|red to update earth nodels and seismc inages is
sufficiently short that thls wor kf | ow can be
10 acconpl i shed D Al&D DESG |NQFeBHB ANNGINHOMt her
11 than using discretized programs and anal yses which
require weeks or nonths to conplete. It is stil
12 anAhR&eEnPMGEndt Srefartdesmpbainent Wb dahethdeirbh creagingteed
i mages by reconputing only those targeted i mage
ﬂ@%ﬁl’&ﬂdsgea%@@dﬂﬁgédmﬁd%ntﬂ@éoﬁd@t'"'@@w’tfh’@ﬁg@@s‘?w ipyention, is

14 eﬁ%ﬂ i ?{G. i.th y’oeén@ﬂ‘%ﬂ%% s Fe?g c}f%téﬁso’(é@‘épégt?o of

i on-d I'on sc wher'ei n” se

15 el EIGa.sThé n@etlaaai bhna:mdefrltlyarp&mmpelaba@aaﬂhdﬂodélyalang with the
subset .of a corresponding portion of the seismc image

6 ne%%ls%‘@\?ﬂﬁ% ed in providing an enhanced seismic

17 i mage.

18 In step 110, seismic data are obtained from a seismic survey of a

19  subterranean region of interest. The seismic data, if so desired, can be

20 organized into data sets which facilitate further analysis. In this exemplary
21 embodiment, the seismic data is organized into 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  else, the seismic data may be organized into other data sets such as

25 common-midpoint gathers or common-receiver data.

26

27 FIG. 5 shows a two-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 fraces that were recorded at a particular offset vector. An offset
30  vector is the spatial vector between the seismic source and the seismic

31  detector for a trace. A trace at a particular offset vector might be available

32 directly from a recorded data set. If this offset is not directly available, then
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Still a further object is to update an earth nodel

using not only information fromstructural patterns
werwsgsrgl i n the i mage but al so by a quick rayPCT/HS®05/031558

anal ysi s of imaging focusing. BRI EF DESCRI PTI ON OF THE

DRAW NGS These and ot her objects, features and

1 ad et asiesd ﬁécé@@arﬁ)bé%@ Fo%in’ﬁﬁfé&ﬁﬂ') BpPying 8RR RBEESSIng
P the folt

understood with regard ow hg descri ption,
peﬁtﬁn&g(sapﬁuaﬁgngvmoat@rad@eﬁw ﬁ@gr@e&\/ﬁeﬁgsﬂaﬂm@m Gther offset

is e I ly use
31 ¢ ¥BolorSe PR rERE Y Bl SRl atileld into o
4 F| @GreR- dlmeasfdn@‘/\ahay bf vdlues.pThé dirstetkicobp@ thrs-dipheridienal
a. wor kfl ow for creating

resent, i nventi show n
2 ePERYds hﬁa@ecs@rcg%t"@sr tIR rﬁfwén of the fgsst axipds ther llnawtlon time of
ch |
O ossy PESEAT o2, TRe JACRI A Y AU Al TR gBSitions of
7 pr tdpagddpaint kpntm/@entthesou&edndashetehmpéomaoreﬂr@m.t y
field, updated; FIG 4 shows preferred steps used to
8sel ect a subset of energy conponents which are to be

gpr QIPQS? ¢20 1RESY' dBtALbtY @Qé‘irﬁﬁsf%ﬁhba |ﬁf€‘iﬁerg§f’ cf)ﬁfpghents For

i mage conponents; FIG [l'ustrates sers
10 dathﬁ p'ﬂ@@é@%@iﬂthlﬁﬁbegfl@ﬁmoﬂledefmeenw¢Qmp@ments refers to a

11 2P P b s MBI e R al RS Ehinnrae BnfeSE g

12 Gausas@nmbeamhe@nerQY cempoabeELALby iftiedd Bey gaﬁttubnmgomhe
aray path; FIG 7 1llustrates a seismc inage of

13 su@@@ml%ﬁlaéawm&dmgjm nipliles Gosnmemsfissbdais: cgmmimlmldpomt
14} PR SRTBOAEAo BhSiyBoMKRHEHIAL &2 L0E et o

15

16 In this preferred embodiment, the seismic data sets are transformed in energy
17 components, referred to as beam components, and more preferably Gaussian
18  beam components. In the case of beam components, the energy propagates
19  approximately along a single ray path. Several physical energy sources, for
20  example, air guns, contribute to each of the beam components traveling along
21 their respective ray paths. By way of example and not limitation, 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 to be simply an identity transform on the recorded data which

27  results in the original shot gathers.

28

28  Each seismic data set, i.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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showi ng (A) a transform separating events near

| ocation L having dip pm; and (B) these events being
w@e@postsed back into the earth along all shot - PEt/E81005/031558

ray path pairs that have dips summng to pm FIG 9

shows a display used to analyze the probl em of

1 Cr OBRI, FesRitk ed Risfari Be@m&\ﬁig@‘éﬂ@ GEGY 5SSy ollie 88d
10B il lustrate a focusi nﬁ anaﬁ%sm usi hg a two- poi nt

21 apPPs &2ER04R0Q1 X andap wi e eescribedrigdetaihpelawnt s
have traveled along different ray paths and focus at
different |ocations, indicating a problemwth the

4 eaNthongid abt agprefEired, the tehefaniatios ielodrearh Soadpadients could
ear nodel. being nodified with a portlon of an earth

5 su.a ct?? pRifPINehinercsordanaewidh Hisgeensipimat %W@tﬂmeewflbed in

5 upataa LB 4B0 R R PERP M ROR NERER iy Gavsstan

7 ex Blepmsr‘ ythartdacmmgeof whichrdre dienelnyt inabrppratednodreference in its

v BRI Ao TRRRHER Aol S mIsG owirReth i R,
93 @HlisdianEyam Wiy Fétﬁb‘?ﬁ Gophl&es, V&anR%h l;iﬁp 1@ 65@(1@90)

The et hod concurrent y optim zes an eart al'ong
10vv| Bheth hfethgeafemmemtmé pubrhcat:ccﬂ@ toMOR. il are alscbanaoraoeated

117 BT By ol YRHEo bR YaS lndhuding: G538 Beams.
12can be organized into data sets which facilitate

further analysis. In this exeg)l ary enbodi nent, the
13 seinsttiecprgaent prefasreshmesad (Hil Mbﬁ-tar’f%@trnaﬁmmfdhg COs

4(%@3 sé‘fjsﬁr% tn’e%ﬁb?fdmb ean é@rh?gh%'tt gm ZPaﬁ]Q(? ugﬁ*@dthe

in"araw form € reco Fon o
15t h&)ll@w@mtma’ucal expresswmon shot gat hers.
16
dx’dy |l -1)?
17  DpL,p,0) = Dh(r w)exp|iop’ - (r' —L) - -——2 (1)
Wi

18

19 where D,(r',w) are the data recorded at vector offset h after being Fourier

20 transformed into the frequency (@) 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.
29
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el se, the seismc data may be organi zed into other

data sets such as common-m dpoi nt gathers or
w@ownsisecei ver data. FIG 5 shows a two-di nePGT/o8m05/031558

exanpl e of a COS data set, which, for this particular

exanpl e, happens to be for zero offset. Each COS data

1 sefA provisitthes e8fth nddad ¢ sordiRictabines teRCRINRAiCALis Representative
parti cuI ar offset vector. An offset vector is the

2 s p&f paublasansengeginearhich sosiinmetisqraspectivador Redrocarbons.

3 o Teb pal Bl e breted ohATodhobio et y B 1S e D™
4 r esoftdert which vsﬁdlsbtﬁssdd sbadef set is not directly

avai |l abl e, thenthe desired traces can be approxi mat ed
5by appl yi ng standard processing steps (such as

6 MY R hAREdstiafkddd OF had %éué t'i e@énﬁ n@reagfb?&housands
WG 58

of fset vectors. i n eac e sel sm c
7 t r acgilliangobealist éFdwa vlocity pﬂmpeetled;l oféhs |ceHmIn theregriromodel

I t f the th di I
5 sltRe the BpHlt bf SEMITEn<yB b SiateRe Agocaingly; o1 e
9 t hgumdjsb!s@‘f k8 sbééﬁﬁcéﬂoﬁ A% 8RIrRET theSOUERSshdl hse ?éi’@%d to as
axes are the X and Y spatial positions of th

10 mi dpm glemeitecanthase oslladirechenerogsisiartoftbe n@@rmer in which an

114 B R i, RS SRS B T B b

12 spﬂtiaré itier@tighn Thehefrhetions' eietiegyy tough e Rhs'@éREdtd fre
of conponents into which the recorded seismc

et
13 daﬂspead%m APpy de proragation grarerties vE thanisdijdual leyselements
ma [
14 PO ne R ATOMG, IMsthlod . i blorifion properties
15 m dpy intludaf luteard nok dméteddy cthe Eiogyetrio shapenthe.velatity field,
this preferred enbodi pent, t sei snc ta sets are )
16 il it o SR epgs Tea AEe el e el o saarmssional
17 COBRARABLSyel8Rbesor € preferably Gaussi an beam
conponents. In the case of beam conponents, the energy

18 pr opagat es

19 A migrated seismic image is generated in step 140 utilizing the earth model
20  and the energy components, i.e., Gaussian beam components, in this

21 exemplary embodiment. More particularly, the 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 to form a seismic
24 image. This Gaussian beam migration is preferably carried out as described
25 in Hill, N.R., Prestack Gaussian Beam Migration, Geophysics, Volume 66,

26 pp. 1240-50 (2001). Although not as preferred, the migration could also be
27  performed in accordance with the method described in U.S. Patent 5,274,605,
28  entitled “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, Geophysics, Volume 55,
31  pp. 1416-28, (1990) can also be used. Appendices A and B describe,
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approximately along a single ray path. Several

physi cal energy sources, for exanple, air guns,
w@ewsslast e to each of the beam conponents tr aR€l/Uszyo5/031558

along their respective ray paths. By way of exanple

and not limtation, other exanples of energy

1 corgupretvely, meerwmmhu SeiusBian Bedras @A the representation of a point
rrat henat i cal |y anal yzed or deconposed i ncl ude shot

2 gabRice Ry Gapsgiar baaMHBIrBAEAN- t r ansf or mat i ons such as
3 pl ane-wave transforms (F-K transforns). In the case of
shot gathers, the transformati on can be considered to

4 beFKBn@)Isyowa al lskezmih icbnponansaitemermngy hes heearmejéctiat imto the

5 Copein eradng cosfoy 16 recovesBack 3na g ReRY paths. The vertical

gtr éﬂ@f&é[ﬂ&% HBL§ iR RildrABtare bAd %O‘Pﬁbﬁ@ﬁ BQI@q‘% RBris&htaPhosition.

ener gy corrponent S, In this case Gussl an eam
7 compermagtes© l$mersresea’raw© ohtitel anglée of ddpalttune aad airbal trtthe

8a38?§ S S, Tlop serifgimRaS 2 M s BaiBHsRls SEEhad pv
fbje@tmgvml bedf chfﬂdh@htsﬂﬁéﬁ@ tsifrdSpedti@idy Peh8nd summing

t hough not as preferred, the transformation into

10 penicennidpidians tedue Mmage i the rpennerrdrasripadae Edl (2OJe. The

11 Pt it SRR RIEEE, o EnRIREICT? HPEDs sl diteRapean sat

12 Ustdomme@A0ks sThe sidgRipeam tdoenporaah tlogisterf inviFI: 16 @Urﬁnbutes to the
her eb |nc%§orated by reference inits _entirety

13 { UPRRBIC TFaBR POIRERtP oM ARl 492 O efamedddter saledome fank 202 i
Hi ophysi cs,
14 (ol Wil S R g oo Ceop
15 af or enent i oned publ ications to NR Hill are also
rpor ted here b ference for thejr
16 goLBp MiRslserereg s aap L Eva B o Hiokuses reumsdwdwaging
17 pr Eﬁr‘%l %ddé%IBQHI il Oiddrbo@09 )., CBQ/%etGﬁ@@a‘PédEﬁdr@om/aves in
data sets into cofrespondi ng beam conponents
18 | slrﬁmqgem@uag\ﬂefga wiills Applications fo Delineation of Complicated
19  Seismic Structures: Geophysics, 35, 407-418 (1970) and Claerbout, J.F.,
20 Fundamentals of Geophysical Data Processing: McGraw-Hill, (1976). The
21 up-down imaging principle states that an image is formed by cross-correlating
22  the downward-continued, recorded wavefield and the forward-modeled source
23  wavefield. In the Fourier domain, this cross correlation of the two wavefields
24  corresponds to 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

oG (r r', )

28 (r0)=— [y ) @

29
30  provides the downward-continued recorded wavefield, where r' =(x,y',0) is

31 the detector positions at the earth’s surface z'=0. A Green’s function
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foll owi ng mat hemati cal expression: where Dh{r', w) are
the data recorded at vector offset h after being
wo-ounioarst r ansformed into the frequency (w doPeli/nS20851081558
where WL is the initial wwdth of the beam at reference
frequency wi . The transfornmed data areDh(L,p', w |,
1 Whew@, rventighse kesofhst at paine vt 106 8RR JRRdt | eRRisanth beams
di rections of the beam conponents. Transform Equation
2( Enjeritse sunmehbdertvatian Wyrek@vessidg arGreents fansfiar a5 an@aussian-

to,a Gabor transform Fach of the beam caonponents i s
3¢ PhSABT S ONEREon; APRENIGES /A ek RATe) ke R Ay@ency
th BoYI ! figd Ay
¢ VS SanaT U ARSI ot dl s Bet ol B
Sprojected into the earth. In this instance, the offset

happens to be 2@; . A provisional earth nodel is
co ruched:® tx@y 'ch kS representative of a
6sugfdé’rrr’gh€amﬂﬂeg@n ﬁ%@c’%ﬁt@i ns or is prospective (3)

for hydrocarbons. "For exanple, the preferred earth
7nodel i ng program may be the GOCAD(tn) software which
was di scussed, above. The earth nodel is made of many
8 celhere pepiBps Pedels thaRarraalizest bearpubdhodtipinitial ppnéﬁgns
of cells. The velocity properties of the cells in the _
9 ea%-ﬁ 05@8€|<Aa1r1\§e3 etrﬁ% path %&tbieéﬂ‘ BEBSBIs AT @) dadialRp from point
propagation. Accordingly, for the purposes of this
mspéci"‘%iﬁcré’yivgﬁéériﬂ'cl aims, these cells shall be
qreferred to as "lens elenents” as these cells direct
energy simlar to the manner in which an optical |ens
12 di Geetisslfingdtion Hdpadtions(3) tdrpuites nhatethersourse peiht asihcides with the
ener, passi_ng there_through. The refractions of
13 endi PPW&E@*%S fHS- | UNGe episminfallegtian gEp&yadivesieiely spaced
14 t NEoRICER MR dABCBFO MBS EQ:EJattiBﬁ é?)"%ﬁ%&l&' %3 mb&fi&d so that the
el enents conprising the earth no g re
15 pasburce! poihtyy’ cahdeedifferepafa the ipitiabpoiht elthe rays r,. A simple

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
. dpl dpl
’ 140] X ' . ! '
19  G@x;o)=—If - quB(r;ro,p;a))-eXp[—za)p (r —ro)] 4)
27 Pz
20

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

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

23  integrand, the saddle-point integration in Appendix B should also include 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 all sources results in the image:
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may include, but are not limted to, the geonetric

shape, the velocity field, including anisotropic
w@pweisisgati on of the velocity field, and the PCT/US2005/031558

conpressi onal and shear velocities. A mgrated seisnc

image is generated in step 140 utilizing the earth

nmodel and the energy corrp%rél;e lgs, i.e., Gaussian beam

co | | rg ’éﬁﬁﬁj@ .. 1?@(
! parqp?cuﬂaﬁiﬂm%%@,‘égt%so bearﬁzgonponent’} ‘are lLledcfer:%ﬂal))y ®)

propagated through the | ens el enents usi ng Gaussi an
2beam nigration to formimge conponents which are

Thi s

o SHULPER Bl ST BB T o
oserieg bubkd b Bl sslgel Satssiop Boom -

5 Al though not as preferred, the mgration could also be
performed in accordance with the nethod described in
6 U. S]hst%%ai ehsurbmgtdiBO&ly @rﬁrisbh&l\;t;h élﬁdﬁﬁﬁﬂ&cﬁdrgﬁ@itimf as in
Met_hod . Usi ng, Gaussi an. Beans", i ch, has previously
7 beEHURIRR (Bnihe BIGS6A fopgHIeso Snphpsizsst the applicaiipn of the
nme [ . S : ;
® 1 G gERe RS Prthblyg el e SR AR, e giggyaton
9 canvardisdes bes olsatheddopmitionrt s, Andidfsét h coordinates:
descri be, respectively, theory behi nd Gaussi an Beans
10and the representation of a point source by Gaussian
beam sy tion. FIG 6 shows a beam conponent after
enémgy { b&h projected into the earth and the
Tenergy,i's recei ved back al ong coincident ray paths. (6)
Thé Tv%{ruicarsc)axi s displays depth in kilonmeters and
hori zontal axis is horizontal position. The angle Qis
12representative of the angle of departure and arrival
for the b conmpaonent. The seism c i mage of the
135uE9H?€%§§{BseC8E{)e§rned by projecting all beam
14 conponents along their respective ray paths and
sunm ng
15 I(r) = |[dhdh,1,(x) (7)

16

oG (r,xg;0) *

-2
17 Ih(l')=7Idmﬂdxde’mDh(rmaa’) Py G (r,rg;w) (8)

18
19 where D, (r,,,»)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) into a final image.

23

24 Touse 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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their contributions to the image in the manner
described in H Il (2001 ) . The resulting seismc
w0 pmge3148s shown in FIG 7, displays a subterreCEES2005/031558
salt dome 290. The single beam conponent depicted in
FIG 6 contributes to the seisnmc imge of the steep

1 f | a@é@rﬁ@l&h@ﬂ By1AsSIGIAE intbhtBe Sateratenes H l?d’tlénz(%?ﬁ ok/érlapplng

g;al ned within the rectangular box 294 of

SHBSEN Jergtions daaicie SPRFOBEARIVQ ALY amye@arﬂ%

3 up down i magi ng principle described in C aerbout,
J.F., Coarse Gid Calculatlons of Waves in

Inh genequs I\/Edla Ilcatlonsto Del i neati on

Mol i & t res Geophysi cs, 35, )
4021 agr kzou Fundament al s of
Ceophysi ca t ro es¥in l\/bGr avv- H 1T, ( 1976). The

5up down i magi ng principle states that an imge is
fornmed by cross-correl ating the downward-conti nued,

6" eV@FQ‘?i W? e )t,(ﬁlrggg&fo%‘rea hs. WﬁﬁgnﬂBﬁin lgﬁlcé%" pbfnts that spans

wavefi el d. h er donai

7 Cofﬁeer]aﬁbé%@t réc'%?déd"@eu%\f@{ié ot dﬁﬁ} C@}a[x?% i8R r\‘/ﬂatht %, is the same

over requen

8 dow@w@é mﬁ%mbb%%dwgs%fé ,@br;s*e bough@ro@ev 6% SO &

of the source wavefi al ue int egral
9 ( 2betyrasni b e sthreeidilyanaitide points nlied noecwmtidgatibn factor in

10 potfunfition® Eheoine or e AliendbBegRHER Gtguzes the
11 fuéﬁﬁﬂoﬂmﬁ%n QNVithin dacH peaii Wfb@%rﬁtth@%)%r@n%%ﬁ

source at pointr' . Gaussian beanms enter the current
12 deGi(way;myand ¢ (expopsrs ehpsendodematsr, funethiand gs=h—h (see

Gaussi anbeam summat i on. Appendi ces A and B show that a
13 hi b3 14tbgUdiesp stens @seitat i on of the field at point r

14 caused by source at point r ' is: (3)

15 I(r )NZZ—C"C Z_[dco”d dp? Hdp" P, gy (1 L+ h,p%; @) 1, (1L — b, p* ;) D, (L, p° +p°,«

16 (10)
17

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

19 changed to new variables p” = (py', p;’)and p" = (p, p}), such that:

20
i =pd+p}
P =pl+p3
20 1 (1)
Px =Px —Px
ph=p$-p3
22

23  The new variables correspond to the time dip in common offset and common
24 midpoint gathers. With these variable changes, Equation (10) becomes:
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where uGB(r;r',p'; w) is the normalized beam (A. 9)

wth initial conditions (A 10) and (A.1 1). The ray
wEaiok/08@sl beam uGB(r;r',p'; w radiates from pPCTUS2005/031558

with ray vector p° . Geen's function Equation (3)

requires that the source point coincides with the
1initial point of the rays. Since seismc reflection

surveys have cl osely spaced sources and detectors,

2 ho Iy — i é/’éhglqu, HADf (1ed"5e)t hat t he(12
so\lﬁxlrpl\gl(e9 poiEg%qerggﬁ%)e |ffe?§1{mfr%(m he i)nitial (12)
point of the rays rO . Asinple way to do this

3modification is to insert a factor in the integrand of

4 pol e T Uy ) SR G Ekmeion EQiatog (D467 Bakoe! S4Bt b, anc

source points r ' in sone nei ghborhood of the ray
initial point rO . Since an additional phase factor
has been introduced jh}@ the integrand, the

6sadﬁ.-l<ﬁmp*"rw>4=ﬁt’-@ggnaps B BIDRRI% B FROUEA b))  (13)

i nclude the addinti phase factor. These
nodi fi cati ons, however, do not result in |arge
7corrections and nake little difference in migrated
eeds by usi t he simle

[ es, This derivatio roc n x

8 aggg%%t}?&tthérﬁ)rfmﬁ@'eatq?&?aveﬁ?ld thoﬁr{m b@i- oHie sum and
fr all sources results in the inmge: (%) Function

9 o Aleratcn Oh S Sve Fengonabiscion By BdeieriBinens iniial
point rd = ¢ xd, yd 0) when the source is |ocated at

10 r sdiregtions, p'sang p’ of thet keam sompenentyindhe dategransvelt
source,.ang. detector positions, as in Equation (5), the

1 pr EQEAEOR | ati on enphasi zes the application of the

12 i magi ng operation to comon-offset sections.

Accordingly, the integration variables are changed to
13 mi dpeipnopagediod defsteleed hy Empiation41 &sincludes all pairs of ray paths

14 from the source and detector such that their dips are in accord with

15 Equation (11). As depicted in FIGS. 8A and 8B, 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 to 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 travel
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 rfor 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
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Equation (5) becones: (7) (8) where Dh(rmw is the

field recorded at m dpoint rmand offset h. The
waevasi4en Equation (8) is the seismc i nage fPOMUSADH031558

coll ected at the common-offset specified by the offset

vector h. The integral Equation (7) suns the results

of common-offset m actiilons (8) intg a final ijpage. To
1 user e, Grepn=s ggéf_dﬂ‘q PR SENLRS|E SN0 Byt On (14
(4) h|(n iﬁneg?al 2Equrat ipdn (gi)@g’i tsfﬁg ?ﬁ cgg(r%d%r?z t be (14)
partitioned. This partitioning isacconplished by
2inserting into the integrand of Equation (8)

over | appi Gaussi an functions that sum approxi mat el
3t o%Mmsﬁ{fa . pction rp”. 1'9)Is g perduct of amplifudes)of the two

ranges over g t\w-dinmensiopal lattice of points that
4 bR e Traner )5 ermai ap BBl dmel Hass  The
5Gaussi an width WLis the sanme as the initial beamw dth
(see Appendix A). Constant a is the distance between

6neqr(ﬁ%tmlzﬁgiEng,?de@Tg,;;ﬁg points. The normalization f15)

factor on ( i's appropriate for a hexagona
7lattice, which optimzes the approximation. Wthin
each partitioned region, the ray origins for r,rd;w
8 anwhete T &; ph)aard dHogeh ate theecamplen traviel imesdadthecbeams
=L-h (see FIG 8B). These steps result in: Equation
9 ( 1epmirex rorsdeteci®r mad ageaedsd poinfs tlaadi nthriaitinbray-vectors p?
vari abl es are changed to new variables p nm= (px m py
10 m aad’phSteeppst-descents evaluation would result in:

11

12 Up(r;L,p™;0) ~ dyexplioly] (16)

13

14 where T, is the complex travel time Equation (15) evaluated at the saddle
15 point and 4, is a complex amplitude. The amplitude 4,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) would

19  determine 4, from a second-order expansion of T(r;p”,p") about its saddle
20  points. This expansion could be achieved by using the same dynamic-ray-
21 tracing information used to construct the Gaussian beams. This added effort
22 todetermine 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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h,py h) , such that: ( 1 1) The new vari abl es
correspond to the tine dip in comon offset and common
wor@posnsl gat hers. Wth these vari abl e changesPCT/US2005/031558
Equati on (10) becones: (12) where Dh(L,p m w) is the
transformati on Equation (1) for data of offset h, and
1 ( 1Bpudiart (18)ewhichds partpagaht nasgunnay ehé ttdgre edramated by

NI TN T N —
B e e

4 degr;ipbgst) occhesiat rea pl 13) thaiCavdehealdddrapoimt 65n bdYocated by
paths fromthe source and detector such that their

5 di pearainy bl reslcaiubsoft b fontied valoe(that rhinimizs tlemnabedry part
in FIGS. 8A and 8B, the dips of the shot ray and the

6 debBZ(10p” Y. Minetlastustep ds pnysenthiecdedrseteigunierage dbhihedimplitude
of the data conmponent Z) 11 (L,p mw) . Efficient

7 evaf tigttworbasims fonthe iveliemfudt.i An advaslagesofithisodiarthattthe
pre-stack Gaussian beam m gration. This summation over

8 t hBregssiaak end gostetackanigrrfionstvsl wive eilas rersdts witen applied to a

de d ecorded data, suggesting that travel
gtigrr%'% e@ge;[%;%?}egn Is the essential role of Equation

10(13). Large contributions to the summati on occur if

11 bob? cwr%e?t aengorﬁgl?ai ﬁ%eg thgt?onp%ig;twilrl ng’? glv&ar;/% hsa?/gethe isolated
12 saddle points that are supposed by the approximation Equation (16).

13 Approximation Equation (16) will not be valid in some cases where there are
14 multi-valued travel times. Nevertheless, since Equation (11) restricts the

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

17 contributions. There is an advantage of searching for the minimum imaginary
18  part of the travel time instead of the maximum real part. Although these two
19 points will coincide at a saddle point, using the minimum imaginary part tends
20  to select the most significant saddle point, when there are contributions from
21 more than one.

22

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

25 ‘“targets” 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.
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val ue of ph (see FIG 8B). In general, the ray paths
of both beans will not pass through r at the sane

wo a006@3@81 ph . Contributions to the summti on BIIE$100$1031558
(13) could be evaluated by the nethod of steepest
descents. Equation (13) may be witten as: (14) by

1 usifnge (M&Je iHRGhONaHderiBicht, IQHéan *tlﬁe ééﬁh PAcUBIGE evdluated and
arrplltudes of the two beans; is the sum of

2 t hEdigsl dxeelpgigeaand QWVS(CE‘&?SWF@ ef ﬁ)ma( imggeigresgrncurrently
s ToElamigh, B Q0 SIMRLE ! AUSkobl BT RS tcient o

4 i nguesiionaale vacbe psolpt! mbtetaptvely &r@ﬂmue dadgeophysical

eval uation would result in

5 colpay By apats chiicbsn stPbaStadye Uyatawody te Toiewing
6 sadghmproi nt and A0 is a conplex anplitude. The

anpl |tude AO0does not depend on frequency because the
7st eepest descent s eval uation of the two- d| mensi onal

8 f a&}e%{e ne;{a eﬁ%re- %%{nggegﬁhysigjhfj‘ wg&o are léeally experienced in
9 st Af@Rtbn 6€§é|§ﬁﬁ§d§fé&héﬁt§e%t aftrifoseaior ¥l (4 elePbfls from the

determ ne AOfrom a second-order expansion of T(r;

p
10 m panth amsiel. This tsaleptef lRnmelements is t@mmgddwdda@rwtt@npt to

11 SBAGEE B AL C R S A, Qi seiptions
12 addietherits ard lehe elerhents that At iffeotier 1@1’&19%@ innthiehegion of the
present theory, however, because the imaging principle

13 ustaagels Ry VaR'Pﬁé%hm%léﬂ*ﬂ JrecRiefesably usied tgsedde gyigance in this
14 of SGRESSH g@ceeequgqmea@éu inSFI'(%S ggééna Sbr 464 wﬂ%wescnbed

correct mage a ar e’ seconda
15 Fobelohi. sAlBonIFIl(?eCB sroabs atﬂbwchart describing these ray trac;lng
16  techniques. Other methods for selection of the trial set of lens element to be
17  updated may also be used. For example, the selection may be made by
18  simple visual inspection.
19
20  FIG. 9 shows an image 302 superimposed over an earth model 304. Image
21 302 was formed by migrating synthetic seismic data and is superimposed in
22  space over the earth model 304. Note that the surface 305 in earth model
23 304 contains a model anticline 306, i.e., an upwardly protruding “bump.”
24 Image 302 also shows an image anticline 310, although the model! anticline
25 306 and image anticline 310 do not exactly match. 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 model 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 reflectors 312a and 312b at the boundaries of several layers. A suspect
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foll owi ng nethod provides a sinple, fast evaluation of
Equation (13). The first step is to assune that

wEowansasl (13) can be reduced to the form of EQREL/US005/031558
(16), which is tantanmobunt to assumng the integral is
dom nated by contributions near an isol ated saddl e

1 pOIpthlonTQ idlenitifiagbysdraphichlly positienag bakitay 161 (Eﬁ&l 33)' #tbst disk
the second step is to assune that the sad
%ﬂf‘ QYer A(SUSpesh Rmslorb ettheseaith fr@siellmage li -t ofc‘ragéwo
th I
3 val%ﬂgéﬂ’gi RorR8IoRS 3§28 IS SSRRTH pbaRpaHichdtaty féfkiing
41 magifaee jn panth nufdet 804.p Afteph)geophiisicisé fitesictpely positions this

5 boSeetiin e [hiied B Rro i 16ay BRga a0Pep enpaubl 6 is traced
6tha sfelpem Roftha r@rﬂ%@‘ééﬁ g?to%}‘sk'ﬁﬁfﬁh%@gle%'él%rﬂb?ﬂ?s toa

simlar results when applied to a zero-o
7 O recsuding, dature (oohphawn afriee eqthtm@d\el(&la) Thie recmmdmg datum is

he i.spol,ated saddl e points t
suﬁ@g‘é'gaa frélﬂlémgﬁg g(fs(ﬁ(gml%ﬁurgaﬁgxﬁsorﬁc?%%d s normal ray 316
9 Apgesiliat theselsitia o rdcbPdedat LerbQiffdee ¥l béro dFfse@Most
cases where there are nulti-valued travel tines.

10 NepBPEGYdraMSEs along soineiaitipathy intthe ypmesd rindtdowriveard directions.

11 SO f U M o O B ERULSR ) miche o

12 | npﬂgﬂahs l@khé‘l@&&@hmddeﬁﬁm thnattare résporiiise fhethe erroneous image
con}rl buti on Ther e |sla$n advant age of sear chi

13 ¢ nB! HORPIGHTETRIGr A 127 300 812 FRE SXpapla, 106 FY $ HRiRl. o
14 of rft@r%e_aﬁxé gHmthﬁlthé’gmclmél d0ahe ! iRiPHifie 306 is
W | e he m nimuim

col ncl at a sa ol nt, using 1 N
151 matg:uonacy itraight berils caoses ef thetfatﬂh;elmmgé 3@29mctormmgly, lens
oi,.nt,, when .t here ar trlbutl rom nor

16 ¢ nERTERES (S BTOX) it SO R P 6 e 5P CHathgestop 160 as a trial
17 9eB8f Grtiels Blenidifts WHikHPA /B b@c uﬁé&@d Mﬁ)é’\t‘wéﬁe%ﬂlgﬁg\gng the

iterative refinenent. In st 0, one or 'nore
18 of iImageptihe target.
19
20 A second geophysical test is shown in FIG. 10A. Again, a reflecting disk 332
21 is placed and adjusted in step 161 over a suspect portion of an earth
22 modeliimage. The disk 332 is adjusted by using three-dimensional computer
23  graphics to drag the disk into the desired location and orientation. Ideally, 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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"targets" are identified in the seismc image which

are to be enhanced by iterative refinenent. A "target"
waebablo3rean a portion of the overall inage sel PCL/Es2008031558

enhancement. Usually, the target will be a small

sub-vol une of the conplete seismc image generated in

1 st ARwb4Soint Ry XA fch LWsich %II kﬁBM/nQS those élﬂﬂ’é@i’ﬂ% art of

portl on of the seism c i mage encl osed é rect angl e

2| nseiswic ray ihepsy.tis patfaimedinggteprtfd igems fetd:\teedtememl!@.@tlons

th t
3 cBLIBRErafF g B vo ol e Yoy Rt REL R BB ping pmotes
4t heneaalztmuﬂhie(t&é individvalhuaie ileratidelyedijldted at epspgiutar reflection
and hysi cal aspects of .the inmge are concurrent]y

5 ox BRI UNUIARS 2y SPUCRANIARIACIPR Intepeis Fg ket Wi the
6 9°aL@) Eﬁ:aﬁﬁn&@% el sg)gfe(}PéoﬂJdé%hH%‘?é&o&a{‘rlPeengﬁ@ﬁg FIG. 10A

i nteracti I ¢ and geophysica
7 by shews gayeﬁm-gdetermu@d msthishesgrch Iprossduat ot dlythiehaffsets

f ol xampl e. | tep 160, an interpreter and a
geUh’M@P {(Pe\%a %?%qflaeal |y experienced in nmigration
gof seismc data then select a trial set of trial |ens

el ements fromthe earth nodel. This trial set of Iens
10 el mneatrays i1 FES bAver detetminedathedmageptarn be ehbelaskfor

t he. . rth node esultin eismc | The rial
11 safipeySnd e Rt A0S bETEPUNG B ahEi M iray plong®ach of
12 af firgle ﬁa?@ 33089! rmeléhefr@etré@egir@rblﬁﬁg eheh tray 98ba-j Rl correspond
traci ng techni ques are preferably used to provide

13 guFQjafh% ef the ergrgy sempeonesdts poviceddn step i120i [Tioukelpxplain this,

in C

4 LTSS s Moy bl B0 RS RESBBLY U Ryree rove
15 t e@B6iagdetetetibh ﬁysrﬁﬁmtl'fe@fer@gﬁcbnmneﬁts‘; he., tbeiaa

set of lens elenment to be updated nay al so_be used_.
16 FoPORRGRBNS, inling PEeiped iGESﬁmHWY@QW ey Shergmerging angles of

al inspection

17 v ’Ec’hue detlectsoe andI source rays 336, 338 define the ray vectors p? andp®. Asis
18 illustrated in FIGS. 8A and 8B, energy traveling along this path will appear in a

19  COS as events that slope at a rate p” = p? + p¢ in the x direction and
20 py= p;’ + p, in the y direction (see Equation 11). Moreover, energy

21 propagation along this travel path will appear in a COS as events located near

22 the midpoint coordinates x, = %(x, +x,), v, = %(y, +,). The location
23 (x,,y,) and slope (p;,p,) determine which beam data component contains

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 to 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,,y,) and slope (py,p;) will not, in general, fall exactly upon the
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FIG 9 shows an inmage 302 superinposed over an earth
nodel 304. |Inmage 302 was forned by mgrating synthetic
w@eismodasdat a and i s superinposed in space ovePCT/H82005/031558
earth nodel 304. Note that the surface 305 in earth
nodel 304 contains a nodel anticline 306, i.e., an

1 ups@ngled iwdg ol Bad poussd whbﬁ%ﬂ%@@rm @bmputations

i mage anticline 310, although the nod anticline 306
2 anﬂreisﬁﬁ@%j BMI(?):IT'F\%P@W@@%‘@?”@%@W §8W§’l6ﬂ133 PEﬁ‘SCf'Hﬁg in Hill

3 S0P i 576 uftlentlyRrsg foramyra ShigrBga Rl VAN ER R ween
4 er samplegs Tdnt tirak iseee8 bD sampiduevaluegebliad sy thik edtyieval will be
5 CaTEal S5 SR A LTSSl s o
6 nin%rﬁ{aﬁbﬁ&ﬂ%hé%%e@}l#hbhﬁa\?é}éé BidmRagta f{%thar e correct.

For exanpl e, inmage I S suspect "becduse of crossing
7ref|ectors 312a and 312b at the boundarles of severa

nt f b i cal |
K HePinfTaEe R et Bp ef Bvel oty MU & K, B! boam
9 a ﬁé@@%ﬁdus;ﬂgyéd WS%th@w |@@6Iﬁthbﬂié%€tb/th@ﬂﬁ§ e'ne@rthé)@@k
he two crossing reflectors 312a. This disk 314

10 beEkSirewBaslﬁ@M@artzﬂaynecbtra@@fqrre@cwav path.i A ssaalt wingewepf each
1 ofred e bR SRR LR VG 1 AR RS tme

12 30£long gael rapt i‘ftBé@alrm moaaaaérbmmb&pcdﬁécmmeralwwd be no
fromthe center of disk 314 through |lens el enents to a

13 1 colgitan fip eAeGlion RueNLFRIRoSHo tiRée faceRs i Iavstace travel
14 ThEMBREATIA R cHpbe T Sif E\%ﬁ%rﬁ%fﬁ%éeréffe% b &h tfg‘?event is a

selsm Cc survey ‘was reco S norma ray 3
15 delmaupbers atrhuentsar cfiffaced aff the ecivabeithew sesndc ehksgpt, indicated by

15 ok LS i o o S eSS paso

17 Of FFd‘ﬂe1 d@%o@@e@e@’%@l@% 3 Qﬁlﬁui%ldaﬁﬁ§ 119AtQAB 'é%ﬁth"\’ﬂ@ﬂ@l is incorrect
here m ght be problens in the earth nodel

18 ar alongshetraivel pathsindicriedin bKa.oUHA.i H'am’tlcular |f the earth model
19  were correct, then the travel-times computed by ray tracing would be larger at
20 the larger offsets or less at the small offsets, or both. The incorrect focusing
21  of the energy appearing in FIG. 10B causes degradation of the image in
22  FIG. 10A because the contributions from the different ray paths do not add
23  together constructively.
24
25 A geophysicist observes that the rays which illuminate a faulty part of the
26  image pass through portions of the earth model that are suspect. For
27 example, the ray paths in the synthetic data of FIGS. 9 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. 10B is further evidence that some of the lens
32 elements falling along the rays paths in Fig 10A are incorrect and should be
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of crossing reflectors 312a and 312b. For exanple, the
ray 316 in FIG 9 intersects a portion of the

w@niososi48e 306 in the nodel. If this anticli nepGD6S1085/031558
incorrect, it mght be the cause of the faulty inmage
302. Accordingly, lens elenents that are proxi mate

1 nosdiabietiayThaksiopd,&he dracéieshdnts fatBrd hffc@spted by t’He I%S_‘/is shown
of I'ens el ements whi ch are to be updated in the

2 of inj it J0AGay ke se‘lmré@d o1 staic1€Gpy @@ndlﬂag%scf@ﬁ ghe tnaFI) set of lens
3 ge E%%%g)héﬁjegtt%?g 'S p aceddz f]hgﬁéﬂ% | n'@?%%'nltgf region

4 ovefrtha tsrggpect portion of an earth nodel /| mage. The
di sk 332 is adjusted by using three-di nensi onal
conmputer graphics to drag the disk into the desired

6 | OKALINRR c@uﬂdgfa‘tlgﬁto%tn'n?ﬁhe lsdRakibY of MHFLO sscl;‘lehﬁants is that some

oriented s par al | he beddi ng shown i n
7 i npgrdioos ofther imagedatichgnddel m@htcbquabmjcrtedlbje tmam Dt’r@rs For

i - di f f h
8 & aBatinohr sShEMobtitis SR chireof Pah iR Muhtid baBhaiEed by
9 33®en bata. e@ﬂﬁr%rﬁm tﬁ@%@%&ﬁodéﬂéﬁe %aap,rdt to FéWs@ﬁ‘ %'e@ause

i ncidence to the disk surface 332 equal s angl e of
10 r em%@tnoﬁmn%we@e@nrtsﬁr@@mdwbaae@ upara degeased off arabigeigus

ra t spaced-apart |ocations on the recording
1 %{%ﬁtnnérﬁiacq%ﬁtercept | ocati ons are conpared agai nst
12the actual | ocations of the sources and detectors used

in the seisnmc surve)( of step 110.A twg-point ray
13 ¢ r Bl Kleshews apgsxampie ofan |lmﬁ%ﬂﬁ2tsypeﬂ6@@8§1i .U|pp@dan garth

gﬁm@% 49 Cﬁ\ @W(ﬁuﬁn@yoftlé\%o%%mérﬁs Eééféf’@l‘%)‘#\xdéﬁy%%&t%d as a

to na Intercept locations ese
15 t hmad; eetsafilens eievr&gntgwbmﬂ't fopch thers pentaireed witkinithis sub-volume.

16 SaibiGae Henlns sieripals 4Bt fiscioiisss! dibe Fhbniaphhape of
17 PSSR MRILIEPIC FLeALIIASUAOH i Liice
18 deteginrvissdetifieddisibledikeiyncarisa. oflmafocusmg because bump 410 is
19  geologically suspect and because rays passing through bump 410 are

20 misfocused. This surface region is repositioned by using 3D computer

21  graphics tools. The geologist and geophysicist modify the earth model by
22 using 3D computer graphics to drag surfaces of the selected lens elements
23 406 into different positions to change the propagation properties, in particular
24  the shapes, of these lens elements 406. Alternatively, the propagation

25 properties of these lens elements could be modified 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 Dby the ray trace analysis described with respect to FIGS. 9 and 10. Ideally, a
32 geophysicist/migration expert will collaborate with a geologist to determine
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shows rays 330a-j determ ned by this search procedure

for all the offsets utilized provided in step 110.
w@ewe/08ays in FI G 10A are determ ned, the i mERET/U2V0HE31558

checked for m sfocusing in step 165 by retrieving the

energy which travels al ong each of these rays 330a-j.

1 Theoenssgd Yo upasiel the Gefdoted) setesa of Bhs3a18mdntsM This collaboration
cor espond to one of the energ¥ conponents provi ded |n
e

2 st spoyldddeatly esul inghanges torine lens elgmests whichgen
3 gggegﬁbﬁ%éé] Tolf Y651 tﬁ%g@égﬁg} |f\rtMe RalibuSEeRRHE ﬁﬁaé@%’ 5nd also

etector rays herl'r "ener gy conpon
4i . produsesseisroigintages which aregeolefienle glagsiigl BExgmples of

5 < 0T HAGElpR PiGgeria BT IR e igjoq B s el bileld of the
6 - ééle'c%d édlbé%tt "oﬁFe%@ elémghﬁsanoﬁtﬁe%g%%f tﬁ@@é Bhs elements This

traveling along this path will appear in a
7 ev ghage caatbest nﬂﬁe@ge@graaheahy( bymcpmn@l swrfp&e&oﬁ hhetsmsp)ect lens

8 b tone: Hte il By bP chdfeds bA5EHG okiEEnce the

9 t r ggismi®ahAgavnldy inBIDEa! by Wa§ o@%ﬂ@l@éﬁ@h@t leﬁaﬁéw the

near the m dpoint coordinates c nr 2(cd s) , ym
101/ gmﬁ@tr@pmodelﬁp@qf@amn%ﬂff{\@memltlemd sl ope (px

11

12 Before actually updating the image, the geophysicist can quickly estimate the
13 likely effects of the modifications to the earth model. By ray tracing through
14 the modified model, the new position of the disk in FIG. 9 can be instantly

15  determined by map migration. This repositioning of the disk is a good

16  indication of the repositioning of the reflection events that will occur when the
17 image is revised with the modified model. Furthermore, the alignment of the
18  reflection events in FIG. 10B also can be instantly updated according to the
19 modified model by computing the change in travel time along the specular
20 rays. Although FIGS. 9 and 10 show only one disk, many disks can exist at
21 once in an image and corresponding model.

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  contribute to 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 trial set of lens
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m py nm) determ ne which beam data conponent contains

the energy traveling along this ray path. In
w@arbiozuBar, the | ocation and sl ope determ ne PEEUS2005/031558

argunments L and p' appearing on the |left side of

Equation ( 1) . Al w sanples for this (L, p') pair

1 ar glehedrits eTes hrcgBirsaiaridideinge phevidies Idrgesthen thd ®eam width
and i nverse Fourier transforned to the tine domain.

2 Thio Bekigednaion diat snay @oye iiA qr.oalhgf theniaaoeted imageibgsause of
d
3 o BUfe8 %o ME pRirkidafEn pichatfe BrERagn; Berolle, FGRIRI cheok

4 ]S xlrmtsar@eeamlldemleqame (agma‘rm)}waﬂs) thmlalhgh ab}lte,ast On%eﬁﬁTeade%ated lens
a exact y upon thesa val ues of L an '_used . .

5 whelemMsEie o FRCRgY SPrBPPR N@M??éé%ﬁ@#éﬁ MGk ba%%féﬁ%%ame“a
by ; S

g e A e B S

7for accurately i nt erpol ati ng val ues between sanpl es.

g The L ' bt t hi
8 1 ol $1eb] Tharey Patis SRdried e UaE tpiealk aath el for each of
9 beﬂm fripsét &%?@oﬁwb@néﬁ%em@téﬁf@édﬁbu% @hd4tBE image

energythat trav | on a ray pat beamtrace is
10 r e@@mQO@dn’ﬂSoWhmlﬁ C@fnntﬁ@thr@ily paensive meadnotipaincased at this

et iy FeR R Ehut et KB B3GR G s e

12 f ouS@mdﬂccbmpuwwdatéd fhage compdavnief t@@ﬁdétéa(?@% ba’c‘hs of the
been plotted after having been delayed in_tine

13 t r Hipd pet pheneoy sgMpeERNisare arpivaed ia step 1f¥§déilrs¢,eth@ ray paths
14 f)é?rﬁfslt ayQ@bEahls th?pﬁ)‘h‘é ! a(il gt Sk oﬂabftﬁe ¥ eﬁ%‘ﬁs must also pass

| on event rom race ecau
15 r ajhrougit et teast ehe of the waddted borscdlemenes. t Tieose ensrgly
16 ti rcrgmggnérqt% vl\r/ﬁlfc;\ %%tvg %pg\a/\ erc]it ray'%%tr(\esy r%%tetmg these two criteria are
17  then included for inclusion in the subset of energy components used to
18 compute updated image components.
19
20 Those skilled in the art will appreciate that other criteria could be used to
21  reduce the number of energy components which are to be used to form
22 update image components. By way of example, and not limitation, only
23 energy components which pass within the predetermined distance of the
24 target might be selected and the other selection criteria ignored. Again, those
25 skilled in the art will appreciate that other methods of choosing the subset of
26  energy components can be used and are within the scope of this invention.
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 components
31  will be changed due to the change in propagation properties of the updated

32 lens elements. Similarly, the updated image components will also be revised.
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i neup on a nunber of traces of the arrival of new

seism c energy, indicated by a systematic phase or
wa@epbios4ee change on a seisnmic record. |In the PEBHESIN5/031558

FIG 10B, however, there is a shift, indicating that

the earth nodel is incorrect along the travel paths

11 nmhe@eieeh:c imkyés adddpddtad paster 9@ Only trtdmm@e"dsmmonents
were correct, then the travel -tines caonp

2y apelpna@grt@ the sHBSHOf enes canPeRRNts aﬁ*@etﬂesfm §é@|@ 1$P are
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contri buti n fro fferent ra d t .add
5 ¢ 0gae FeMPUBLRHTIGERShe RUGRaH LT bR o Baghisolie Hve
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pass through portions of the ear nodel that are
7 suthseiotagerond thedmzige, camponenis pasdtiatied witietheymew enetgy

data of FI.GS. nd 10 pass through the bunp or
an??'@PPﬂ%n%@éelarqg?ﬂe earth surface 322. The geol ogi st

g and geophysi ci st anal yzing the i mage m ght suspect
that the bunp is incorrect, perhaps because the

10 mapfihoighoit is olsegsentialgpr theecurra dnvantioanthegersnauter fime
11 GRS BER R TP B bR Bl B Py Pol R S 5PE 0

12 pav\m;hl arefih goidwaye siniitp te awthedededwibled hea@diroltRd. et. al, A
Therefore the | ens el errents that are |nterce

ed b
13 t heireglps- -RpRstirei irghhe "1’@5@%@9 8l- 5B GeIRIYSiGH L‘T‘@S'”é%
t t [
14 32 STRRESHM §E Cebhfal Sdciy f ulte, T8I SEETBR g0 68 and by
15 t hb(rebsg dR |nfU tSlePaten’gﬁ,ﬁ40,®66t behtle:b mmgcmm YelocityiAnatysis

6 po DS TSNP TR FEALMEN St RIgREoBe ot etheis: feray
17 Ezﬁr@gﬁp Q?Q?p”tgﬂ“%”dée'ﬂ%rﬁagq?ob@g%ng’?{”g.bﬁg?? Hly t&¥ing beam ray
18 paths that are in the neighborhood of rays reflecting from one of the disks
19 used in step 160 (see FIG. 10A).
20
21 This neighborhood is determined as follows. Test rays of step 170 must
22  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 direction 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 to 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 tracing. Moreover, the

32 alternative methods named above compute the image solely from data
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wel | data. O her portions of the earth nodel are
subj ect to revision because those portions were
w@ovsMs8t ed based upon a degraded or anbi guoURBCHERXNH/E31558
i mage. FIG 11 shows an exanple of an inmage 402
superi nposed upon an earth nodel 404. A sub-vol une of
1| essnmpoasait Wit the ﬁmqé@rsEaﬁ@lldper@xeé et eshtesstathlerduttent
set of lens elenents which touch or are contalned
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3el gﬁﬁ%%pggﬁt é]eaw @f the boundary shape of

ghfi'g reglon shown in FIG 11. A
4burrp 410 in the surface region is identified as the

| i kel f b b 410 |
ged1 SRR nS galharodslrones Fem i AR str ae Rralgled t
6 bUHBte‘}%e,aFf% %%%‘ﬁ%%torgmr%o‘fufzé%‘?s %@ r&lots y discussed are

reposi tioned usi ng 3D Conputer graphics tools. The
7 ge@V@lgamd Iankuldg@oph)y&meihst thepesirtty model saramia‘temite\lvlﬂbyhe seismic

hi. d f
8 o oo 2 BBHSF L BBMIGEnadh i Gddlielt FRushid 8fevan
9 Chﬁﬁgﬁbleh an@(®PeBé&the? thePineRfy bivesli-fdcls8d bt iLhlupiedt he
shapes, of these lens elements 406. Alternatively, the

Opropagatl on properties of these lens elenents could be

no g, I I
11 b e RPN R B R BB ol et
12 andellrliﬁatmglthe lst;bte‘rraeiedﬁ geoldgy, ite opdattdathagehis used for mapping
propagati on pro ertjes of the selected subset of |ens
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t b h
147 BELnEA SRR D fdlion B Skl ROt Eg e LAl unu

15 103a1|1$fedbrw$elamg3em::‘rg,$md eartmnmcml lawcmqmedt wil |
16coI | aborate with a geol ogi st to determ nehow best to
update the sel ected subset of lens elenents. This

17 COfrhéQﬁé@éﬁt%éiﬂ@H'di*/er&ﬁﬁéé marn9~°dﬂtﬁe 5RofEHRRS ih @ohPentional

| ens el ements which enhance t
18 |terat|ve methods of constructing earth models and seismic images. First, the
19  invention greatly reduces computation time by ideally incrementally updating
20 only the portions of the seismic image that are affected by the latest earth
21 model updates. Second, the invention preferably integrates software (earth
22  modeling, seismic imaging and seismic interpretation) corresponding to the
23  steps 30-50 in FIG.1 into a single software application. This helps eliminate
24  problems associated with the repeated transfer of data files between discrete
25 software packages. This integrated application ideally links three-dimensional
26  desk-top graphics with high performance computer engines so that the cycle
27  time for revision of the earth model and seismic image often takes less than
28 an hour.
29
30 Beam migration methods promote quick turnaround through incremental

31 updates. This quick turnaround and the integrated software fosters
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geophysi cal focus about the target(s) in the various
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14 € o@é’[fb%s fg?‘{ép i eﬁ{b%%lrﬁgﬁtsrfﬁ%}eboz,% I egfaﬁﬁ%%%lfsdhave

ormu I Tageé” component's
15 upld@én set fbl'th fonp@@os& e I||l4$1$dit(0ﬂ$ itawifl lbeveydprent to those skilled in

16 Solpecart BT dhre yon B SoBReRLb eIt Sl SR DRGEE At Batain other
17 pr@ét‘éﬂé‘ﬁb?ﬁc% ﬁé’relﬂ“é‘é#%&%on%fd‘e?ébl?%th%ﬁt 88F48Ng from the

conponent' s
18  basic principles of the mventlon
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contribute to the image near the target is sought. Ray
pat hs of those energy conponents conputed in step 120
wae®@eossked to in step 171 . Rays correspondi POI/US2005/031558
each energy conponent are traced downward fromthe
surface and only energy conponents having rays that
1 pass within sonme predet er MPRPENDIXtRaNnce fromthe
target are candidates faor this trial set of
2| ensel enents. This predé':t"’éﬂl AN BRAMShce shoul d be
g larger than the beamw dth to include beans that may
nove into or out of the targeted i nage because of
4 upthsezppendidheumnapizgathrea-dimepsiohakGaassinhédaarsand presents

5 o8 ROt et e B 2t ek S0 {ahehd Fiategniratibod used in
6 el 8P 8bscifiERRIgYA ﬁﬂ%@ﬁﬂf:@n Me@asgnaﬁ mlﬂﬁﬁtco%ﬂ of

of these criteria are then selected for 1 nclusion in
7 t hdynamigl rayéhe@fy ap@e@rSalnea@weM byCeyvepy, 172 Theappieatien of ray

N 7 T

9 r eFlaREbbbK 6f GRaphPslchl Mo rattiRBsisint: shéurolalds: Geophysical
conputational ly intensive, need not be incurred at

10 ¢ hPEess; re. 140F(19BREr Anethat Bublicatinn fsseripingda figging is

11 COTBAMAR, 5. LS NS 9Bl el Er e RS (0e

12 energy conponents are analyzed in step 173. First, the

be‘%@twﬁwﬁiwgg ﬁgg?rggiht Bwé@iéaﬂié‘oé E H{?Sﬁﬁa\éﬁl timeyfigld to
4°n§e&fnd$\%e vﬁﬂﬁ{fﬁeﬂtéﬁéﬁ% Bic3-is:Those ener gy

conmponent s ave upda ray pat hs neet | ng these
15two criteria are then incl uded for inclusion in the
subset of energy gonponents used to conpute updated

16 i nd§@: Lodporeht 59 MkDge skilled in the art will (A1)

appreci ate that ot her criteria could be used to reduce
17 { he nunber of ener gy conponents which are to be used

18 1 Owh8fds is arc length along the ray and ¢, and ¢, are coordinates along the
19 axes ¢ and ¢, that lie in a plane perpendicular to the ray at point s (see

20 Cerveny, 1985). The axes & and ‘éz are constructed such that the

21 coordinates (g,,4,,s) form a right-handed, orthogonal, curvilinear system.
22 Function z(s) is travel time along the ray path:

23

24 z(s)=T1(0,0,s) (A.2)
25

26  Vector q is a two-dimensional vector,
27

28 qf =(q1,92) (A3)
29
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updat e i mage conponents. By way of exanple, and not
l[imtation, only energy conponents which pass within

wa b@opsrset er mi ned di stance of the target m gheCD®ES2005/031558
sel ected and the other selection criteria ignored.
Again, those skilled in the art will appreciate that

1 ot 1RE oNEThERESIe QQQQﬁét’ﬁQ M8 afe! BEeSe@Indeil&iditive of the travel
conmponents can be used and are within the scope of

2 t htimel flI@ NithaBspédt t6 teP cdSdindide grarbgf: of energy
conponents, or beam conponents in the preferred
3enbodi nent, is propagated through the updated earth
nodel to form updat ed i mage conponents. The ray paths
f §§e ,qg@_) nents wi |l be changed due to the (A.4)
hanfg ropertr es of the updated | ens" ™
el enent s. Sl m arI ‘“Zf e updated i mage conponents wil |
gal so be revised. The seismc inmges are updated in step
190. Only the inmage conponents bel onging to the subset
6 of Eépemsggn %m)@netanss naddirat mdmderrva@ve@ beczauw,éor the isotropic

dat ed i dat a uted in
7 eogaerongiidiad I8 reBip snantect BEH e MeBbRR Ak Pppendicular
gthg gg,gvr ous earth nodel is replaced with one conput ed
according to the current earth nodel. That is, the
9i mage conponents associated with the old energy

10 CORRPIP I SerBE B RBEIASEE W OB EUGLLARAL 214 kA% BRGR

conponent S assocl a € new ener

11 ar gqasttwrithbh PG Attt ERIrdiRBRANTTIHS st yikRR a non- dinear,

current I nvention,” the conputer tine reqU|red for step
12 17orObmrymha‘ferQOUaleenLraylon§omM(b) mlhestandard preceditrb@i slynamic
which are in sone ways sim.lar to methods descri bed by
13 caFayolracingisto @ducarthls,&qgav%f%@ﬂﬁlri@a( gYeleRi:r chhof f
gMgration, et al., in Geophysical |maging, Synposium
of Geophysi cal Society of Tulsa; Tulsa SEG pp.

1511@(6}5 an Krebs, J.R in U S Patent 5,640, 368
15¢ ed ' S})&r(ati on Velocity Analysis (A.5)
16
17 dl;(s) =v2(s)V(s)Q(s) (A.6)
18
19  where P(s) and Q(s) are 2x2 matrices such that:

20
21 M(s)=P(s)Q7'(s) (A.7)
22

23 Matrix V(s) is a 2x 2 matrix of second derivative of the velocity field:
24
2
25 7, __ov_ (A.8)
9q,0q

26
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Usi ng Limted-Aperture and Monte Carlo Mgration". For
exanple, the ray tracing conputations in step 170 can
wheooseshysed by only testing beamray paths thaPCHDS20051031558
t he nei ghborhood of rays reflecting fromone of the
di sks used in step 160 (see FIG 10A). This
1 neisideothars el mastcd m\ R§dafistidsahb %naT@éhaﬂ' &Y ﬁn t‘h(e VIcmlty of

step 170 nust depart omthe earth's surface wt

2 sofhe mRyaRRtheihei transpepaquationicendher bsnbvnlmbtooietem@me the
&?}éi‘c‘{'f@ﬁ%ﬁﬁ epﬁigﬁ J%@%ﬂgx b Uttlgﬁ t§’ ;ﬁé(ﬁ%%All' @gv e{aﬁa’ﬂon (1). The

4 sonesuttiredediation rRed angul ar di stance fromone of the
rays reflecting fromone of the disks. Limting the
ray tracing in this way is simlar to the Iimted

aper ods msd above in that the chosen subset
g of ?Bti on i s based upon (A.9)
i nt w)dbﬁ@(eby id | fy?1 ng réfl’ection events within

the seismc data. The current nmethod, however, limts
Tthe i nput data not only to conponents falling within
some  sIm spatlal aperture identified by ray tracing,
8buf’°5{r’§bzetd B Sipdnent s that propagate in
9d| rections also identified by ray tracing. Moreover,
the alternative nmethods naned above conpute the inmage

10 sorrhlexchfarmend@ftsmmmp(weg) i8 ddtérimined bg the Mitigkone@idngl chosen
ure. In contrast, the current nethod updates an

11 exfcytmatgmf%@t@nﬁf BRI Quc Fﬂ@a@hpm%@w@rﬁ angiQ.Khere might be

2 SoRB B EEh 2P, o A (RPNl By 268 0. On e

13 evathsatedd! eomplexrintigevdliied bEP sddeQwahi b?é @ﬁdsérnys@ﬂqat (A. 9) is
not. Factors as previously discussed are eval uat ed

14 n@lvxﬁMSrﬁ;bO'enCie)d Wi flequenty solytian efdbescatar wavei equsiion.
with the seismc imge; (2) whether {selsmc:lma
15 i s cheist & ceripigx lﬁltlabgaluﬁé iU, hat imb elS p@@alves;e inite and

| u
16 V\h%tep i Ot qgen ﬂ%%e quah¥ves ho{doé:\yesrsvc\j/hgrre é|8n8 the raydpath In this

17  case, (A.9) is the well-known Gaussian-beam asymptotic solution to the wave

18  equation (Cerveny, 1985). The particular initial-value choice:
19

ivv, 0
20 p=|"'"° .
)
21
v, 0
22 Q= (“’IW’/ X J (A1)
0 a’zwz/Vo
23

24 results in a beam with initial width w, at frequency @,. Quantity 7, is the

25  seismic velocity at the ray’s initial point s .

26
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If the image quality is judged by the interpreter as
sufficient for accurately delineating the subterranean
w@embopsl t he current image i s used for nmappi NRCT/US2005/031558
prospects, planning wells, estimating reserves and for
ot her technical and business decisions. If not, the

fiteration of steps 150- 19QApthnﬂxqgted until a
satisfactory seisnmc |Hﬁge and earth nodel are

2created. The pRERRESENWTIONM OFARQIEE SRIHRCE! t he
shortcomngs in c | f s of

3 constructing eartﬁwgg Igg]g‘#dggg?@ﬁ%ﬁ%w First,

4the invention greatly reduces conputation time by

Ly, jpcremental |y updating only the porti
5 ¢ nEne P oM ragel EaooRtd & PesradmaipaRenedsasksian beam
6 eagh Mgt updates. Second, the invention preferably
integrates software (earth model | ng, seismc inaging
7 and seisnic |nter pretation) corresponding to the steps
30-50 in FI 1l into a single software application,
8 Thir wemp H Prtes Brrobl:@ds associated with the (B.1)
r epeat ed transfer of data files between discrete
9software packages. This integrated application ideally

AL U okl ALl s
11 oL Rhnd B B\ R R Ak R e e

12 pr Qﬂﬁ’érﬁzaqébéﬂﬁlﬁéﬂéQQFé)éU% {2 EH% rt F@éﬁﬂﬁgrﬁr@n Hﬁgi‘fo‘ﬁﬁ r ison

Thi's quick turnaround and the Integra
13 f othteedde d + Ab duaction WE)wewst be detayminechdif feppélpsity field is
experts during the iterative updating of the seismc
14§ negstankv@hr Th tHBAGY.SYHBP b bis HEFEN & apnstnt, () ='F,
trial -and-error corrections to an earth nodel and
15 seilBisigonstaniel,, willalse palappsenriate Hithe metust rmcmur@asmarly
nodel , howev can be informed not only structura

pa?‘?ré?tﬁgt f@ﬁ@?@Wﬂ@VGﬂﬁ&%@S PhegehBROUEISs @ums 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 2 -1 . 2, 2
22 ug, AL L expiim| — ol +i————q1 4 (B.2)
Vs Vs V, 2aw +iVs
23
24 Then equation (B.1) becomes:
25
27 (T . a)lwlz Rcos@ i R?*sin? 6
26 G=‘P0f d¢j sing - d0—— expyio +o—s
0 0 wywi +iVyRcosé "o 2 wywf +iVyRcosl
27
28 (B.3)
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qui ck ray-trace analysis of imaging focusing. Detail ed
anal ysis is pronoted because energy is analyzed into
w@ovposest s t hat travel along ray paths. Thi s BOEHUY®0S031558
can include |locating problens in the earth nodel,
poi nt and click velocity neasurenents, and qui ck
id \d ixcation o ; : L
11 dGRkkd R:_k \(}g\'/eé s&@{%ﬁ%@”{?(ﬂﬁ%’ﬁ@h@ |ﬁ@gtelal%:%uféoét #L0TBEce for

conpressi o ore

Sp I 0 » . r » .
2R o A o B D R AREF FieaF B Staionary
3 mapyiniigBal) carhbe appeximated d0rt h for purposes of

illustration, it will be apparent to those skilled in
4the art that the invention is susceptible to

alterationr and thaty certain other detai Ipé descr“lﬂzbe

hereL vaPyiconsider . —ge ti g™ romp2

e e HE S
GAUSSI AN BEAVS Thi's appendi X sunmmar I zes

g three-diggpsi onal Gaussian beans and presents a sinple
beam parantterization that is used for the mgration

7method used in this specification. A full description

of ssian heans. i.n . on t. of dynamic ray theory
8 apgggtﬂgﬁpﬂ ogkﬂ?eeggfgwedbpe%é&\;g%@?s -, The application of
gray tracing to the propagati on of shear waves in
conpl ex nmedia, in Dohr, G P. Ed. Handbook of
10Ge hysif eddz iBy pbx(ar ROKy) Sei smi ¢ shear waves: (B.6)
Gegjgﬁizl%i caly Prgess, gpp. 1-240 (1985). Anot her )
publ i cation describing ray tracing is Cerveny, V.,
11 Sei smi ¢ Ray Theory, Canbridge University Press (2000).
In_t he_ nei or hood a ray path, the expansion, of
12 ¢ nEOREGRlT ) fethe e Gt BResfiisgifabn CoRsR) veBALE e
gcoordinates is: where s is arc length along the ray
and gl and g2 are coordinates al ong the
14 =2
27Z'V0

(B.7)

15
16 For the present derivation, it is more convenient to change integration

17 variables from @ and ¢ to ray-parameters p,and p;:

18
D :710~sin9cos¢

19 ) =710~sin¢931n¢ (B.8)
Dz :?/%cosé’

20

21 With these variable changes and (B.7), the Green'’s function (B.1) becomes:
22
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axes 1 and 2 that lie in a plane perpendicular to the
ray at point s (see Cerveny, 1985). The axes 1 and 2
w@ae®@eosnst r uct ed such that the coordi nates (qlPQRUSI005/031558
forma right-handed, orthogonal, curvilinear system
Function t(s) is travel tine along the ray path:
Vector q is; %wqi i mensi onal vector, (A 3)The
1el dn@nt’;sv)of ffe—?—,)e%u@p(trm’,p’;w!}s) are the second (B.9)
derivative oF thB travel time field with respect to
t he coordi nates gland g2: (A 4) Expansion (A 1)
contains no first order derivatives because, for the
i sotropic case considered in this paper, constant
travel tinme surfaces are perpendicular to rays. A way
to determine the matrix Ms) is to substitute (A1)
into the ei konal equation witten in ray-centered
coordi nates. This step yields a non-linear, ordinary
differential equation for Ms) . The standard
procedure of dynamc ray tracing is to reduce this
equation to the linear system (A 5) (A 6) where P(s)
and Qs) are 2x2 matrices such that: Matrix V(s) is a
2x 2 matrix of second derivative of the velocity
field: (A 8)Since the travel tine field (A1)
satisfies the ei konal equation in the vicinity of the
ray path, the transport equation can then be invoked
to determ ne the anplitudes of a high-frequency
solution to the scal ar wave equation ( 1) . The
resulting solution is:
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J}; (A.9) normalized to unity at s = sO . The
character of solution (A 9) is determ ned by the
wo niobiozd4scondi ti ons chosen for natrix functi onBCRPUSIVAS/G31558
For any choice of real P and Q, there mght be
points along the ray path where solution (A 9) fails
1 begayse lgﬁLgleﬁb 1sOn the other hand, conplex initial
val ues of P and Q can be chosen so that (A 9) is
2al ways a bounded, high frequency solution of the

scal ar ve,equation.. If chqgice of complex injtial
3vallues {anSHon ohaEatRpEnG hanced SsiE ipaog e ethod
4and det @mPrisinghen these qualities hold everywhere
along the ray path. In this case, (A 9) is the
Swel | -known Gaussi an-beam asynptotic solution to the

wave equatio . : : |
6o 1 ol al o SmicHER o5 BRilc iR condyateq over a
7w th initial swhtdtrbnean agégibnequency w, . Quantity VO is

the seismc velocity at the ray's initial point sO
8 . APPENDI X B REPRESENTATI ON OF A PO NT SOURCE BY

GAUSSI BEAM, SUNMA; i i e
9at r AINQ appr oxi mﬁ?ﬁmggéﬁn@bggg%@g%h%g%%mﬁ%h:
10(B.1 ) where function u@ is the value at point r of a

11 CRUSST A DR LRt oPRlt SRR e afihe TS rdlcan

12 region, the earth model including lens elements having

13 propagation properties affecting energy propagation through the
14 lens elements;

15

16 (d)  propagating the energy components through the lens elements
17 to form image components which are combined into a seismic
18 image;

19

20 (e) identifying a target in the seismic image for image enhancement;
21

22 1)) selecting and updating propagation properties of a trial set of
23 lens elements which may affect imaging of the target;

24

25 (@) selecting a subset of energy components which may affect

26 imaging of the target;

27

28 (h)  propagating the subset set of energy components through the
29 earth model to form updated image components;

30
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spherical coordinates are such that point r ' is at
the origin and point r is on the axis g = 0. Function
woganp/osme8t be determned. If the velocity fiel BCT/BS2005/031558
constant v(r) = VO, then by symretry, this function is
constant, Y(W = Yo . This constant Yo will also be
1 appropr (ipt e Lpdathe) Metserdmida/add HysrePRABINY ingQRS EdMibonents of
for a few wavel engt hs about the source, but is nore
2 conpl i cat ed Bles@ursitseisnic dmaga sttrthewsdeted imageiramponents;
g the Gaussianghgam given by Equations (A 9) to (A1l 1)
sinplifies to: Then equation (B.1l) becones:where R= |r
4- r'| . Astationary point of the integral occurs at q

= 0. Since for large, w, [ Jncipal contrihutign to .
5 ¢he i nt Uy al reeatpd stghs @ uBlilihe sieisryicdorae s eatipotoriy
g can be approghpaied as: Evaluation of the definite

integral results in: (B.6) Equation (B.6) is the
7 wel | -known response for a constant velocity if: (B.7)

For, t hepresent ,derjvatio Lt IS nore convenient to
8ch nge Fﬁ?@ﬁﬁ?%ﬁc@m%‘é{ﬁé@ﬁ-r omg and f to
gray-paranmeters px ' and py ' : (B.8) Wth these

vari abl e changes and (B.7), the Green's function (B.
10 1) becoecRIP FOMRPNESISGIAl dE compenentsnet hod f or

creating an enhanced seism c inmage, the nethod

conprising: (a) acquiring seismc data froma seismc
12 suBvey Thadathed obelaim @ whbiehi:r anean regi on;

13

14 the beam components are Gaussian beam components.

15

16 4. The method of claim 1 wherein:

17

18 | the energy components includes any partitioning of the seismic data
19 including shot profiles, common offset data, common midpoint data and
20 plane wave energy components.

21

22 5. The method of claim 1 wherein:

23

24 the propagation of the energy components through the lens elements
25 to form image components is computed using beam migration.

26

27 6. The method of claim 1 wherein:

28

29 the trial set of lens elements are selected using ray tracing.

30
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(b) transform ng the seismc data into energy
conponents; (c) creating an earth nodel representative
w@booblog48ubt er ranean regi on, the earth nodel iPCT/US00E031558
| ens el ements havi ng propagati on properties affecting
energy propagation through the lens elenents; (d)
1 pr gpagatihatneihpdiidmn G amReagnt s through the |ens
el enents to forminage conponents which are conbi ned
2into a seismc image; (e) identifying a target in the
gseisnc f el ecting and
updatl néﬁ pgégcg'tr] gﬂﬁ%%o%{e"??pggﬁ'g&ga% %85 et of lens
4el enents V\,hl ch may affect imaging of the target; (9)
sel ecting a subset of energy conponents which may
S af Bect iT%ﬁ @1091‘0 fidaimi@WHEFeIn{ n) propagating t he
gsubset set of energy conponents through the earth
nodel to form updated i mage conponents; (i) updating
7the sei $m @y trageg bjilizespi@mahgay tragagconponent s of the
8current seismc image with the updated i nage
conmponents; and (j) repeating steps (e)-(i) until the
g seigsni CFh@ﬁﬁéthbﬁ&%Kdlﬁfﬁﬁ/h@Félhy enhanced. 2. The
met hod of claim 1l wherein: the energy conponents are
10 beam conponents 3. The method of claim 2 vvherel n: the

11 beam CORRORENES: c?frlens € e?nsén%g aere?gcraTI]egf)e%pby vnsual inspection.

12

13 10.  The method of claim 1 wherein:

14

15 energy components are selected using a directed-aperture.

16

17 11.  The method of claim 1 wherein:

18

19 energy components are selected using a migration aperture.

20

21 12.  The method of claim 1 wherein:

22

23 the subset of energy components are selected using ray tracing.

24

25 13. The method of claim 1 wherein:

26

27 the step of selecting a subset of energy components includes selecting
28 a trial set of energy components that have ray paths that pass within a
29 predetermined distance of the target prior to updating of the lens

30 elements.

31
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4. The nmethod of claim 1l wherein: the energy
conponents includes any partitioning of the seismc
wa@l2108/031381 udi ng shot profiles, common of fset dBCEHPS2005/031558
conmon mi dpoi nt data and pl ane wave energy conmponents.
5. The nmethod of claim1 wherein: the propagation of
1t hagenergis wemRANTHamt Dipealint he |ens el ements to
forminage conponents iIs conmputed using beam
2migration. 6. The method of claim 1 wherein: the trial

3%he et HE0SISP EEaal e adtEien of et i ni e Holihs selecting
4utilizes that ¥&-dP@nBigy @MpoORSTs 288h HAvirk: a Fé}ﬁpé‘ﬁ?)tr;[glgﬂpasses

of claim®6 wherein: the ray tracing utilizes nor
Sray tradieyohat lepstoneohihe vpdatedilensielmands.n: t he
gtrial set of lens elements are selected by visual

i nspection. 10. The nethod of claim 1 wherein: energy
7 cortponerhe methodaelfetdimd! whergna di rect ed-aperture. 11.

The nethod of claim 1l wherein: energy conponents are
8sel ected usi ng a mgration aperture. 12. The nethod of

gclaim 1 e y .
CLALT L0 O scldting Whieply BB AIRIAT KRR olecting
10 wher ei na ttiblkset tof pnefgysminepenerds thateachthavt sregrgpth that passes

11 Compone NG ARreHREE] dsiones phit Tpedd ayhaqan Y path passos

12 through at least one of the updated lens elements.

13

14 16. The method of claim 1 wherein:

15

16 the step of selecting a subset of energy components includes

17 propagating the trial set of energy components through the updated
18 earth model to create updated ray paths for the trial set of energy
19 components.

20

21 17.  The method of claim 16 wherein:

22

23 the subset of energy components is selected from the trial set of
24 energy components which touch the target and have ray paths that
25 pass through at least one of the updated lens elements.

26

27 18. The method of claim 1 wherein:

28

29 the steps (e)-(i) are computed within a single interactive software
30 application.

31
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predeterm ned di stance of the target prior to updating
of the lens elenments.14. The nethod of claim1l
wob@sesrsl t he step of selecting a subset of eneP€YS2005/031558
conponents includes selecting a trial set of energy
conmponents each having a ray path that passes through
1at 1beasi @BtoRS fof BRNAEIAE addiSAR iflgBRBhsorishyy: The
nmet hod of claim1l wherein: the step of selecting a
2subset of ener gy conponents includes selecting a trial

set of ergy..c n 1 each have.a ra at h
3 hat pa?@es %qaﬁﬂa%ase%%@bcelﬁga:q% ‘2%'&9 aﬁgpgﬁggeéfgq{gponents and
4target and eagkartaynpdélifcapasisnsg bRNMHS t[@forhPRSdgeB8mponents
of the updated |ens el enments. 16. The nethod of <claim
51 wherein: tWBickasp ssMged de foraythe seigmiaimagesner gy
g conponents includes propagating the trial set of
ener gy conponents through the updated earth nodel to
7 create (fpdat E@ntiingatdrget ortheheidmicdmagetwitith eney gy
g conmponent s. 17, The nmethod of claim 16 wherein: the
subset of enBRgNEGhponents is selected fromthe trial
gset of energy conponents which touch the target and
have ray paths that pass through at |east one of the
10 updat ed%/Q)ensulédﬁmm%ectﬁeméhts imghéedrtbfmaedai m 1
11v\,herei n: the steps (e)-(i) are conputed within a
single interactive software application.19. A nethod

12 for enh@aci ngelactiR)] & SUBSEFINFOTBEMPDAGHLS (DM HEBhERSY
a selsmc I mage using selsmc energy conponents and

13 components of step (a);

14

15 (e)  propagating the subset of energy components through the
16 updated earth model to create updated image components; and
17

18 ) replacing current image components with the updated image
19 components to create an enhanced seismic image.

20

21 20. The method of claim 19 wherein:

22

23 the energy components are beam components.

24

25 21. A method for enhancing a seismic image comprising:
26

27 (a)  creating a seismic image using an earth model comprising lens
28 elements and seismic data;

29

30 (b)  update lens elements in the earth model;

31
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an earth nodel conprising elenents to forminmage
conponents which are summed to formthe seism c i nage;
W@ bjociosiast i fying a target in the seism c i nageP@IUSIV0F/631558
to be enhanced; (c) updating select elenents in the
earth nodel; (d) selecting a subset of energy
conponepys f Y :
o opagaing {RetE s B o I ieTssdoled with
2t he updat ed erandesnodes eadhanedelsvhiphlaffect thesegpésmic imaging of
conponents; and (f)_ replacing current inmage conponents
3mﬁth t he updgﬁga&#%ﬂag?conponents to create an
4 enhanced seisnic imge. 20. The nethod of claim 19
wherei n; the energy conponents are beam conponents. 2
51. A netdlod feplacennaas sRMAECRMS i Hhe seigBicHqEs Withdhe

(a) creating LSOLG A [ t L

6 conpri sing | %@%aﬁghzﬁn]gﬁ?ﬁgﬂgms%ﬁ%% %ﬁ?&%@%’&é’t”gge'
| ens elenments in the earth nodel;(c) update only those
i mage conmponents which are associated with changes in
the earth nodel which affect the seismc inmaging of
the target; and (d) replace i mage conponents in the
seismc image with the updated i nage conponents to
enhance the seism c inmge.
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