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%A(,ZKGROUND OF THE INVENTION

[0003] Examples of such geology occur in the Gulf of Mexico
adjacent to or under salt bodies, in offshore Angola adjacent to or under salt,
or in complex overthrust formations such as found in the foothills of the
Canadian Rockies or the Andes of Venezuela. When imaging in such
complex formations one of the basic problems is that seismic energy may
reach each image point from source or receiver by a variety of raypaths. This
phenomenon is referred to as "multipathing". Current methods proposed to
deal with multipath imaging are slow and expensive, and therefore impractical

for widespread application to 3-D imaging using present computer technology.

[0004] Most conventional imaging methods assume there is only
one path connecting the source, image point and receiver. This is true
whenever the subsurface velocity behaves in a sufficiently simple manner, for
example when it is controlled mostly by compaction and varies mainly in a

vertical direction but only slowly in a lateral direction.



[0005] Attenpts to deal with nmultipath imging fall
into three classes: (a) Kirchhoff comon offset depth
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Wien there are many possible ray paths, a single path

TOPSECLod, BBy ScP Y DM "l HBORE ol it three

crddssespn. This imaging nethod is sati sf actory
whenever |ateral velocity variation is not strong.
However, nultipathing is a significant effect in

Susel o T e S horOh AR PR PR occurs

that Kirchhoff migration is unable to i nage subsalt
reflectors satisfactorily. In addition, it is

| foo@GENi ent t m s BEEloakhtke fs@fg‘mlt:w@% f9sembled into common
spherical divergence since this requires the

r Siffget (@aurcetpesiver eiskiieelttins hd migraiesl BeipOKa pingle preferred

LA} 580 4o gl SIS YRl e many
Sqimlseib@%yepathls a ‘sthdle Tpaik- iSnpéletiede oﬂ'emlthe ﬁtﬁsmavmg the

M gration' hysics 58, 1112-1126 (1993).
KiStTOREBk an’éﬁ‘r‘ﬁl‘ QvudeéE agral opt éﬁm%ﬁhfﬁfséﬁﬁe@(ﬁ?d crlterlon This

SRl SHESRCGERLY B D) ep SIS Saron 1 o

ofstrionggiHuyvevien, multjzticial is s pigrdfidant reffedhtim subsalt deaging, and

at all the receivers for a gi n shot, point are

b &RAY Y R %dn%.h@get%nag@@ YRR i dmigger Taws it often

t RRcHRO thhf 5%%@ mR:\fNa G}Qane 1&89td rHi'%nééﬁvesubsalt reflectors

equat i on, ve fiel are cros

csaheﬂaatoﬂiyt hmuadgitiodudi mglrmnnvemget ) ad:esmtllﬁamhwff images for
i n_ Fundanen a s of,

da
eBRRLGH )V Oaea G ied [y tesieS BRUEIIVAN EUpSTFvg pRmPutation

t I $hE By ARS | Gete?nﬁmt he tREGYRSTHER 16 Bl RRcRRSTF amplitudes
preserve” seismc anplitude and therefore the

r dsuspharigal divgegermenistexplaingd &Sbblemezmal o837 Hrue-Amplitude
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amplitudes are often less useful for subsequent data interpretation.
(b) Wave equation migration (WEM)

[0007] WEM is a more ambitious method of imaging. In a typical
approach the data recorded at all the receivers for a given shot point are
back-propagated using the wave equation. Energy from the shot is forward-
propagated using the wave equation, and the two wave fields are cross-
correlated thus producing an image as described by Claerbout in
Fundamentals of Geophysical Data Processing, McGraw-Hill (1976). One
difficulty with this approach is that the answers generally do not preserve

seismic amplitude and therefore the resulting image cannot be directly



-3- interpreted for anplitude. This is a significant
problem for the seismc interpreter because
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Koren and Kosl of f (" Common refl ection angl e
mgration”, Journal of Seismc Exploration 10, 41-57
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t rpfefe afdedaitilpdiRein space, CRAM enables all rays connecting source,
image point, and receiver to be added into the image. In principle CRAM
combines much or most of the imaging power of WEM with the relative
economy of Kirchhoff migration. Xu et al. ("Common-angle migration: A
strategy for imaging complex media", Geophysics 66, 1877-1894 (2001))
describe theoretical aspects of CRAM in some detail. The method described
by the authors does preserve seismic amplitude through amplitude weighting
of the migrated traces. However they do not describe a computational method

that is practical for application to typically sized 3-D data sets.

[0010] Koren and Kosloff ("Common reflection angle migration”,
Journal of Seismic Exploration 10, 41-57 (2001)) describe an approach to
CRAM. Their method proceeds image point by image point. From each image

point, rays are shot up to the surface. The migrated trace added into the
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distributio or connectlng a set

cekekd. cont ai ni ng shot poi nts and recei ver | ocati ons

to a set of image cells in the subsurface. The user

sel ects the size of the surface cells relative Lo t he
source and receiv i o S of the
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seismic input data collected with sources and receivers at known locations. In

one embodiment of the invention, ray map data files are computed, using the
velocity distribution, for rays connecting a set of surface cells containing shot
points and receiver locations to a set of image cells in the subsurface. The
user selects the size of the surface cells relative to the source and receiver
spacing, and the size of the image cells relative to the desired image grid, to
balance image resolution against data storage efficiency and processing
speed. Each ray map file preferably contains, at a minimum, the cell-to-cell
travel time, the amplitude, the KMAH index, the takeoff direction at the surface
cell, and the arrival direction at the image cell, all for each individual ray path.
NORSAR-3D is a commercially available ray modeling code that can calculate
these quantities. The cell-to-cell travel times from the ray map files are

interpolated to yield the travel time from source or receiver location to the



these quantities. The cell-to-cell travel tines from
the ray map files are interpolated to yield the

W@ e@@b20v4 me from source or receiver |ocation POT/UR®OYE38095
2005/ 062074 PCT/ US2004/ 038095 =5- image point for each
seismic trace. The ray directi'on information is used
to guide the interpolation. The seismc data is
m grated using the interpolated travel tines for each
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representtng al I
dimensional image point grid, cell dimensions being chosen to balance data

storage requirements with imaging accuracy; (b) discretizing into a grid of
cells the surface above the target formation, the dimensions of such surface
cells being chosen relative to shot point and receiver spacings so as to
balance data storage requirements with imaging accuracy; (c) computing ray
map files from the velocity distribution information, said files representing all
physically significant ray paths connecting a representative point in a surface
cell to a representative point in an image cell, using a velocity distribution for
the subsurface region to determine the ray paths, said ray map files
containing at least the surface cell to image cell travel time, the takeoff
direction at each surface cell and the arrival direction at each image cell, said
directions being specified in three-dimensional space; (d) repeating step (c)

for each surface cell and each image cell; (e) storing the ray map files in
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advantages wi |l | be better understood by referring to

the followi ng detail ed description in which: [0015]

Fggq%%] i S a skeh&hpRiseRtikvditidn %\‘?\HS §€3dvahtagdesd uvmsge better
[ Fig. 2 is a conputer- generate set o ay path

f nmuesstedd dlyaefesting tpthenollowing detaiid deseniptioni iowivible:r e
propagation velocity is indicated by

[0015] Fig. 1 is a sketch of multipath rays near a salt mass;

[0016] Fig. 2 is a computer-generated set of ray paths from a single
shot point in a complex formation where propagation velocity is indicated by

color;

[0017] Fig. 3 illustrates, at an instant of time, the wave front

originating from the same shotpoint as in Fig. 2;

[0018] Fig. 4 is a flow chart illustrating steps in one embodiment of

the present inventive method,;



color; [0017] Fig. 3 illustrates, at an instant of

time, the wave front originating fromthe sane
wG@ebwspeaom as in Fig. 2; [0018] Fig. 4 is a flpewr/uvkant/o38095

illustrating steps in one enbogdi ment of the present

I nventive met hod; WO 2005/ 062074 PCT/ US2004/ 038095 - 7-

[0019] Fig. 5A illustrates the interpolation process

in one enbodinent of the present inventive nethod,
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Figgnbdlilehti6f fhat resentinvérativeomethdati vi di ng angl e bi ns;

[0022] Fig. 7A shows the results of imaging under a
salt mass using conventional techniques that do not

3028 on” rmoE- U8 RS Aas dfiferaRy diiens Bernit HBA Faveltime
WighFae C%Bg% gm%Iﬁb%qu;OOZS] Fig. 8 illustrates the

geonetry ftor ection Angle Mgration
(CRAM; and [0024] Figs. 9A and 9B illustrate sub-salt
illumnation in terns of dip direction in .
3{002Hhsi onal Figabdllusiratesiametbod o sebdividingeingle §ings
a particular reflector inmage point. [0025] The
invention will be described in connection with its

pr, red enbogdj t Vv iR e ;
f(!ﬁ{)%évsl ng det aF'ggZIA %eos\’\{:'?;ﬁ%t Ii%%Hlt% ;bf ‘srlgg%lﬁpl c tcl;ta;@é It fBSs using
paohiventicital eebhniguestthat da petr atccaurdr fousmultipattieg; and Fig. 7B
invention, this is jntended tq be illustrative, onl .
arifions thersanae frmadios: imagedaesing ﬁ'ﬁ‘? tpir‘?ﬁgeﬁtﬁ'év%gtyﬁé“é?md with a
t j Len.. On the contrary, it is intended to
C(I@:é)?‘mﬁpbhgﬁ’er natives, nodifications, and

equi val ents that may be included within the spirit

and scope of the invention, as defined by the aEpended
cl[6023] Fig. 8 illustrates the geometry for Common Reflection Angle

Migration (CRAM); and

[0024] Figs. 9A and 9B illustrate sub-salt illumination in terms of dip
direction in 3-dimensional space in order to assess reliability of a particular

reflector image point.

[0025] The invention will be described in connection with its
preferred embodiments. However, to the extent that the following detailed
description is specific to a particular embodiment or a particular use of the
invention, this is intended to be illustrative only, and is not to be construed as
limiting the scope of the invention. On the contrary, it is intended to cover all
alternatives, modifications, and equivalents that may be included within the

spirit and scope of the invention, as defined by the appended claims.
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Common reflection angle seism out put Anplitudes
corrected for spherical divergence Target-oriented
hmagl ng Readi ng the data sequentl ally fromt he i nput
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controll ed arrpl |tude imaging for full 3-D data sets.
[0027] A basic nmechani smof multipathing is sketched
| joG2¢]. 1. Theln r sgmpatembadimests, atteel woesehtbenventive method

contri but o an e at image point 12. It is
k GOWPIRRE 8|%W|r19aglen§ﬁ'8§mds that the nost inportant
contributors will be those that are closest to

specul ar refI ecti t.ne image point for the given
source ‘and rPecei \l@ﬁt%@dmw Illustrated are a

single direct ray, 15 connectin int 12 on
a target refd ect &rOEOR r@ﬁ@%ﬁﬁ?“ﬁ? S&tsrg'ﬁéﬁgﬁwf ace
and a set of three ra athsc nectln e im
point to thd® souBPYY ﬁgcggegt@ ﬂ(eSp ?qaitgé/er

three ray paths are: a dlrea a% a ray 17

refl ected frfm t H@roghpientad imag Sy 18 refract ed
through the salt. Conventional Kirchhoff | magin

woul d typicd Iy $:8adingtthe dripeseayeryially @Y dieninpit disk file
i mge because it vﬂﬂ%oﬁaﬁln Srggrrﬁﬁi‘[ intdfapel time and the
e wever Th T s

| ar gest anplitude. particul ar
configuration reflected ray 17 is nore inportant since
i tThes resultdsta b@hpgtermsfseext Imett@fdl eapeablef obmoutiee controlled

refl ector athingisillustrated
(ﬂ"g%t't%eatmegme fQ%{Uﬁazﬁ])ﬂ% ‘in Fig. 2, which shows
simul ated ray paths all froma si ngl e shot point (No.
141) in a
[0027] A basic mechanism of multipathing is sketched in Fig. 1. The

ray paths illustrated would be contributors to an image at image point 12. It is
known on theoretical grounds that the most important contributors will be
those that are closest to specular reflection at the image point for the given
source and receiver locations. lllustrated are a single direct ray 15 connecting
an image point 12 on a target reflector to a receiver 11 at the surface, and a
set of three ray paths connecting the image point to the source point 13 at the
surface. The three ray paths are: a direct ray 16, a ray 17 reflected from the
salt, and a ray 18 refracted through the salt. Conventional Kirchhoff imaging
would typically select the direct ray 16 to form the image because it has the
shortest travel time and the largest amplitude. However in this particular
configuration reflected ray 17 is more important since it is close to being

perfectly reflected from the target reflector.

[0028] Multipathing is illustrated for a realistic velocity model in Fig.

2, which shows simulated ray paths all from a single shot point (No. 141) in a
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multipath imaging code to be properly imaged.

[0030] What is desired is to image a seismic data set so that the
reflectors are clearly positioned at the correct depths, and not blurred due to
multipath arrivals at the same image point at different times. Persons skilled
in the art will understand that the desired imaging can be performed if the
following quantities are known: travel time, amplitude, phase and initial ray
direction. The amplitude referred to is not the seismic data amplitude, but
instead a measure of the relative amount of energy taking a particular ray
path. The amplitude for one ray path compared to another will depend on the
respective path lengths and the media they traverse. In a uniform medium,
the amplitude for a given ray path can be taken as the reciprocal of the path
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[0032] Map construction may be performed, for example, by the
commercially available (web site www.norsar.com) ray modeling code,

NORSAR-3D, which can compute all of the above-named parameters needed
for a ray map. A given cell in the surface coarse grid may be connected to a
given cell in the image coarse grid by zero, one or multiple ray paths. Some
of a group of multiple ray paths may be physically insignificant from the
standpoint of the relative amount of energy that will propagate along them.
Those paths with amplitudes below a user-supplied threshold may be ignored
for computational efficiency. Subject to that constraint, a ray map (30 in the
flow chart of Fig. 4) is constructed for every ray path and for every surface cell

(or every cell that contains a source point or receiver location of interest) and
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the dashed Ilines in Fig. 4 are intended to represent
t HBak prelimnary steps in the enbodinent of the
invention illustrated in that drawing. The rest of

Fig. 4 represents the data mgration steps. During

THSERL o0 anThe, BRSNS StBhe B6CA DrebBHGRS o Snortin
(imaging) the seismic data. The boxes below and to the left of the dashed
lines in Fig. 4 are intended to represent these preliminary steps in the
embodiment of the invention illustrated in that drawing. The rest of Fig. 4
represents the data migration steps. During map reading 35 in the migration
process, indices are preferably constructed to allow compact storage and
efficient retrieval of multipath ray data. For each point in the image, the
indices may contain, for example, the number of rays to that point and the
position of the first such ray in a list of all the rays for the map. This method is
compact because it stores information only for actual rays without allocating
extra space for possible multiple rays that frequently are not present.
Efficiency is achieved using an index instead of searching the list for specific
X, ¥, z coordinates. These indices can be similar in size to the lists

themselves, and are therefore not pre-computed.



efficient retrieval of nmultipath ray data. For each
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position of the first such ray inalist of all the
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?gg édrﬁ%ﬂtnfél:@%gfeﬁ%f {Hee cel! | Prete bRy, ey repfri8entative point is
chosen to coincide with a point in the fine-scale grid. For a given trace, the
travel time from a relevant ray map is the time from the representative point in
a surface cell to the representative point in an image cell. Interpolation is
used to adjust the cell-to-cell travel time for a particular ray path to the precise
locations within the cells for the shot point (or receiver) and the image point.
In some embodiments of this invention, this is done by stepping out from the

cell’s representative point.

[0037] Fig. 5A illustrates how the interpolation is performed in the
travel time maps in one embodiment of the invention. The figure is drawn in
two dimensions for simplicity and clarity; however the same logic applies in

three dimensions. Consider two possible ray paths 51 and 53 connecting
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point in a surface cell to tgﬁ representative point
in an image cell. Interpolati used to adjust the
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traveltinme surface 55 at point 54. This applies

rrespect f whether th | ti IS .

SITABPEL pat hedFih DEuIopsaesdhe PenamtpneD poritoaging for a res
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; E{%ﬂé&gﬁbé;mgﬁ%{sﬁ%g ﬁg glgc?)gxéc{erht%ounsa Irrraltét%ods are used, an
attempt to interpolate the travel times illustrated in the figure will typically
result in interpolation between different branches. For example an attempt at
interpolation between coarse grid points (denoted by circles) 63 and 65 will
actually interpolate between 63 and any of 64 or 65 (the next inline bin
number), which would result in unacceptable error. The present inventive
method solves this problem by extrapolating from the coarse grid points using
the dip information stored for each coarse grid point. The dots between the
circles illustrate successful interpolation by such method, i.e., by avoiding
mixing the different branches of the travel-time plot. As previously noted, in
3D seismic processing, the travel times form complex multi-branched surfaces
in 3D space. The present inventive method is applicable to either 2D or 3D

situations.



seismc data set in the Gulf of Mexico. This is a 2-D
slice through a 3-D nulti- branched surface in 3-D
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t hree branches by cusps 61 ar_1d|46_2. I f conventi onal
nmet hods are used, an attenpt to interpolate the
travel tinmes illustrated in the figure will typically
result in interpolation between different branches.
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trace being accessed once only.

[0041] Each seismic trace 37 is read once into working memory at
step 38. Step 38 may include computation of filtered traces for anti-aliasing in
the kernel and computation of Hilbert transforms of the traces required when
the KMAH index is non-zero. Knowledge of the ray angles enables anti-alias
filtering to be performed both for data and operator anti-aliasing. A method
that may be used is a generalization of that by Gray ("Frequency-selective
design of the Kirchhoff migration operator", Geophysical Prospecting 40, 565-
571 (1992)). The correct filtered version of the trace contributing to each
image point is selected (via a pre-computed table of filter indices) from an

array of filtered traces pre-computed when the trace is read.



orderly access of shot-ordered data can mnimze the

re-reading of maps from disk. The net effect of this
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imaging a single reflector point.

[0043] A brief flow description for the migration kernel 40 would be
as follows in one embodiment of the invention, although persons skilled in the
art will know of many variations. The seismic trace data, after filtering 38, are
input to the kernel, as are the filtered Hilbert transforms of the seismic traces,
indexed by filter. Then, the following is performed for each plane of image
cells: A computer loop is performed over the x-y image plane on the selected
coarse grid. Within the x-y loop, a loop is performed over multiple arrivals
from the source location and from the receiver location. For each step in the
two loops, the dip angle and the reflection angle are deduced using the maps.
A check is performed to determine if the dip angle is within a pre-selected



enabl e the reflection angle to be determ ned, and thus

the mgrated trace data can be placed in the
wappsoaorat e angle bin 41. (In the enbodi nent PET/UK®04/038095

invention illustrated in Fig. fq mgration - box 40 --

is performed with a CRAM algorithm) After mgrating

all of the data there will be one common angle vol une

41 for each angle bin. In the particul ar enbodi nent of
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the surface using the dip information contained in the

IBRRILES; o0 AEI AR AE B o anaskerthd a waoht for
proportional contribution to each adjacent angle bin is computed. At this
stage all the parameters necessary to characterize a given image cell have
been determined. Within a given image cell, the travel time is linearly
interpolated to all points of the cell volume. A computer loop is performed over
x-y-z points on a refined image grid within an image cell. At each point within
that loop, the relative time-shift within the cell is computed using dip
information from the coarse grid ray maps, and a weighted time-shifted output
is computed using phase and filter indices for each location within the image
cell. Efficiency in memory access may be enhanced by storing all the image
points for an image cell in a contiguous block, horizontally slicing the image

blocks into individual depth levels only when finally writing to disk.
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adj acent angle bin is conputed. At this stage all the

pd064@} er s nec8psadyp throvghruse: ef nulinke grroesssonageay be readily
det erm ne

C RhieVBdeby crarttiogng | Henpripu ragaR g Mo Saes Foahy of the

p ri’r‘\tcﬁ)a‘PfaxfshtﬁréiﬁibhsV‘Ea‘éﬁ%hcé\c@ﬁtﬁih% 8he loP forieSplanes ¢ of the output
performed over x-y-z points on a refined image grid

wid-Bi seiamid iragge.cembodimreniadn Wairhttheinastitioning onsisés of depth

1 P A Wbl S RPIBALE procossr

an@ncbavaksighed 4 s8BoSbhé e tharet sBismid mlinespBaell prseasgor reads
phase and filter indices for each |ocation wthin the

i radtgtt\e iraces, mtrusascanly the pertienyo d@@e@@pﬁeeprtﬁa%pondmg with its

%w%dgpﬁbeﬁbﬁgl.@qQ%'Fbcge Ohgpggrregﬁ(}rfﬁlﬁgls%g ng Qﬁe maps

l g @istibgieldtoigzich procéssorgddcal efigkion m\zeaiorypnl y when
finally witing to disk. WO 2005/ 062074

PCT/ US2004/ 038095 -17- [0045] This description of the

on step | a brief summa pect s
ar[aoaawtl oned ar sPQﬁd&WOHFrB@@%%ﬂgB@E{@ﬁ% g%l ppmber of
berob&dadrs abiusterele tpgatRer o | éégrﬂlé‘ trB&e aﬁbta TA¥eS &artitioned

tHat are not are explalned nore 1y el sewhere
heaoebrding to the number of processors, so that each processor handles one
partition of the data stored on its local disk. The partitioning is determined in
such a way as to provide "load balancing", the allocation of approximately
equal amounts of work to each processor. The output image is computed by
inlines (or crosslines), one or several at a time depending on processor
memory constraints, each processor creating a portion of the image resulting
from its partition of the trace data. Final angle bin images for a set of inlines
or crosslines are created by summing the contributions from each processor

before proceeding to the next set of lines.

[0048] Handling of the map data for this alternative "cluster"
embodiment involves splitting each map into pieces corresponding to the sets
of inlines or crosslines to be processed, and broadcasting these pieces to

local disk on each of the processors. In this embodiment, the map pieces for



[ 0046] Speedup through use of multiple processors nmay

be readily achieved by partitioning the output inmge
wG@pasmeliomt o slices in any of the principal axPGI/US2004/038095

directions. Each slice contaigg one or nore planes of

the output 3-D seismc image. Enbodi nents in which

the partitioning consists of depth ranges have

al ready been di scussed. As anot her exanple, each

pr.ogces C € :

0 S g B aRRABT B G of 25181 ot thus allowing the

bbnustienioahy effftientdirbadecastioftahfewregssanabhe lpga dhay files rather

with its partition of the out

o , I.e., l.
c dhanthassahig ot sgRlies.of Rareohafled 7 e pd il sERGY heyable to

e ! ; i £ . 1.

< SEVaRRERORRE 1O ARG gbleepling BrIREK flec Phrloinifig NGRSAR-3D
¢ Invse frech nagtipleeshott hespeeiadlyi for tthisc pugmisa. attteis also useful for
partitioned according to the nu r_of processor SO

{ RelinRan e stisien i ap@e U, BUIRIL ITRORS fOloR Seeieh Sbset of
S'r?fn%g ferddstinkgcal disk. The partitioning is

deternmined in such a way as to provide "l oad

bal anci ng”, the allocation of approximtely equal

anmounts of work to each processor. The output inmage is _
c§opdAled by ilnl $omee qrabodimests phite) inventiornrfos eaeh dmage point

at i me _dependi n n 0 r Y CONstr aj :

200 1 Gaci a8y raaefiy Me SRR STEReT RESl Male point, the
r egpl thikderr dddPmariival Baglekt AN deteddirl tirome ethdahsapd-isbathat the
angle bin images for a set of inlines or crosslines
areflentioatantl bip soglesngesprstivelyt ¢iang Pbase determiaed through the
processor before proceeding to the next set of I|ines.
[GﬁW§ﬁmﬁbndling(ﬁ the map data for this alternative
"cluster" enbodi nent involves splitting each map into

pi eces corresponding to the sets of inlines or

crosslines to be process&ﬁ(zgyd;@r@pdcasting t hese

pieces to local disk on each,of the processors. In

this enbodi nent, the map.Rigects:for: 2005/ 062074

PCT/ US2004/ 038095 -18- a set of2dosaes are re-assenbl ed

into one or several groups, thus allow ng the

conveni ent and efficient broadcast of a few reasonably

I fi t.h o )
?Allrhgeere n;%%ndl ilize asrerL?nit \(/eerctors specifying the dip (ray direction) at the image

point of the source and receiver rays respectively. In this instance, the dip
angle is the angle that the ray makes relative to the vertical direction. The
reflection angle is needed when a CRAM algorithm is used to migrate the

data. It is often desirable to reject data associated with large dip angles.

[0050] In some embodiments of the invention, the amplitude of each
ray is accessed so that the weight factor required for seismic amplitude

preservation is determined through the equation:

weight =n, n, v4,A4,



t han thousands of small files. A person skilled in the
art will readily be able to develop software for

wowiosioey7and readi ng of map files contai ni ng NSRSBER08L038095

maps fromnultiple shots especliﬁal ly for this purpose.
a

It is also useful for prelin'iary i mage studies to

conpute output inages for a selected subset of
inlines or crosslines. [0049] In sonme enbodi nents of

the invention, ,for h_i .poj nt s ay ..

c oAt nPtherts A B2 BEPURBISR' fos RS RinB g point and
t LY : i " sed from

¢ Aol BRS8N HE G o aERy S
(respectively a and 0) are determ ned through the
equations: cos(2a) = n, 12 CGse = (n,z +n,) 2cosa
wijeo81nl and nZhar tracei hay enowr beepetineyshiged hey dihe migration

e 5 et T I, B8 SIS o
a'%a?{p‘?obr?até%g%“%'irﬁ |7 étiérh%rt{if@?zﬁts”ﬁﬂéeévéi@éé_tﬂw @sé%fg&%rlapping

vertical direction. e reflection angle i s neede

wiangleabibs/d HusisatedimBig. Gisleach trage dhen eontributestoatwqg adjacent

| BGL By Bagh 0 aoabtcRRtd PR LA IABHENBINS] ' The completed
| mapkl pHitidiraRTRY-bbssiabRd Res B fifdoutsutaintsrs edluste for each

that 'the weight factor required for seisnc anplitude
preggke bt i on i s determined through the equation:

wei ght = n, Zn2zvA, A2 WD 2005/ 062074 PCT/ US2004/ 038095
-19- where A, and AZ are the ray anplitudes for the

s i mage poLat d [ 5 0 e ' , i
UGB, "moe PP gAIEHEE LG4 TGRSO e, %o i
n@onbentiorillyeonbidered! "fiat" whenrd givan iseismiprevestappddrs at a fixed
}Aede%g% chjr’ a\}e{ilrarglesgﬁélteebqné.r@f %hégkiﬁg ﬁg flépr%e%stor}echlersrg %%thers one

has a measure of the accuracy of the velocity model. By modifying the

velocity model and retracing rays one may attempt to improve the flatness of

the gathers and obtain a better image in a further migration of the data.

[0053] The seismic data offset (source-receiver spacing) may be
noted within the migration kernel and the migrated data may be output into
common offset volumes. Alternatively, if the seismic data traces that are input
into a CRAM algorithm all share a single common offset and a single angle
bin covering all of the expected range of reflection angles is used, the output
of the present inventive method will be a common offset seismic data volume
in which multipathing has been correctly accounted for. In this case, the
reflection angle does not need to be computed within the CRAM kernel. Such
common offset seismic volumes may be convenient in some instances, for
example in interfacing with existing velocity model software that is adapted to
common offset data. Such software often deals with offset gathers rather than

angle gathers.



appropriate angle bin. Mgration artifacts are avoi ded
by use of overlapping angle bins as illustrated in

wo-@s/0&07£ach trace then contributes to two adP@DEs1004/038095

angl e bins each with an appropjjate pre-tabul ated
wei ght. The conpleted inmage %dr'titi ons are
re-assenbled into a final output inmge volune for each
angl e bin. [0052] The data nmay be sorted into angle

\%’\E g%]s'gi Ce%agiﬁé ae;regoﬁvmélpqmel rféﬁ%sbﬂarﬁﬁao%élrﬁblons are

évent appears
f @oapsrplaied angiserdtizad. infy achwdt lof eglls his éll@lw’esmminventlon

| Hey cRama GrHB e, AaTaRTAGen Mheking CBAM Jvargble in three
a'aﬂknraﬁg.bﬂg'.H%t@aese@@mﬁ%@éh@ taolowp t‘i"pétﬂﬁmg If the cells

fl'at ness of athers and o a better
aa‘reribbetarge,gtrm iiMerpuNattdnemdhib@ uhﬂﬂ@ﬁ]e Ehd mwaccuracy will

S B o S5 35 e s,
b t
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alcgoreict answet os renge &f coangtressonhion best selt siaadvill depend on the
S|n Ie a i,h covering all .of the expected range

SPE5 1 G of e G0Nt plcpnsidhraligi o e I ERSTS Tave found
prtﬁéte%t B 'Yule SFMRIURRS ¥ dhat be rétléoﬁin%lloélﬁéeio the fine grid
seismc data volume in which nultipathing has been
c ¢sowrcelrgceivenspaciegs or the surfaq:@ and gtesiretl dmagefgrishin gre range

an | e does °t éﬂﬁﬁ@ ,!?ty%f 56%1%8 ﬁ_ﬁgn &gqg])bﬁé}é/hﬁg&%'gggood results.

C%&/@é\?éﬁ‘ﬁhe;@é‘ nEfibers Bétﬁla%%ﬁrgeff@f extP4ABR! ®nplex velocity models.
interfacing with existing velocity nodel software that

i {Theapneers defes sesrnctivelyJetsudigaca X Bt i, wragevs eaddr, s image

05 oot 0 SR A s 9668 1 man

degpieatichs\Mincitidihg ealls tiariaeeagplidationg etheeglirfzite wilebe sufficiently
coar se- rai ned, or discretized into a grid of cells,

i dlab weq alosewicei ANEHeraiNer 100atioRs 4PE @llgpragkical BUEpCses in the
e bRAHO that BBk BMY WA KAPLD rBcthhGRS. This may not be

true, however, for land applications in hilly terrain, and therefore the present

invention is not limited to 2-D surface cells.

Example

[0055] The method is illustrated in Figs. 7A and 7B using 2-D synthetic
data. The model covers a depth range 6000-22450 ft. and both images are full
stacked sections. Both images were produced using the exact velocity model
that was used to generate the input seismic data. In Fig. 7A, produced by
stacking Kirchhoff common offset images as described previously, it can be
seen that conventional techniques that do not properly account for
mulﬁpathing produce reflector images that are poor under the salt mass 71 at

the right, i.e., below 17,000 feet and for trace number above 450. On the



di mensions in a conplex formation exhibiting a | ot of
multipathing. If the cells are too large, the
w0 niosogorati on will be unreliable and i mage ackCr/E82004/038095

will suffer. If the cells argtoo small, data storage
requi renments may be excessive,” and the migration
al gorithm speed wll generally decrease. There is no

one correct answer or range of coarseness. The best

C : n r : :

c e Ml Eici iy faatepfley A€ st IERIR gfod using
t FGRAR sRetithm| tHeeraffectdrs cani ise fdilmwetl uadéothef saleass. Also in
size to the fine grid (source/receiver spacjngs for ,

t Hdgs(B the éaléﬁéuﬂaéﬁyr'é@efft%ﬁﬁa%‘?(f anditherers wg%r sighal to noise
n . y .

o 151G Lfied AR 1 BiebsMaPoRO WUt exBed s SuEthdiimultioath
chmaging erethad rneinieh yshoolt bexablel toc fagusnoaee sof thgTheergy in the

nunber s fer respectively to surfgce x and y, inmage X
ar?@'%m'cai{?ga EWE;@OU@ %?'H@'ﬁs‘?%ﬁ@%‘"f’ﬁ' surface z

di nensi on i s suggested because in many applications,
including all marine applications, the surface will be

sybbse] ently fhatrelidifty ¥ la §ioer CRAMBD &BRIMEMay be assessed
| ocati'ons for all practical purposes in the sane

pltanihe follawinchtechoiquge eGivenl ihenyslogity model,geyangpeand seismic

e BT lip 1 ok e, JHBYS imebR AR IRLIET LM fptond of
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The method is illustrated in A and 7B _usi n% 2-D
s ARchesglected dmagempRinhderexampiss arg audplth Inahige 8, the vector 81

05888, 5B il 995 385 g B e o

veg20ciThg difsttibn dffthe nzmalvector @19 eremabsuiddeby appsdlar angle 0
seismc data. In Fig. 7A produced by stackin

Ki(hehBewn )} @noan ceisuihal aagles padnelediowmk ds taken to be the dip
revi Qusl it can be seen, th conventi gnal .
P dirion e theaartablargnags GRER J heBtRnaas of dip vector 81 are:

mul ti pat hi ng produce reflector imges that are poor
under the salt mass 71 at the right, i.e., below
17,000 feet and for tracepnudescghpve 450. On the WO
2005/ 062074 PCT/ US2004/ 038095 - 21-

I’Ly =smdosme

n,_ =cosé

The angle ¥ around the rotation axis defined by # determines the orientation
of the plane defined by the rays at the image point. In forming the seismic
image the angle ¢ is usually summed over, which can be accomplished by
ignoring it in the kernel. However, if ¥ is computed in the kernel, it is also
possible to produce seismic volumes that depend on both ¢ and the reflection
angle a. The source is at S, and the receiver is at R. The set of all dip
vectors #, as illustrated in Fig. 8, may be plotted on a polar plot, with 8 the

co-latitude and ¢ the longitude, as shown in Figs. 9A and ©B. In order for the

dip of the imaged reflector to be possible at the given image point, the imaged

dip must fall within a region of dips actually populated by the data. Figs. SA



ot her hand, in Fig. 7B, generated by the present
i nventive nethod using a CRAM al gorithm the

wWo efobiec0nt s can be foll owed under the salt nmasRCT/EEZ004/038095

in Fig. 7Bthe salt boundarygé_ better imaged and
there is a better signal to n e ratio. These are
all effects that one woul d expect from a successful
mul ti path imagi ng met hod whi ch shoul d be abI eto

SRS S HAB P AR gy,

a iinvipBatiénRAAd IRowel inEFigRPADethas esgaetl reﬂgctbh&ilp 91 has a dip

fol | owm n% techni que. G ven the vel ocity, nodel
w@p@sat@ swﬂb,nﬁh@ data gndaRMVM3PSy 19 f Br adJﬁeWEhme?ee illuminated

t: t:
TR 68, 2 ARFiBlon BY ORI e e, A AknByoor o
arg el dlyﬁmbnsstemtvﬁth ﬂh&&@a andrlray niaps.exanpl e, are
output. In Fig. 8 the vector 81 (denoted by n)

represents the normal to the reflecting surface at

IR R TR T
Az diflentd 8t et Brdsat nﬁfé‘hﬁﬁh fot the Eh%sbooﬂﬁuéﬂ’éﬁlr@ B It wil

direction at the particular inage polnt
cdmpamﬂrest diovm\gerytmooe skilleslr io: thenart,~thiai rmar@omqqulq&tlons and

r 6(135}? '%’P\S JQi &%&mm&%ﬂg‘% %@F@B%ﬁj n ére{ %@?Péﬁ?gl & ol such

ofmbdifcdticiRearttelamambnyark istehass t@betwithih ABE ScHse b the present
In formng the seismc |rmge the angle O is usually

s umverdiooy 88 defined in theaprensesod@imshed by ignoring it
in the kernel. However, if O is conputed in the
kernel, it is also possi ble to produce seismc

vol unmes that depend on both O and the reflection

angle a. The source is at S, and the receiver is at R
The set of all dip vectors W as illustrated in Fig.
8, may be plotted on a polar plot, with O the
co-latitude and q' the longitude, as shown in Figs. 9A
and 9B. In order for the dip of the inaged reflector
to be possible at the given i mage point, the inaged
dip nust fall within a region of dips actually

popul ated by the data. Figs. 9A



WD 2005/ 062074 PCT/ US2004/ 038095 -22- and 9B

illustrate an exanple of this taken froma real 3D
W(seoosmzmasurvey Wth illum nation as shown iPCFU§2004/038095

9A, the inmaged reflector dip has a dip consistent

with the data and ray maps, (€., it falls within the

illumnated (shaded) area. Wth illum nation as shown

in Fig. 9B, the imaged reflector dip 92 has a dip

i nconsistent wwth the data and ray maps. [0057] The

foregohpg cppptication is directed to particular

enbodlnents of the present invention for the purpose

of illustrating it. It will be apparent, however, to

one skilled in the art, that modi fi cations and

vari at ilons tAocmmeumfﬂWedBneuwodeéc cpbtsalledt paiplitudesimaging of a

P Bt sioldslio, SFtiarh T pe ST bte3: A HskfL ft Hre8'dimensional
| RERIMiLOfatadFoRiphd NRGuired! ﬁ@nﬁﬁlﬁ’@r&%uﬁ’a@e"‘%glw and a known
2005/ 062074 PCT/ US2004/ 038095 -23- W claim 1

cwmtymiab@tmmﬁzrﬁba Jupsudaee mloadsad;ﬂeilsrn@edatm@m@rISIng a

non g ARG e saSh Tloeli B SHODEBAEBoREcdlon and

a%qmdvﬁdrédemmdswatmbsuﬁfm@moﬂagjr@pm@ﬁgithae Eteperof:
velocity distribution for the subsurface region, said

seism c data conprising a plurali ty of seismc

traces, each tracge hayi.n known nt cat

and a knovvlvza)r ec &isFEet '4'B&alﬁt%na gHfd 0 &nag?ll&f-d %oﬁ%??léji“ﬁﬁns'onal
tRELSHERS Y céaFor‘ﬁ'aﬁ‘g @rtté' fbg LN ¥Gmsatin, deddn %@Lchs irflage cell

t hree- dlnen I'ona ace pace containing t
t @ogtdinihg rawmtjrajnty ofpaihtssofcd prevaglecied threeedimensiong ienage point

pl urali oi ni s, of elect . .
P idacel Hisvendions bimsqeiosbinio Vaice deta stomanreguigments with
bﬂhﬁgm Qﬁﬁﬁﬁmi bal ance data storage requirements with

i magrn g accur cy, (b) discretizing into a grid of

cells the surface above the

(b) discretizing into a grid of cells the surface above the
target formation, the dimensions of such surface cells being chosen relative to
shot point and receiver spacings so as to balance data storage requirements

with imaging accuracy;

(c) computing ray map files from the velocity distribution
information, said files representing all physically significant ray paths
connecting a representative point in a surface cell to a representative point in
an image cell, using a velocity distribution for the subsurface region to
determine the ray paths, said ray map files containing at least the surface cell
to image cell travel time, the takeoff direction at each surface cell and the
arrival direction at each image cell, said directions being specified in three-

dimensional space;



target formation, the dinensions of such surface cells

bei ng chosen relative to shot point and receiver
WGEpasiem34 so as to bal ance data storage requi rBOEOSR04/038095

wi th i magi ng accuracy; (c) cogaytlng ray map files

fromthe velocity distributioff™information, said

files representing all physically S|gn|f|cant ray

paths connecting a representative point in a surface

ieing & vel G ¢y AP SHEERRRE) Abf opRl LTREE il and each image

regjlon to determne the ray paths, said ray map files
containing at |east the surface cell to inage cell
travel time, the takeoff direction at each surface
cell and the _arrijval tglﬁrectl on t .each r{alge cel |

sai d directi(®hs S&RHY J@me%@f' IR (ORRULE TEHG Y al
space; WD 2005/ 062074 PCT/ US2004/ 038095 -24- (d)
repeating step (c) for each surface cell and each

i mage cellf)(e) isbRidiAthd NRaveWin@e ffdrhethel Paf afiaptfles, said
menory; (f) i'nterpolating travel tinmes fromthe ray

miptefpdlated tmed bding dimges afredn therpsrtiselaigshat eaing r@mi receiver

ol SeRhb i Rl Al lBh e, B, e i point on the

p%ﬁbe%lﬁtfiﬁld fofreaeh Baidphyicallyfsignifeait ragipdth connecting same,
physical 'y significant ray path connecting same, sai

| it inderapladion cOMPTISHGig: i nterpol ating a surface cell
representative point near each said particular shot
poi nt | ocati on and each said parti cular receiver

point | ocation; {Mléﬁﬁé’Q' ac,%ﬂ rb%nf&ﬁl\)teh%oint near each

representative point near SAald

i mage grid; wher eiaid paitidulantsboppoiat Iamﬁoaramd each said particular
irrplemsnted using the ra t|on information in

t he correspondi nge?%"ernﬁé ?‘ch ?% order to ensure that

and interpolating an image cell representative point near

said each point on the image grid;

wherein said interpolations are implemented using the ray direction
information in the corresponding ray map file in order to ensure that
interpolation is made between points on the same branch of the travel time

surface;

(g) repeating step (f) for each trace in the seismic data

volume; and

i

(h)  migrating the seismic data using the interpolated travel

times and the ray amplitudes.

2. The method of claim 1, wherein each ray map in computer
memory is constructed in the form of a compact list of rays efficiently

accessed through an index constructed when the map is read from disk.



interpolation is made between points on the sane

branch of the travel tinme surface; (g) repeating step
w@ tgosheao7£ach trace in the seismc data vol uneCT/ESZH04/038095

(h) mgrating the seismc dat_%5u_si ng the interpol at ed

travel tinmes and the ray anpfitudes. 2. The nethod of

claim1l, wherein each ray map in conputer nenory is

constructed in the formof a conpact list of rays

efficigntly C g [ C

ahen e mad o ERE pf RIHPE, ARG 3heBRBREHELA Step () uses
PEHé Bgaafis 038095 -25- 3. The nethod of claim 1,

wherein the interpolation step (f) uses the equation

&= Tq+sx)-t(x) Sz where St is a small change in travel

time, fix is an. arbitrary small displacenment in 3-D

space, and pYis (Eneddig(¥eci®at the point x . 4. The

nmet hod of claim1l1, wherein the ray map files al so

contain the relative anplitude of each ray path, and

a ray path i s physical.l Lgficant  if, .

o LUt B lscp sl &G YgPeLtoe. BRI 20 ‘asblraBy opl iplacement
5.. &F 5 ed AN @ id ¥

i 3 SR B o Bl R e O i i g the

target formation is partitioned into slices, the

slices being perpendicular to one of the x-y-z

coor di @t e FirSmedidsd of ciai® 1,b@hBeiARe gagdnap files also contain
di fferent processor, and correspondi ng segnents of the

h
r &ye relptive ampditurieset eanky Y Rathearth agipy iR by PBYsieally significant

2D . [ [ he slices
aﬁlei[éd%%st(%i%%ﬁ%g@ ﬁlhwlsﬁ{gg{r?gttﬁ%@aﬁ@ %Iregik/?rgu , Wherein
the slices are sets of inlines. 8 The nethod of claim
5, wherein the slices are sets of crosslines. 9. The
met hod 50f clTdiem rhethdderefi rclaine t akebifeiandaid r thrag-dimensional
di rection

subsurface space containing the target formation is partitioned into slices, the
slices being perpendicular to one of the x-y-z coordinate axes, each slice
being assigned to a different processor, and corresponding segments of the

ray maps being distributed to each processor’s local memory.

6. The method of claim 5, wherein the slices are depth ranges.
7. The method of claim 5, wherein the slices are sets of inlines.
8. The method of claim 5, wherein the slices are sets of crosslines.

9. The method of claim 1, wherein the takeoff and arrival direction
information in the ray map files are the three direction cosines for an

orthogonal Cartesian coordinate (x,y,z) system.

10. The method of claim 1, wherein the data for the ray map files

are computed using the software product NORSAR-3D.



information in the ray map files are the three

direction cosines for an orthogonal Cartesian
w@omsme2at e (x,y,z) system 10. The met hod of BCHUS2004/038095

wherein the data for the ray map files are conputed

usi ng the software product AR- 3D. WO 2005/ 062074

PCT/ US2004/ 038095 -26- 11. The nethod of claim 10,

wherein the ray map files produced by the NORSAR-3D

sof t warg ar i tar ta St

i nfor m%qi'onerﬁ@{egrﬂﬂcﬁg ? lﬁ@l@?%ﬁ%ﬁﬁ\ﬁ@ hﬂa&%ﬁgq@% ggﬁiiuced by
o;thgiiaN@)Rs)AR\;:’hmcgéﬂt\naﬁﬁaregetexarlamiednlsko é)&raé[ﬂetaﬂetid:umdata and
of claiml1, erein the arrival .a at the i mage ..
panfarmatien geneerming the Kcalige HN'm"agg? Tilor of Ka@ta fercskecific target
arrggigﬂg)i tioned into common reflection angle bins,

a a mmon Refl ection Angle Mgration algorithmis

used to mgrate the seismc data by bin. 13. The

met hod of claim 12, wherein the reflection angle ais
det er mit2ed fTrenmetizodqfistaironl ,cukereirn the arrival mpglaseatethe image

nl_and n2 are unit _vectors specifyi the dip (ray.. .
dliPOHH P%)daeé?”?'ﬂsdi mg%a%b?mcgofaf}%éﬁéoﬁm%s g patitioned into
I ROMMER rfeRBEtiie RN Ibied, Yand 4 CBMmBRL Reflestiort |/gige Migration
wherein the ratios of the cell sizes relative to the

f ialgarithm i usedi toagigrateithe seigmic deta by birecei ver

spacings are not nore than 42 by 62 by 8 and not |ess

than 32 by 42 by 8, said nunbers referring

respectjqvel 0 Cc N n and :
I mge 213'di rrremesirﬁ%goa.léf >E“'Iﬂ@‘dr%t’ hdgﬁ@%?n >(;tlh%i irjne‘(}l/e,ctIBH angle a is
Wit &iniinad | froRe the1 Sdiition’ 2§22V R, i, GEHEren ﬂ?éﬁéeﬁzare unit
16. The nmethod of claim 1, wherein a pre-conpufed

t aforeispelifyiag thé @i ¢ey dictiserat hesiglats pdinoof &e source and
array of filtered traces, depending on surface and

supekiveraysdeprectively.

14. The method of claim 1, wherein the ratios of the cell sizes
relative to the finer grid of image points and source/receiver spacings are not
more than 4% by 62 by 8 and not less than 3% by 42 by 8, said numbers
referring respectively to surface x and y, image x and y, and image z

dimensions.

15. The method of claim 1, wherein all the seismic traces have a

common offset.

16. The method of claim 1, wherein a pre-computed table of filter
indices is used to select from an array of filtered traces, depending on surface

and subsurface dips.

17. The method of claim 1, wherein the image points for an image
cell are stored in a contiguous block, said blocks being later horizontally sliced

into individual depth levels.
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17. The nmethod of claim1l, wherein the inmge points

for an inmage <cell are stored in a contiguous bl ock,

G 200d/06doocks being later horizontally sliced PEI/US2004/038095
indi vi dual depth |evels. WO 20035/ 062074

PCT/ US2004/ 038095 -27- 18. The nmethod of claim1,

wherein the KMAH index is also conputed, stored in

the ray map files, and used in the mgrating step. 19.
The metpod of, £l @bfch ofhEGRH N ,CWEFﬁd th8Y KRR index is also
anplitudes are used to conpute weight factors to
prezseputed ssfosed i thephiy sl files nandh esediig thee migrating step.

20. The nethod of claim1, further conprising
apportioning the seismc data traces in the seismc

data voJunme 1o a ural.ity of different onput er ,
processots t epg?e%?gnogé‘\iii%mcin‘fvhsref"éd:o%ctﬁaﬁa?é path amplitudes
| gl ibd "85 RRtpute "Welght TaStBRMtA Hresumb edeisimic amplitudes in the
contributions fromsaid different processors to form

armiguialing stepage. 21. The nethod of claim 20, wherein
said output image is conputed for a preselected
subset of inline or crossline planes. 22. The nethod

of cl aigR 20, 0 it f fi .
are conépaut edT%%ﬁﬁgthpﬁeggoﬁgmﬂéo%@ ﬁc%%ﬁg{ é}&ggrﬁlgnmg the
ordeisiepdaat &racesrinethrordisntc tdataevslupie iwla mpdurality of different
crossline planes are extracted fromthe full = maps  and

bresueRUESE Precassors K ealortysaf ¢anilisd Aapliige mpaging method,
g‘%@oﬁeﬂ s%ﬁﬁrﬁ%ﬂ:&nﬁl%@eﬁhﬁntﬁ&mdssﬂr&% éﬁ@%ﬁ@r&n?ﬁ&@é&som to

or ap rays 1n a single subrouti
cabimainr@dplyiniagen an i nput buffer in order to
performsaid interpolating travel tinmes steps. 24. The
met hod of claim11, further conprising assessing

reliabiljty aof _said,mgrat sei sm c _data, usi.n .

comput dt-ai o e giegasd Rl Eele 0. Bt sl bR yeR ds computed
r g HPeddlbORd RUbsEELERIIRE of BRESIIMO pRIngs, Wherei n di p
direction of each selected inmage point is plotted on

a polar plot, and said plotted points are
22. The method of claim 20, wherein the data for the ray map files
are computed using the software product NORSAR-3D and only map data
corresponding to sets of inline or crossline planes are extracted from the full

maps and broadcast to said plurality of processors.

23. The method of claim 10, further comprising reading ray map
data for a plurality of rays in a single subroutine call directly from an input

buffer in order to perform said interpolating travel times steps.

24. The method of claim 1, further comprising assessing reliability of
said migrated seismic data using computed dip angles and reflection angles
from the ray-map files for selected image points, wherein dip direction of each
selected image point is plotted on a polar plot, and said plotted points are
compared to dip regions of said polar plot that are populated by said seismic
data.



conpared to dip regions of said polar plot that are

popul ated by said seismc data. WO 2005/ 062074
wERADsSD004/ 038095 -28- 25. The nethod of cl ai PCWPS2004/038095

wherein the ray-map files al sggontain the relative

anpl i tude of each ray path.

25. The method of claim 1, wherein the ray-map files also contain

the relative amplitude of each ray path.



