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Migration Velocity Analysis Using Limited-Aperture and

Monte Carlo Migration

BACKGROUND OF THE INVENTION

~e

1. Field of the Invention

5 This invention relates to the field of seismic
imaging; particularly to two-dimensional and three-
dimensional migration of surface seismic data. It

C) consists of a method fér efficiently obtaining an
~accurate velocity model, which model can be.used in

10 migration of seismic data.

2. Related Art

In seismic exploration of the earth, seismic energy
is imparted to the earth. This eﬁergy travels into the
eérth and is reflected by the interfaces (reflectors; as

15 used herein, "reflector" means the actual subsurface
location of an interface and "reflection" means its
apparent location by refefence to unmigrated seismic
data) between various subsurface formations. In typical
seismic exploration, energy is imparted to the earth at a

20 shot point location, aﬁd recorded at a number of geophone
locations spaced at various distances away from the shot
point. These various distances are termed "offsets."

The offsets range typically on the order of 50 to 20,000
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1. \Field of the Invention. This invention relates to the field of
sei'smc ;i maging, particularly to two-dinmensional and three- dinensional
m gration of surface seismic data. It consists of a method for eff|C|entIy
obtaining an accurate velocity nodel, which nodel can be used in
m gration of seismc data.
feet away from tﬂe shot point. The shot point ié
relocated, or a plurality of shot points are used, so as
to obtain a plurality of traces at each geophoné.
The output signal"ffom éach of the geophones is
5 recorded as a function of time: It is desirable to
convert this information so that the picture generated by
displaying the traces actually corresponds to the depth
of the various reflectors within the earth. In order to
be able to translate this data into amplitude versus
() 10 depth, rather than amplitude versus time, information,

" the Qeldcities of the various subsurface fofmations must
be determined. Accordingly, in order to provide accurate
pictures of the subterranean structure of the earfh,
improved methods of determining the correct velocity of

15 the seismic energy in the subterranean formations are

5. . required. These methods generally are performed on
computers, particularly supercomputers able to manipulate
large amounts of data efficiently.

C) The term "migration" refers to correction of data

20 which were recorded as a function of time for the

velocity of the wave in the subterranean structure. 1In
this process, one can convert a number of offset versus
time records, which records can then be d;splayed to

yield a realistic picture of the structure.

\——. -
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2. Related Art In seismc exploration of the earth, seism c energy
S |nparted to the earth: This energy travels into the earth and is
refl'ected by the interfaces (reflectors;zas used herein, "reflector"” neans
t he actual subsurface |ocation of an interface and "reflectlon" means its

appar ent

10

15

20

25

| ocation by reference to unm.grated seismc

Seismic migfation requires an accurate model of the
subsurface velocity. There are many existing methods for
performing migration velocity analysis. Three are of
particular significancéf itérative prestack migration,
prestack migration veiocity sweeps and depth focusing
analysis. The methods discussed herein all involve
iterative prestack migration of the data with different
velocities, to obtain an approximation of the velocity by
frial and error.

One method for obtaining migration velocities is to

" prestack migrate subsets {(usually common-shét gathers or
common offset gathers) of the seismic data with an
initial.reference migration velocity (Al-Yahya, K; M.,
"Velocity Analysis by Iterative Profile Migration,”
Geophysics, 54(6):718-729 (1989); .Deregowski, S. M.,
"Common-Offset Migrations and Velocity Analysis," First
Break, 8(6): 224-234 (1990)). If this migration produces
images that are consistent for all the data subsets, then
the initial guess for the reference velocity is taken to
be correct. If this initial migration produces
inconsistent images, then these differences can be used
to estimate a corrected velocity that is closer to the
true velocity than the initial velocity selected. A flow
chart for this method is set forth in FIGURE 1. It can

bé seen from this chart that the calculations are
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dat a) between various subsurface formations. In typi.cal

expLoratkon energy is imparted to the earth at a shot point | ocation,
recorded at a nunber of geophone IocatLgns spaced at various distances
away fromthe shot point. These various distances are terned "offsets.”

The offsets range typically on the order of 50 to 20, 000

seisnc

entirely sequential, with the result that this method

takes not only significant computer time, but also

sighificant interpretation time. This method usually

requires several iterations using the updated velocity

5 for prestack migration each time. Unfortunately, this

method is very expensive since prestack migration itself

is very expensive. 1In particular, the cost of CPU time

in a supercomputer to output a single three-dimensional

prestack migrated line is presently on the order of

C) 10 $200,000.

The prestack migration velocity sweep method is

closely related to the iterative profile migration

method, . but performs multiple migrations in parallel

rather than sequentially. A migration velocity sweep

15 consists of prestack migrating common-offset gathers

simultaneously with several different velocities and

summing the migrated images. This produces a set of

seismic traces, one group of traces for each velocity,

N that can be plotted to form a velocity analysis display

20 {see FIGURE 2 for flaowchart of this method).

Velocities

that produce consistent images with respect to the

different common-offset gathers will produce amplitude

peaks on this velocity analysis display. Thus, amplitude

peaks on the velocity analysis display can be used to

25 pick the nigration velocity function. Because this

_
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feet away fromthe shot point. The shot point is Trelocated, or a
plurality of shot points are used, so as to obtain a plurality of traces

at each geophone: The out put signa-from each of the geophones is
recorded as a function of time. It is desirable to

method involves ﬁarallel processing, less interpretation
time, but more CPU time, is used than with the: iterative
prestack migration method.
One problem with this pfestack migration velocity
5 sweep velocity analysis method.is that amplitude peaks
can appear at velocities thaf do not correspond to
consistent imaging of the common-offset gathers. This
can lead the interpreter to pick incorrect velocities
(Schleicher, K. L., Grygier, D. J., et al., Ed.,
(:) 10 Migration Velocity Analysis: A Comparison of Two
- Approaches, 6lst Annual Internat. Mtg., Soc. Expl.
Geophys., Expanded BAbstracts, Tulsa, Soc. Expl. Geophys.,
1237-1238 {1991)). These erroneous velocity estimates
are the result of dipping reflectors migrating into the
15 velocity analysis location as the migration velocity
changes (see FIGURES 3A and 3B). FIGURES 3A and 3B are
schematic diagrams illustrating how prestack migration
velocity sweeps can produce false velocity picks 6 for

dipping reflectors. For the faulted reflector 2 shown

M

20 therein, notice that the event has not migrated into the
velocity analysis location 4 at wvelocity Vi (FIGURE 3A)
but at velocity V2 (FIGURE 3B) the event has migrated
into the velocity analysis location. Thus, there will be

a relatively high amplitude at wvelocity V2, even though
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convert this information so that the picture generated by displaying the
traces agtually corresponds to the depth of the various reflectors wthin
the earth. In order to be able to transd-ate this data into anplitude
versus dept:h, rather than anplitude versus tine, information, the

vel ocities of the various subsurface formations must be deter nined.
Accordingly, in order to provide accurate pictures of the subterranean’

' of t earth, ' i i
structure. vel&.f ety Jﬂ may be the velocity which produces the most

consistent image as a function of source-receiver offset.
This prestack migration velocity sweep method is

about ten times more cdmbutef intensive than iterative

5 prestack migration, because it requires 10 to 50
applications of prestack migfation. However, these
computer costs may.be offset by the reduced
interpretation costs, since the velocity interpreter need
pick the migration velocity only once.

<:> 10 A third method for velocity analysis is depth
" focusing analysis. Depth focusing analysis.determines

velocities by using downward extrapolation to estimate
zero-offset seismic traces ét a range of depths. .These
extrapolations to different depths are all performed with

15 one reference migration velocity. . If a reflection has an
amplitude peak at the depth corresponding to the two-way
vertical traveltime through the reference velocity field,
then the reference velocity is the correct migration

Q) velocity. Deviations from this condition can be used to

20 estimate the error in the reference velocity (Kim, Y. C.
and Gonzalez, R., "Migration velocity analysis with the
Kirchhoff Integral," Geophysics 56(3): 365-370 (1991);
Yilmaz, O. and Chambers, R. E., "Migration Velocity

Analysis by Wave-Field Exploration," Geophysics,

..———/’_—_—‘_’.
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i mproved nethods of determ ning the correct velocity of the seismc energy
in the subterranean formations are required. These methods generally are
performed on conputers, particularly siperconputers able to mani pul at e

| arge anounts of data efficiently. The term"m gration” refers to
correction of data which were recorded as a function of tinme for the

vel ocity of the wave in the subterranean structure. In

49(10) :1664-1674 (1984)). This method is usually
iterated several times until convergence is achieved.
This method can produce false velocity picks 6 for
dipping reflectors, whith faise picks 6 are similar to
5 those produced by prestack migration velocity sweeps
discussed above .and shown in‘FIGURE 3. (MacKay, S., and
Abma, R., Ed., Depth Focusing Analysis Using a Wavefront-
Curvature Criterion, 62nd Annual Internat. Mtg., Soc.
Expl. Geophys., Expanded Abstracts, Tulsa, Soc. Expl.
(:> 10 Geophys, 927 (1992)). Furthermore, this method may not
" converge for steeply dipping reflectors (MaéKay, S. and
Abma, R., "Imaging and Velocity Estimation with Depth—.
Focusing Analysis," Géqphysics, 57(12): 1608-1622'1992).
All the velocity analysis methods discussed above
15 require several applications of prestack migration.
Therefore, reducing the cost of prestack migration would
havé a significant positive impact on the cost of any of
these velocity analysis methods.
One way of reducing the cost of prestack migration
20 is to use an inherently fast technique for migration.
There are three commonly used wave-equation migration
algorithms: frequency-wavenumber migration, finite-
difference migration, and Kirchhoff migration. Frequency
wavenumber migration and finite-difference migrati;n are

25 génerally faster than Kirchhoff migration; however,
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this process, one can convert a nunber of offset versus tinme records,

which regords can then be’ displayed to vyield a realiistic picture of the
structure. -8~

Kirchhoff migration has several advantages that have made
it the method of choice fof three-dimensional prestack
migration.
First, Kirchhoff-mdgration can handle irregqular
5 _  shooting geometries, such as those commonly encountered
in unstacked threejdimensionél data. Second, complex
migration velocity fields can be used with Kirchhoff
migration. Third, Kirchhoff methods can migrate
reflectors having very steep dip. Finally, Kirchhoff
10 migration can be used in a target-oriented mode. In this
- mode, images at a few selected target locations can be
produced at a fraction of the cost of using Kirchhoff
migration to produce images.at all possible outpuf
locations. Frequency-wavenumber migration fails with
15 irregular shooting geometries or complex migration
fields, while finite-difference migration fails with
irregular shooting geometries or reflectors with a very
steep dip. Neithér.frequency—wavenumber nor finite
N difference migration can be used in a target-oriented
20 mode. These methods must compute the migrated image at
all possible output locations. This is important for
migration velocity analysis, because velocity analysis
can usually be performed at a small fraction of the
nunber of locations at which a seismic image is deéired.

25 Therefore, using target-oriented Kirchhoff migration for

_—
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Seismic mgration requires an accurate nodel of the: subsurface velocity.
Thére are many existing methods for perforning n1grat|on vel ocity
analysis. Three are of particular signidicance: iterative prestack

m gration, prestack migration velocity sweeps and depth focusing :
anal ysi s. The nethods discussed herein all involve iterative prestack
mgration of the data with different velocities, to obtain an

apprOX|nat|on of the velocity by
- velocity analysis can be cost competitive with the

inherently faster frequency—wavenumber and finite-
difference methods. Because of the limitations of these
methods, only methods for spéeding up Kirchhoff migration
5 were explored for the method of this invention,
The migration techniqueé proposed herein could be
used with non-Kirchhoff migration methods. However, the
techniques proposed here achieve their greatest gain in

efficiency when used with migration methods that can

C) 10 operate in a target-oriented mode. Therefore, the

—~
4

" frequency-wavenumber and finite difference methods would
not achieve efficiency gains as great as would the
Kirchhoff method, because they cannot operate in é
target-oriented mode. However, there may be other
15 migration methods, such as Gaussian'beam migration {(Hill,
N. R., "Gaussian Beam Migration," Geophysics 55(11):1416-
1428), that would benefit from incorporating limited
aperture migration.
) The equations describing Kirchhoff migration are
- 20 well known in the art (Berryhill, J. R., Ed. Wave
Equation Datuming Before Stack, 54th Annual International
Mtg. Soc. Expl. Geophys., Expanded Abstracts, Tulsa, Soc.
Expl. Geophys., Session:S2.6 (1984); Schneider, W. A.,
"Integral Formulation for Migration in Two—Dimensiéns and

25 Three-Dimensions," Geophysics 43(1l): 49-76 (1978)).

_—
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trial and error. One nethod for obtaining mgration velocities is to
prestack m grate subsets -(usually common-shot gather’s or comobn of f set

gat hers) of the seismc data with an inigdal reference mgration velocity
(Al -Yahya, K. M, "Velocity Analysis by Iterative Profile Mgration,"
Geophysi cs, 54(6):718-729 (1989); Deregowski, S. M, "Comon-Ofset

M grations and Velocity Analysis," First

Kirchhoff migration involves summing the input seismic
traces along traveltimes cofresponding to a point
diffractor in the subsurface (see FIGURE 4). The
migration aperture is définea as all the traces included

5 in this summation for a given output trace. The aperture
is usually limited to those fraces which have both source
and receiver within a specified distance from the output
trace location {(usually about 5,000 to 25,000 feet).

FIGURE 4 is a schematic diagram illustrating the
{:) 10 Kirchhoff migration method. Input traces are summed
" along the Kirchhoff summation curve 8 (difffaction

traveltime curve) and output at the apex of the curve 12,
The aperture 14 contains all traces within a specified
distance of the output location. For the reflection 10

15 shown in FIGURE 4, only those traces within the shaded
area 16 contribute significantly to the sum.

Those input traces which contribute significantly
have diffraction raypaths that are close to an actual
) reflection raypath (see FIGURE 5). FIGURE 5 is an

20 illustration of which input traces will make significant
contribution to the migrated image of a reflector 17.
Sources are indicated by 19 and receivers are indicated
by 21. Notice that the traces that contribute
significantly 22 will have diffraction raypaths to.the

25 imaging point that are close to a reflection raypath 20
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Break, 8(6): 224-234 (1990)). If this mgration produces images that are
consistent for all the data subsets, then the initi:al guess for the
reference velocity is taken to be correqt. If this initial mgration
produces inconsistent inmages, then these differences can be used to
estimate a corrected velocity that is closer to the true velocity than the
initial velocity selected. Aflow chart for this method is set forth in

FI GURE 1. It can
. for that point, whlle those traces 18 which do not
contribute significantly have diffraction raypaths to the
imaging point that are not close to a reflection raypath
20 for that point. Thﬁé, gi§en knowledge of the
5 reflection raypaths 20, raytracing can be used to
determine which traces 22 will contribute significantly
to the output migrated trace. Raytracing is a technique
familiar to those of reasonable skill in the art.
Including only those traces that contribute significantly
{:> 10 in the Kirchhoff summation speeds up two-dimensional
" prestack migration by about a factor of 10 énd speeds up
three-dimensional prestack migration by about a factor of
100. .
Just such a method has been developed by Carroll et.
15 al. {Carroll, R. J., Hubbard, L. M.} et al., "A Directed-
Aperture Kirchhoff Migration," Geophysical Imaging,
Symposium of Geophysical Society of Tulsa, Tulsa, Soc.
Expl. Geophys., 151-165 (1987)). They have developed a
{0y method for reducing the cost of Kirchhoff prestack
20 migration. They first make a reflector model, based on
'stacked seismic data. Raytracing is used to determine
the locations of sources and receivers that will
contribute significantly to the prestack migration of

each reflector. They then define a time-varying aperture

25 fbr prestack migration, centered on these raytraced

_
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be seen fromthis chart that the calculations are . entirely

sequentlal

s\)

10

15

20

25

with the result that this nethod
..]_:Z._

locations, that is, significantly narrower than a
conventional migration aperture (see FIGURE 6). FIGURE 6
is a schematic diagram illustrating Carroll et. al.
directed-aperture migration ﬁethod. Migration hyperbolas
are indicated by 28. Normal incidence ray tracing is
used to determine the directéd aperture 26 used to
produce a migrated trace at the output location 30.

Since computer CPU time for Kirchhoff migration is
proportional to the aperture size, this reduction in

aperture should greatly reduce the cost of prestack

" migration. Carroll et al. call this method'directed-

aperture migration, since the location of the aperture is
moved to different locations depending on a model.of the
reflectors 24.

The method of Carroll et. al. should significantly
reduce the CPU time for prestack migration; however,
their method presents a problem. The method still
requires reading a large fraction of the input traces to
produce a migrated output trace at one location. The
reason for this is that the Carroll et al. aperture
varies with time; different sets of input traces
contribute to the output trace at different times (see
FIGURE 6). Thus, even though only a small percentage of
the input traces contribute at any particular time.on the

output'trace, a much larger percentage of the input
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takes not only significant conmputer time, but also .significant

interpretation tine. This nethod usually requires several

I terations using

t he updated velocity for prestack m gratj.on each time. Unfortunately, this

method i s very expensive since prestack mgration itself

is very

expensive. In particular, the cost of CPUtime in a superconputer to
output a single three-dinensional prestack mgrated line is presently on

t he order of

traces are required to form all the time samples of an

output trace. This problem intuitively means that

computer I/0 costs will probably not be significantly

reduced, even though thé CPU costs should be reduced.

5 It is an object of this invention to present a

method for performing prestack migration at a

dramatically reduced cost.

It is a further object of this invention to present

a method for calculating subsurface velocities at a

(:> 10 dramatically reduced cost.

It is a further object of this invention to present

a method for calculating subsurface velocities more

quickly. and more accurately than is possible using

current methods.

15 It is a further object of this invention to

eliminate false velocity picks in the determination of

subsurface velocities.

It is a further object of this invention to present

o

a method for building an accurate three-dimensional

20 migration velocity from a grid of two-dimensional lines.

It is a further object of this invention to present

a method for accurately migrating an existing three-

dimensional stack without incurring the large expense of

obtaining and reprocessing the three-dimensional

25 unstacked tapes.
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$200, 000. . The prestack migration velocity sweep nethod is closely
related to the iterative-profile mgration nethod, :but performs nultiple
mgrations in parallel rather than segygntially. A mgration velocity
sweep consists-of prestack migrating common-offset gathers sinultaneously
with several different velocities and summng the m grated inmages. ThIS
produces a set of
It is a furtﬁer object of this invention to
significantly improve the signal-to-noise ratie (S/N)} of
velocity analysis displays.
Further objects and.advéntages of this invention
5 will be seen by one skilled in .the art of geophysical
data processing upon review of the specification, figures

and claims herein.

SUMMARY OF THE INVENTION

C;D This invention is a method for analyzing seismic
10 - signals for analysis of a subsurface volume of the earth,
comprising the steps of
a.. collecting a set of seismic traces;
b. selecting a surface location;
c. determining the migrated positions of
15 reflection dips, which reflection dips before migration
appear to be below the location;
d. selecting a zone on the surface around said
(;) location; which zone is at most half as large as the
migration aperture required to image all points located
20 vertically beneath said location;
e. selecting those traces which have source-

receiver midpoints falling within said zone; and
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seismc traces, one group of traces for each velocity, that can be plotted
to forma velocity analysis display (see FIGURE 2 for flowhart of this
met hod). Velocities that produce consigsent inmages with respect to the

di fferent common-offset gathers will produce anplitude peaks on this

vel ocity analysis display. Thus, anplitude peaks on the velocity analysis
di splay can be used to pick the migration velocity function. Because this

f. performing migration velocity analysis on said
selected traces at the migréted position of each
reflection.

This invention reduces the cost of migration

5  velocity analysis by reducing the amount of computer time
:required for prestack migration. Two methods are used to
reduce this computer time. Both methods increase the
efficiency of Kirchhoff migration by limiting the amount
of input seismic data. .

;:} 10 The first method, limited-aperture migration, is the
-method set forth above. It reduces the size of the
migration aperture.

The second method, Monte Carlo migration, is used in
conjunction with the limited aperture migration in the

15 preferred embodiment of this invention. Monte Carlo
migration increases efficiency by nmigrating only a small,
randomly selected fraction of the input traces. These

methods significantly reduce the cost of prestack

migration and eliminate spurious velocity picks from

.L“/.

20 velocity analysis displays. 1In addition, using the
limited aperture method without the Monte Carlo technique
improves S/N over conventional techniques.

Both methods can be applied to either two-

dimensional or three-dimensional seismic data. However,
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met hod i nvol ves parallel processing, less interpretation time, but nore
CPU tine, is used than with the iterative prestack-m gration method.

-16—-

for three-dimensional data the gain in efficiency is

about a factor of 10 larger than for two-dimensional.

BRIEF DESCRIPTION OF THE DRAWINGS

L7

FIGURE 1 depicts a flow chart for a typical
5 iterative profile migration Qelocity analysis.
FIGURE 2 depicts a flowchart for a typical prestack
migration velocity sweep method.

FIGURES 3A and 3B -are schematic diagrams

.\
\
2

4
‘\;f

illustrating how prestack migration velocity sweeps can

10 " produce false velocity picks for dipping reflectors.
FIGURE 3A depicts migration at velocity Vq, while FIGURE
3B depicts migration at velocity Vj. '

FIGURE 4 is a schematic diagram illustrating the
Kirchhoff migration method.

15 FIGURE 5 is an illustration of which input traces
will make significant contribution to the migrated image
of a reflector.

ib) FIGURE 6 is a schematic diagram illustrating the
directed-aperture method of Carroll et al.

20 FIGURE 7 is a schematic diagram illustrating the
limited-aperture migration method of this invention.

FIGURE 8 is a flowchart for the preferred embodiment
of the limited-aperture common-offset migration veiocity

analysis method of this invention.
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One problemw th this prestack migration velocity sweep velocity analysis
method is that anplitude. peaks can appear at velocities that do not
correspond to consistent imaging of tha7comon-offset gathers. This can
| ead the interpreter to pick incorrect velocities (Schleicher, K L.,

G ygier,

D. J., et al., Ed., Mgration Velocity Analysis: A Conparison of

Two Approaches; 61st Annual Internat. Mg., Soc. Expl.

f\

AN

10

15

20

FIGURE 9 shews processes used to quantify residual
moveout and update the migretion velocity for common-
offset migration.

FIGURE 10 is a veloeity-analysis display of the data
in the Example, resulting from-the first iteration of a
conventional wide-aperture migration.

FIGURE 11 is a velocity analysis display of the data
in the Example, resulting from the -first iteration of
limited-aperture migration, the method of this invention.

FIGURE 12 is a velocity analysis display of the data

" in- the Example, resulting from the first iteration of
limited-aperture/Monte Carlo migration, the preferred

embodiment of this 1nvent10n

DESCRIPTION OF THE PREFERRED EMBODIMENT

The within invention is principally of a limited
aperture migration method. 1In its preferred embodiment,
the limited-aperture method is used in conjunction with
Monte Carlo migration, discussed herein.

Conventionally, migration apertures contain all
input traces having sources and receivers within about
5,000 to 25,000 feet of the output image location. The
limited-aperture portion of this invention migrates
relatively small (500 to 5,000 feet) fixed apertures of

the input data to reduce the cost of prestack migration.
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Geophys., Expanded Abstracts, Tulsa, Soc. Expl. Geophys., 1237-1238
(1991)). These erroneous velocity estimates are the result of dipping
refl'ectors mgrating into the velocity_analysis |location as the mgration
velocity changes (see FIGURES 3A and 3B). FIGURES 3A and 3B are schematic
diagranms illustrating how prestack mgration velocity sweeps can produce

false velocity picks 6 for dipping reflectors. For the faulted reflector 2
shown

Since the computér time required for Kirchhoff migration
is proportional to the amoﬁnt of input data, this results
in up to a factor of 10 improvement in efficiency for
two-dimensional migratidn. 'For three-dimensional data,

5 - the gain in efficiency is up to a factor of on the order
of 100 since the aperture is'limited in two directions.

Conventionally, an output image is formed along a
straight, vertical line at the center of the migration
aperture. However, when migrating small fixed apertures,

_) 10 as proposed in this invention, reflections with even a
small amount of dip will ﬁigrate out of the.region
defining the aperture (see FIGURE 7). FIGURE 7 is a
schenmatic diagram illustrating the limited—apertufe
migration method. Reflectors are indicated as 38.

15 Normal incidence raypaths 34 that pass through the center
of the input aperture 32 indicate output locations to
which the input aperture makes a significant
contribution. These locations define curves 36 and 40
along which the images will be combuted. Notice thaé

20 there can be more than one output image curve.

Examination of FIGURE 7 makes it clear that images
cannot, in limited apertﬁre migration, be constructed
along straight, vertical lines. The key to limited
aperture migration is that images are constructed ét the

25 locations 36 and 40 to which the reflections, at the

This Sheet Has Been Replaced

AR

Patents\Foreign\FF097817.D0OC



t herein,

notice that the event has not mgrated into the velocity analysis

| ocation.,4 at velocity ¥[err] .(FIGURE 3A) but at velocity V2 (Fl GURE 3B)
the event has nmigrated into the vel ocitiP-anal ysis |ocation. Thus, there
will be arelatively high anplitude at velocity V[err], even though

C) 10

15

20

25

center of the limited aperture 32, will migrate. These
locations describe curves 36 and 40 (see FIGURE'7) that
replace the vertical lines conventionally used to form
migrated images. —e

In order to gain a computational advantage from
limited-aperture migration there must be an inexpensive
method for determiﬂing the output image curves 36 and 40.
As is known to those of reasonable skill in the art,
there are many methods for defining these curves 36 and

40. One good method is to digitize reflections on an

. existing stack of the seismic data. The time dips of

these digitized reflections are then calculated at the
center pf the limited aperture 32 to be migrated.
Kinematic migration (often called map migration (Maher,
S. M., and Hadley, D. M., Ed., Deyelqpment of an
Accurate, Staple and interactive Map Migration Algorithm,
55th Annual Interhat. Mtg., Soc. Expl. Geophys., Expanded
Abstracts, Tulsa, Soc. Expl. Geophys., Session:S15.8
(1985)) is used to predict, from these time dips, the
locations to which the reflections will migrate. This
kinematic migration is performed with the same reference
migration velocity that will be used for prestack
migration velocity analysis. Output image curves 36 and
40 are then defined which pass through the output '

locations 36 and 40 predicted by kinematic migration (see
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velocity V[err] may be the velocity which produces the nobst consistent

i mge as,a function of :source-receiver offset. - This prestack
n1grat|on vel ocity sweep method i s abaglp-ten tinmes nore conputer intensive
than iterative prestack mgration, because it requires 10 to 50
applications of prestack migration. However, these

FIGURE 7). All fhe processes used to determine these
output curves are much lesé expénsive than prestack
migration.
The output curves-36 and 40 are defined using
5 stacked data, and are therefore guaranteed to be correct
only for small sou;ce—receivér offset input traces. For
steeper reflector dips, large source-receiver offsets
will migrate to different locations than small offsets.
This problem can be overcome by increasing the size of
(:) 10 the limited aperture 32. As would be apparent to one of
" reasonable skill in the art, the proper size of the
limited aperture 32 is data-dependent, and many methods
could be used to determine the proper size of the.limited
aperture 32. One method is to run limited-aperture
15 migration for several different aperture sizes at the
location in the seismic data containing the steepest
dips. These aperture size tests should be performed at a

relatively high reference velocity to produce a

et

Y conservative estimate for the minimum aperture size. The
20 minimum test aperture size that still produces a good
migration can be used to migrate the remainder of the
data. More sophisticated tests, as would be apparent to
one of reasonable skill in the art, for instance using

ray tracing, could be used to determine an optimum

25 aperture size at each location in the seismic survey.
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conputer costs may be offset by the reduced interpretation costs, since
the velogity interpreter need. pick the mgration velocity only once.

A third met hod for velocity analysis isodepth focusing-analysis. Depth _
focusing analysis deternmnes velocities by using downward extrapol ation to
estimate zero-offset seismc traces at a range of depths. These

extrapol ations to different depths are all perfornmed with

For three-dimensional seismic data it may be
advantageous to use an aperture.32 that has different
sizes in the inline and crossline direction. In
particular, for marine‘three;dimensional data the inline

5 projection of the source-receiver offset usually has a

‘much larger range than the crossline projection. Thus,
in the crossline direction the data appears to be
essentially zero offset. This implies that the limited
aperture 32 can be much smaller in the crossline

(:> 10 direction than the inline direction. Land three-

" dimensional data, gathered using a swath teéhnique, can
also benefit by using smaller crossline apertures than
inline apertures. | |

Two-dimensional seismic data are a limiting case

15 having an aperture width in the crossline direction that
is essentially zero. We have found that the techniques
employed for limited aperture migration apply even in
this limiting case. Velocity analysis displays resulting

C) from application of limited aperture migration to two

20 dimensional data are as accurate as those obtained from
three dimensional data, though the displays are noisier.
This implies that accurate three dimensional velocities
can be obtained from a grid of two dimensional seismic
lines. In this case the three dimensional dips, required

25 for limited aperture migration, can be determined at the
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I S AL S e

one reference mgration velocity. If a reflection has-an anplitude peak at
the depth corresponding.to the two-way vertical traveltime through the

refeérence velocity field, then the reference velocity is the correct
mgration velocity. Deviations fromthis condition can be used to _
estimate the error in the reference velocity (Kim Y. C and Gonzalez, R
"Mgration velocity analysis with the Kirchhoff Integral," Geophysics

56(3): 365-370 (1991);

, 1ntersectlons of the two dlmen51onal lines in the grid or
from a coincident three dimensional survey. This
capability is important, because it can be used to
determine accurate three diménsional velocities without

5 incurring the large expense of ‘purchasing an unstacked
three dimensional seismic sufvey. Such velocities would
be useful, for example, for post-stack migration of a
stacked three dimensional survey or for map migration of
a grid of two dimensional lines.
(:) 10 ﬂimited—aperture migration produces migrated seismic
" data with higher S/N than conventional migrétion
(Carroll, Hubbard et al. 1987; Krebs, J. R., "Three-
Dimensipnal Migration of Swath Surveys," Geophysiés,
55(9):1251-1259 (1990)). The reason for this is that
15 limited-aperture migration sums only over those portions
’. : of the Kirchhoff summation curve 8 that make a
significant contribution 16 to the migration of the
reflection of interest 10 (see FIGURE 4). The remaining
C} portions of the summation curve 8 usually do not sum to
20 zero. This non-zero sum is noise that conventional wide-
aperture migration adds to the image of the reflection.
In the preferred embodiment of the method of this
invention, Monte Carlo migration is used in conjunction

with limited-aperture migration. Monte Carlo migration
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Yilmaz, O and Chanbers, R E., "Mgration Velocity Analysis by Wave-Field
Expl oration," CGeophysics, -7-

49(10):1664-1674.(1984)). Thi s met hod Lssusually iterated several tines
until convergence is achieved. |

is the applicatidn of Monte Carlo integration theory to
migration of seismic data.
Monte Carlo integration is a well known mathematical
technique for estimating.the'value of a multidimensional
5 integral having a smoothly varying integrand within the
region to be integrated (Preés, W. H., Flannery, B. P.,
et al., Numerical Recipes: The Art of Scientific
Computing, Cambridge, Cambridge University Press, pages
126-130 (1986)). Rather than summing the function to be
QHD 10 integrated over a uniformly sampled region, Monte Carlo
integration sums over a sparse random sampling of the
region. This can greatly reduce the amount of computer
time required to compute an.integral. .
Kirchhoff presfack migration is a multi-dimensional
15 integral, and the Monte Carlo method can be applied by
simply rejecting, preferably randomly rejecting, some
percentage of the input traces before migration.
Unfortunately, when this is applied to conventional wide-
N aperture Kirchhoff migration, the result is ﬁnacceptably
20 noisy. The cause of this noise is that the integrand for
Kirchhoff migration is not smooth over the entire
aperture, and therefore violates an assumption of the
Monte Carlo method. In particular, the integrand for
Kirchhoff migration is smooth only over those portions of

25 the aperture that contribute significantly to the output
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This nmethod can produce,.fal se velocity picks 6 for.
which false picks 6 are:simlar to

vel ocity sweeps discussed above and shgwr in FI GURE 3. (MacKay, S.,

Abma, R

Criterion,
Abstracts,
met hod may naqt

L

A

10

15

20

25

Ed., Depth Focusing Analysis Using a Wavefront- Curvature
62nd Annual Internat. Mg., Soc. Expl. Geophys., Expanded
Tul sa, Soc. Expl. Geophys, 927 (1992)). Furthernore, this

image. Thereforé, any migrgtion technique which limits
the region of integration t§ this smooth portion of the
integrand can be enhanced by use of Monte Carlo
migration. In fact, the Monfe Carlo method could be
combined with the directed-aperture method of Carroll et
al. to further improve that ﬁethod. Since limited-
aperture migration limits the region of integration to
this smooth portion of the integrand, Monte Carlo
techniques can be used in conjunction with limited-

aperture migration, even though they would fail with

- conventional Kirchhoff migration. As will be seen

herein, Monte Carlo migration does reduce S/N even when
combined with limited-apeftﬁre migration. Good résults
have been achieved with only a random 10 percent of the
input traces being used. Further, even when 90 percent
of the input traces are randomly eliminated from
migration velocity analysis, combined limited-
aperture/Monte Carlo migration still achieves a S/N that
is better than that achieved by conventional prestack
migration. This results in an additional factor of 10
reduction in computer costs. Thus, if the improved S/N
afforded by limited-aperture migration is not important
for a particular set of data, the Monte Carlo method can
be used to reduce the cost of velocity analysis be&ond

that achieved by using limited-aperture migration alone.
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converge fot steeply dipping reflectors (MacKay, S. and Abma, R, "lmaging
and Velocity Estimation with Depth- Focusing Analysis," Geophysics, 57
(12): 1608-1622 1992). Al the ngggity anal ysi s met hods di scussed
above require several applications of prestack migration. Therefore,
reduci ng the cost of prestack mgration would have a significant positive
I npact on the cost of any of these velocity analysis nethods. :
The net result ié S/N approximately identical to that
achieved by conventional migration methods at -
significantly less than 1% of the cost of computer time.
The Monte Carlo méthod éould be particularly
5 important when using iterative-velocity analysis methods.
Iterative methods require rééding the .unstacked seismic
data many times. Unstacked three-dimensional data can
contain on the order of 1,000 tapes; thus, even the
simple act of reading all of these tapes several times
<:> 10 can lead to considerable expense. However, when using
" the Monte Carlo method, approximately 90 pefcent of the
input traces are randomly rejected before velocity
analysis begins. Thus, eacﬁ iteration of velocity
analysis will require reading only about 10 percent of
15 the number of tapes that would otherwise be required.
Limited-aperture and Monte Carlo migration can be
used to improve any velocity analysis method which uses
prestack migration or wave equation extrapolation.
o FIGURE 8 is a flowchart showing how these methods would
- 20 be used with iterative profile prestack migration. The
flow chart is very similar to that shown in FIGURE 1,
except some premigration work must be done to determine
the output curves for each limited aperture, and,
further, the optional Monte Carlo restriction is

25 indicated on FIGURE 8.
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One way of reducing the cost-of prestack mgration is to use an inherently
fast technique for m gration. . There are three commonly used wave-equation

mgration algorithms: frequency-wavenuwgger nigration, finite- difference
m gration, and Kirchhoff migration. Frequency wavenunber nigration and

finite-difference mgration are generally faster than Kirchhoff mgration;
however, '

The followiﬁg is a summary of the advantages gained
by this invention: |

1. Reduced CPU and I/O time for migration velocity
analysis. Limited—aperture ﬁigration velocity analysis

5 for two-dimensional data reduces CPU and I/0O times by
about a factor of 10, and fof three-dimensional data the
reduction is about a factof of 100. By using Monte Carlo
rigration another factor of 10 reduction can be achieved,
for a total reduction of 1,000 times for three-
C) 10 dimensional data.

2. Improved S/N of velocity analysis displays.

3. With the limited aperture method, two-
dimensional lines can be treated as if they were three-
dimensional data with a very narrow limited aperture in

15 the crossline direction. Thus, a grid of two-dimensional
lines can be used to determined velocities that are
accurate for three-dimensional migration. This could
result in a very large cost savings for three-dimensional
velocity analysis, since velocities for threé—dimensional

20 post stack migration can be produced without purchasing
three-dimensional unstacked tapes.

4. The fixed aperture for this invention forces the
use of different output curves for each velocity in a

prestack migration velocity sweep. This has the benefit

-
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Kirchhoff mgration has several advantages that have made it the nethod of

choi ce for three-dinensional prestack mgration.

O

15

20

~277-

of eliminating tﬁe false velocity picks from migration
velocity sweep displays discussed above.

5. The number of tapes read in each iteration of
velocity analysis can be-redﬁced by about a factor of 10
by using the Monte Carlo migration method.

Carroll et. al.'s directed-aperture migration and

the limited-aperture migration method proposed here

should produce similar gains in CPU time efficiency.
Also, the S/N improvement of migrations produced by the

two methods should be similar. However, there are

" several major differences between this invention and

Carroll et. al.'s.

The main difference is.that this method uses.a fixed
aperture of input data while calculating images along
output curves that are not vertical. Carroll et. al.
directed-aperture technique computes a time varying
aperture while calculating images along vertical lines.
This difference results in the following advantages that
were discussed above and cannot be achieved with the
Carroll et. al.'s method:

1. Improved I/O perforﬁance.

2. Determination.of accurate three-dimensional

migration velocities from a grid of two-dimensional

lines.
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First, Kirchhoff migration can handle irregular shooting geonetries, such
as those commonl y encountered. in unstacked three-di nensional data. Second,
conplex mgration velocity fields can-bg-used with Kirchhoff migration.
Third, Kirchhoff nethods can nmigrate reflectors having very steep dip.
FlnaLIy, Kirchhoff mgration can be used in a target-oriented node. In
this node, inmages at a few selected target | ocations can be '

3. Eliminafion of false velocity picks from
velocity sweep displays.

4. Reduced number of tapes read per iteration of
velocity analysis. e .

5 Note that Carroll et. al.-do not propose using their
method for migration velocit& analysis. Rather, they use
their method only to speed up the final prestack
migration after another method was used to determine the
migration velocities. Also, Carroll et. al. do not use

C) 10 Monte Carlo migration to produce an additional factor of

© 10. improvement in efficiency.
EXAMPLE

The following is an example of limited-aperture
migration velocity analysis using common-offset migration
15 as discussed in the previous section. The data are from
a three-dimensional marine survey. The data were
processed as shown in FIGURE 8. To quantify the residual
Ly moveout and calculate an updated migration vélocity, the
- fairly simple process shown in FIGURE 9 was applied.
20 This method converged after four iterations of prestack
common-offset migration. Other methods of quantifying
moveout and updating thé velocity could be substituted,

and may lead to faster convergence.
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produced at a fraction of the cost of using Kirchhoff mgration to produce
i mages -at all possible output. |ocations. Frequency-wavenunber nigration
fails with irregular shooting geonetrigg-or conplex mgration fields, _
while finite-difference mgration fails with irregular shooting geonetries -
or reflectors with a very steep dip.. Neither frequency-wavenunber nor
finite difference mgration can be used in a target-oriented

The velocity analysis was performed using
conventional wide-aperture brestack migration (aperture
26,250 x 7,875 feet), limited-aperture migration
(aperture 4,375 x 875 feet), and combined limited-

5 aperture/Monte Carlo migration: (90% of input traces
rejected for Monte Carlo). All three types of migration
yielded the same velocity function. This agreement
confirms the accuracy of the limited-aperture and Monte
Carlo migrations.

<:> 10 FIGURES 10-12 compare velocity sweepé resulting from
* the processes shown in FIGURE 9. FIGURE 10 shows a
velocity analysis display resulting from the first
iteratigon of conventional wide-aperture migration; The
digitized curve is the updated velocity function to be
15 input to the second ‘iteration of velocity analysis.
FIGURE 11 shows a velocity analysis display resulting
from the first iteration of limited-aperture migration.
The updated velocity curve was digitized from the
) conventional wide-aperture velocity display shown in
20 FIGURE 10. FIGURE 12 shows a velocity analysis display
resulting from the first iteration of limited-
aperture/Monte Carlo migration. Ninety percent of the
input traces were randomly rejected. The updated
velocity curve was digitized from the conventionallwide-

25 aperture velocity display shown in FIGURE 10.
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mode. These methods nust .conpute the mgrated image at all possible output
| ocations. This is inportant for migration velocity analysis, because
vel ocity analysis can usually be perfarggd at a small fraction of the
nunmber of locations at which a seismc inmage is desired. Therefore, using
target-oriented Kirchhoff mgration for
The accuracy of Ehe limited-aperture and Monte Carlo
migration is demonstrated by the fact that the- velocity
curve digitized from the wide-aperture migration passes
through all the high amplitude velocity peaks in FIGURES
5 11 and 12. Also, notice the increased S/N of the
limited-aperture migration rélative to the conventional
wide-aperture migration. The Monte Carlo migration also
has higher S/N than conventional wide-aperture migration,
though not as good as limited migration-aperture alone.
C) 10 The differences in CPU time for the three methods
~are shown in Table 1. Limited-aperture migfation using
the data of this example is approximately 50 times less

expensive than conventional wide-aperture migration, and

Monte Carlo migration gave another factor of

15 approximately 10 decrease in expense.
TABLE 1
COMPARISON OF CPU TIMES FOR PRESTACK MIGRATION VELOCITY
20 ANALYSIS
4 Type of Migration Cray-YMP CPU Time
Conventional Wide Apérture 2,756 seconds
Limited Aperture 55 seconds
Limited Aperture with Monte Carlo 6 seconds
_—
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vel ocity analysis can be cost conpetitive with the .inherently faster
frequency-wavenunber and finite- difference methods. Because of the
limtations of these - methods, only nmet3dds for speeding up Kirchhoff

mgration \m‘mcl:ﬂ"m“lmﬂs'ﬂml the net hgd of this invention.

CLAIMS:

1. A method for analyzing seismic signals for
analysis of a subsurface-volﬁme of the earth, comprising
the steps of

5 a. collecting a set of seismic traces;

b. selecting a surface location;

c. determining the migrated positions of
reflection dips, which reflection dips before migration

C:) appear to be below the location;

10 - - d. selecting a zone on the surface around said
location, which zone is at most half as large as the
migration aperture required to image all points lécated
vertically beneath said location;

e. selecting those traces which have source-

15 receiver midpoints falling within said zone; and

£. performing migration velocity analysis on said
selected traces at the migrated position of each

Cy reflection.

" 2. The method of claim 1, wherein a portion of the

20 seismic traces are rejected prior to performing the
migration velocity analysis on said selected traces at
the migrated position of each reflection.

3. The method of claim 2, wherein said portion is

at least about 50%.

S
—
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The mgration techniques proposed herein could be -used with non-Kirchhoff
n1gratpon met hods. However, the techniques proposed here achieve their

greates eff|C|ency when used 2 m gration nmethods that can

oper at e ﬂiﬂﬂ“&iﬂ nted node. Therefore,. the frequency-wavenumber and
finite s woul d not achi eve eff|C|ency gains as great as
woul d t he Klrchhof nethod because t hey cannot operate in a

4, The method of claim 2, wherein said portion is
at least about 75%.
5. The method of?claiﬁ 2, wherein said portion is
at least about 90%.
5 6. The method of claiﬁ 2, wherein said rejection
is performed randomly.
7. The method of claim 3, wherein said rejection
is performed randomly.
<:> 8. The method of claim 4, wherein said rejection
10 * is. performed randomly.
9. The method of claim 5, wherein said rejection
is performed randomly.
10. A method for analyzing seismic signals for
analysis of a subsurfece volume of the earth, comprising
15 the steps of
a. collecting a set of seismic traces;
b. selecting all or some fraction of an aperture
) of the Kirchhoff summation curve for which the integrand
| for Kirchhoff migration is smooth;
20 c. rejecting a portion of the seismic traces
within said aperture; and
d. performing migration velocity analysis on the
remaining selected traces after said rejection. |
11. A method according to claim 1 or claim 10 for
analysing seismic signals for analysis of a subsurface
volume of the earth, substantially as hereinbefore

deseribed with reference to the accompany1ng draw1ngs.
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target-oriented node. However, there may be ot her -migration net hods such

as Gaussian beammigratian (H.Il, N R, "Gaussi an ‘Beam M grati on,
Geophysics 55(11):1416- 1428), that would benefit fromi ncor porating
limted aperture mgration. The equations describing Kirchhoff
mgration are well known in the art (Berryhill, J. R, Ed. Wave Equatlon

Dat um ng Before Stack, 54th Annual Internati onal
-33-
‘Method for Analysing Seismic Signals

¢

ABSTRACT

‘Disclosed is a method for efficiently and accurately determining subsurface
velocities for use in migration of seismic data. The method calls for
restricting the number of traces considered. This is achieved by a limited-
(: ) aperture migration, or by trace restriction to those lying upon that portion of
. the Kirchhoff summation curve wherein the integrand for Kirchhoff
migration is smooth. In the preferred embodiment, only a random sample
of traces within this aperture are used in the calculations. Improvements in

efﬁcienc)é on the order of a factor of 1000 can be realized with the preferred

embodiment.

(Figure 7)
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M g. Soc Expl ., Geophys., Expanded Abst ract s, Tulsa, Soc. Expl. Ceophys.,
SeSSI of: $2. 6 (1984) Sohnel der, W A, "Int egral Formul ati on for M gration
|n Two- Di men5| ons and Three-Di mensi ons " CGeophysics 43 (1): 49-76 (1978)).
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Kirchhof f migration involves summing the input seismic traces along
travgltlnes correspondlng to.a point diffractor in'the subsurface (see -
FIGURE 4). The nigration: aperture is defined as all the traces included
in this sumation for a given output trace. The aperture is usually
|rmited to those traces which have both source and receiver within a’
specified dlstance frontthe output
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trace | ocation (usually.about 5,000 to 25,000 feet}), FIGURE 4 is a
sdhenatlc dlagran1lllustrat|ng the Kirchhoff n1grat|on met hod. | nput
trades are summed along the Kirchhoff summation curve 8 (diffraction
travel time curve) and output at the apex of the curve 12. The aperture 14
contains all traces within a specified distance of the output: | ocati on.
For the reflection 10 shown in FIGURE 4, only those traces within the
shaded :
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area 16 contribute significantly to the sum -Those input traces which
cohtrlbule significantly have diffraction raypaths#that are close to an
actdal - refiection raypath (see FIGURE 5). FIGURE 5 is an illustration of
which input traces will make significant contribution to the 'mgrated.
image of a reflector 17. 'Sources are indicated by 19 and receivers are.
indi cated by 21. Notice that the traces that contribute

/~19N 21N
* * . . \v4 }

FIG.5
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significantly 22 will have diffraction raypaths to the inaging point that
are cl.ose to a reflectibn raypath 20 for that point, while these
traces 18 which do not '

4
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coptrjhute significantly.have diffraction raypaths .to.the inmaging point

t hat, are ot close to areflection raypath 20 for that point. Thus, given
know edge of the - reflection raypaths 20, raytracing can be used to
determ ne which traces 22 will contribute significantly to the output
mgrated trace. Raytracing is a technique famliar to those of reasonable
skill in the art. 1ncluding onIy those traces that contribute S
significantly
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i, the Kirchhoff summation speeds up two-dinensioral  prestack mgration by
abqut ,asfactor of 10 and’ speeds up three-dinensi onal prestack mgration by
about ‘a factor of 100. Just such a nethod has been devel oped by
Carroll et. al. (Carroll, R J., Rubbard, L. M, et al., "A Directed-
Aperture Kirchhoff Mgration," Geophy5| cal | magi ng, Synposi um of

Geophysi cal Society of Tul sa, Tul sa, Soc
SORT TO COMMON
IMAGE GATHERS
(CDP GATHERS)
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MOVEOQUT (NMO) AT
REFERENCE MIGRATION
VELOCITY
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Expl . @eophys., 151-165 (1987)). They have devel oped a method for reducing
tHbicogt of Klrchhoff prestack mgration. They first make a reflector

mgdel “pased on .stacked seisnic data. Raytracing is used to determ ne the
Iocatlons of sources and receivers that will contribute significantly to -
t he prestack m gration of "each reflector. They then define a tine- varylng

aperture "for prestack mgration, centered on these raytraced
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| ocations, that is, significantly narrower than a c [ht@ﬂENT'SHEET

m gration aperture (see FIGURE 6). FIGURE 6
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Migration Velocity Analysis Using Limited-Aperture and

.Monte Carlo Migration

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the field of seismic
imaging, particularly to two-dimensional and three-
dimensional migration of surface seismic data. It
consists of a method for efficiently obtaining an
accurate velocity model, which model can be used in

migration of seismic data.
2. Related Art

In seismic exploration of the earth, seismic energy
is imparted to the earth. This energy travels into the

earth and is reflected by the interfaces (reflectors; as

‘used herein, "reflector" means the actual subsurface

location of an interface and "reflection" means its
apparent location by reference to unmigrated seismic
data) between various subsurface formations. In typical
seismic exploration, éhergy is imparted to the earth at a
shot point location, and recorded at a number of geophone
locations spaced at various distances away from the shot
point. These various distances’are termed "offsets.” |
The offsets range typically on Eﬁ? order of 50 to 20,000

—
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is a schematic diagramillustrating Carroll et. al.'s dir P{ﬁﬁﬁﬁﬂmﬂ SHEET

m gration nmethod. Mgration hyperbolas are indicated by . trrect

i Aci dence ray tracing is used to determne the directed rt &gﬁfd
to produce a mgrated trace at the output |ocation 30. ]

Av)

time for Kirchhoff mgration is proporti%nal to the apert SL.Z8 ptbi=S

reduction in

aperture should greatly redéce the cost of p estack

CPU

feet away from the shot point. The shot point is
relocated, or a plurality of shot points_are used, so as
to obtain a plurality of traces at each geophone.

The output signal from each of the geophones is
recorded as a function of time. It is desirable to
convert this information so that the picture generated by
displaying the traces actually corresponds to the depth
of the various reflectors within the earth. 1In order to
be able to translate this data into amplitude versus
depth, rather than amplitude versus time, information,
the ﬁelocities of the various subsurface formations must
be determined. Accordingly, in order to provide accurate
pictures of the subterranean structure of the earth,
improved methods of determining the correct velocity of
the seismic energy in the subterranean formations are
required. These methods generally are performed on
computers, particularly supercomputers able to manipulate
large amounts of data efficiently.

The term "migration" refers to corrgction of data
which were recorded as a function of time for the
velocity of the wave in the subterranean structure. 1In
this process, one can convert a number of offset versus
time records, which records can then be displayed to

yield a realistic picture of the structure.

R
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mgration. Carroll et al. call this nethod directed- aperjtRFss
since the location of the aperture is noved to different {
depending on a nodel of the reflectors 24. The net
al. should significantly reduce the CPU tine for prestack
however, their nethod presents a problem, The nethod sti

reading a large fraction of the input traé%é to

Seismic migration requires an accurate model of the
subsurface velocity. There are many existing methods for
performing migration velocity analysis. .Three are of
particular significance: iterative prestack migration,
prestack migration velocity sweeps and depth focusing
analysis. The methods discussed herein all involve
iterative prestack migration of the data with different
velocities, to obtain an approximation of the velocity by
trial and error.

One method for obtaining migration velocities is to
prestack migrate subsets (usually common-shot gathers or
common offset gathers) of the seismic data with an
initial reference migration velocity (Al-Yahya, K. M.,
"Velocity Analysis by Iterative Profile Migration,"
Geophysics, 54(6):718-729 (1989); Deregowski, S. M.,
"Common-Offset Migrations and Velocity Analysis," First
Break, 8(6): 224-234 (1990)). - If this migration produces
images that are consistent for all the data subsets, then
the initial guess for the reference velocity is taken to
be correct. If this initial migration produces
inconsistent images, then these differences can be used
to estimate a corrected velocity that is closer to the
true velocity than the initial velocity selected. A flow
chart for this method is set forth in FIGURE 1. It can
be seen from this chart that the calculations are

-
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produce a mgrated output trace at one |location. The reaso
that the Carroll et al. aperture varies with tinme; differe

traces contribute to the output trace at different tines (§$
Thus, even though only a small percentage of the input trag¢
at any particular time on the output trace, a nuch |arger |
t he i nput -4-

entirely sequential, with the result that this method
takes not only significant computer time,. but also
significant interpretation time. This method usually
requires several iterations using the updated velocity
for prestack migration each time. Unfortunately, this
method is very expensive since prestack migration itself
is very expensive. In particular, the cost of CPU time
in a supercomputer to output a single three-dimensional
prestack'migrated line is presently on the order of
$200,000.

The prestack migration velocity sweep method is
closely related to the iterative profile migration
method, but performs multiple migrations in parallel
rather than sequentially. A migration velocity sweep
consists of prestack migrating common-offset gathers
simultaneously with several different velocities and
summing the migrated images. - This produces a set of
seismic traces, one group of traces for each velocity,
that can be plotted to form a velocity analysis display
(see FIGURE 2 for flowchart of this method). Velocities
that produce consistent images with respect to the
different common-offset gathers will produce amplitude
peaks on this velocity analysis display. Thus, amplitude
peaks on the velocity analysis display can be used to

pick the migration velocity function. Because this

LR
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traces are required to formall the tinme sanples of an od&%
problemintuitively nmeans that conputer 1/O costs wll prid
significantly reduced, even though the CPU costs should Re
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method involves parallel processing, less interpretation
time, but more CPU time, is used than with the iterative
prestack migration method. '

One problem with this prestack migration velocity
sweep velocity analysis method is that amplitude peaks
can appear at velocities that do not correspond to
consistent imaging of the common-offset gathers. This
can lead the interpreter to pick incorrect velocities
(Schleicher, K. L., Grygier, D. J., et al., Ed.,
Migration Velocity Anaiysis: A Comparison of Two
Approachég, 61st Annual Internat. Mtg., Soc. Expl.
Geophys., Expanded Abstracts, Tulsa, Soc. Expl. Geophys.,
1237-1238 (1991)). These erroneous velocity estimates
are the result of dipping reflectors migrating intec the
velocity analysis location as the migration velocity
changes (see FIGURES 3A and 3B). FIGURES 3A and 3B are
schematic diagrams illustrating how prestack migration
velocity sweeps can produce false velocity picks 6 for
dipping reflectors. For the faulted reflector 2 shown
therein, notice that the event has not migrated into the
velocity analysis location 4 at velocity Vi (FIGURE 3A)
but at wvelocity V2 (FIGURE 3B) the event has migrated
into the velocity analysis location. Thus, there will be

a relatively high amplitude at velocity V2, even though
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It is an object of this invention to present a nethod for
prestack mgration at a dramatically reduced cost.

object of this invention to present a nethod for calcul at
velocities at a dramatically reduced cost. It is a
this invention to present a nethod for €e@dcul ati ng subsur
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velocity V1 may be the velocity which produces the most

consistent image as a function of source-receiver offset.

This prestack migration velocity sweép method is

about ten times more computer intensive_than iterative

prestack migration, because it requires 10 to 50

applications of prestack migration. However,

computer costs may be offset by the reduced

these

interpretation costs, since the velocity interpreter need

pick the migration wvelocity only once.

A third method for velocity analysis is depth

focusing analysis. Depth focusing analysis'determines

velocities by using downward extrapolation to estimate

zero-offset seismic traces at a range of depths. These

extrapolations to different depths are all performed with

one reference migration velocity. If a reflection has an

amplitude peak at the depth corresponding to the two-way

vertical traveltime through the reference velocity field,

then the reference velocity is the correct migration

velocity. Deviations from this condition can be used to

estimate the error in the reference velocity (Kim, Y. C.

and Gonzalez, R., "Migration velocity analysis with the

Kirchhoff Integral," Geophysics 56(3): 365-370 (19%91);

Yilmaz, O. and Chambers, R. E., "Migration Velocity

Analysis by Wave-Field Exploration," Geophysics,
_—
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qui ckly and nore accurately than is possible using curre
It is. a further object of this invention to elimnate f
picks in the determ nation of subsurface velocities.

obj ect of this invention to present a method for buildinp

three-di mensional mgration velocity fropya grid of two-

49(10):1664-1674 (1984)). This method is usually
iterated several times until convergence is achieved.

This method can produce false ve%oéity picks € for
dipping reflectors, which false picks 6 are similar to
those produced by prestack migration velocity sweeps
discussed above .and shown in FIGURE 3. (MacKay, S., and
Abma, R., Ed., Depth Focusing Analysis Using a Wavefront-
Curvature Criterion, 62nd Annual Internat. Mtg., Soc.
Expl. Geophys., Expanded Abstracts, Tulsa, Soc. Expl.
Geophys, 927 (1992)). Furthermore, this method may not
converge for steeply dipping reflectors (MacKay, S. and
Abma, R., "Imaging and Velocity Estimation with Depth-
Focusing Analysis," Geophysics, 57(12): 1608-1622 1992).

All the velocity analysis methods discussed above
require several applications of prestack migration.
Therefore, reducing the cost of prestack migration would
have a significant positive impact on the cost of any of
these velocity analysis methods.

One way of reducing the cost of prestack migration
is to use an inherently fast technique for migration.
There are three commonly used wave-equation migration
algorithms: frequency-wavenumber migration, finite-
difference migration, and Kirchhoff migration. Fréquency
wavenumber migration and finite-difference migration are

generally faster than Kirchhoff migration; however,
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is a further object of this invention to present a nefgee-+ot
accurately mgrating an existing three- dinensional stach; R
i mcurring the | arge expense of obtaining and reprocessin

t hr ee- di nensi onal unstacked tapes.

-8~

Kirchhoff migration has several advantages that have made
it the method of choice for three-dimensional prestack
migration.

First, Kirchhoff migration can hahdle irregular
shooting geometries, such as those commonly encountered
in unstacked three-dimensional data. Second, complex
migration velocity fields can be used with Kirchhoff
migration. Third, Kirchhoff methods can migrate
reflectors having very steep dip. Finally, Kirchhoff
migration can be used in a target-oriented mode. 1In this
mode, images at a few selected target locations can be
produced at a fraction of the cost of using Kirchhoff
migration to produce images at all possible output
locations. Frequency-wavenumber migration fails with
irregular.shooting geometries or complex migration
fields, while fihite—difference migration fails with
irregular shooting geometries or reflectors with a very
steep dip. Neither frequency-wavenumber nor finite
difference migration can be used in a target-oriented
mode. These methods must compute the migrated image at
all possible output locations. This is important for
migration velocity analysis, because velocity analysis
can usually be performed at a small fraction of the
number of locations at which a seismic image is desired.

Therefore, using target-oriented Kirchhoff migration for
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I nprove the s

is a further object of this invention to si{ilEay; o S%Eﬁﬁ

ignal-to-noise ratio (S/N) of velocity anal

Furt her objects and advantages of this invention wll be sken by one

skilled in the art of geophysical data processing upon rév eﬁ('bfjkﬂlé%?
speci fication,

figures -9-

-

velocity analysis can be cost competitive with the
inhérently faster frequency-wavenumber and finite-
difference methods. Because of the limitations of these
methdds, only methods for speeding up Kirchhoff migration
were explored for the method of this invention.

The migration techniques proposed herein could be
used with non-Kirchhoff migration methods. However, the
techniques proposed here achieve their greatest gain in
efficiency when used with migration methods that can
operate in a target-oriented mode. Therefore, the
frequency-wavenﬁmber and finite difference methods would
not achieve efficiency gains as great as would the
Kirchhoff method, because they cannot operate in a
target-oriented mode. However, there may be other
migration methods, such as Gaussian beam migration (Hill,
N. R., "Gaussian Beam Migration," Geophysics 55(11):1416é-
1428}, that would benefit from incorporating limited
aperture migration.

The equations describing Kirchhoff migration are

well known in the art (Berryhill, J. R., Ed. Wave

- Equation Datuming Before Stack, 54th Annual International

Mtg. Soc. Expl. Geophys., Expanded Abstracts, Tulsa, Soc.
Expl. Geophys., Session:S2.6 (1984); Schneider, W. A.,

"Integral Formulation for Migration in Two-Dimensions and

Three-Dimensions, " Geophysics 43(1): 49-76 (1978)).
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and cl ai ms herein. SUMVARY OF THE | NVENTI

i nvention is a nethod for analyzing seismc signals for an%&ﬁ@@%%

subsurface volunme of the earth, conprising the steps of
collecting a set of seismc traces; b. selecting ap e
| ocati on; “10- UI' 0'7° Jan 1997

-Thi.s

Kirchhoff migration involves summing the input seismic
traces along traveltimes corresponding to a point
diffractor in the subsurface (see FIGURE.4). The
migration aperture is defined as all the traces included
in this summation for a given output trace. The aperture
is usually limited to those traces which have both source
and receiver within a specified distance from the output5
trace location {usually about 5,000 to 25,000 feet).

FIGURE 4 is a schematic diagram illustrating the
Kirchhoff migration method. Input traces are summed
aldng the Kirchhoff summation curve 8 (diffraction
traveltime curve} and output at the apex of the curve 12.
The aperture 14 contains all traces within a specified
distance of the output location. For the reflection 10
shown in FIGURE 4, only those traces within the shaded
area 16 contribute significantly to the sum.

Those input traces which contribute significantly
have diffraction raypaths that are close to an actual
reflection raypath (see FIGURE 5). FIGURE 5 is an
illustration of which input traces will make significant
contribution to the migrated image of a reflector 17.
Sources are indicated by 19 and receivers are indicated
by 21. Notice that the traces that contribute
significantly 22 will have diffraction raypaths to the

imaging point that are close to a reflection raypath 20
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c. determning the mgrated positions of reflection dip< Q’WENTVQHEET

reflection dips before mgration appear to be below the Io
sefecting a zone on the surface around said 1 ocation, whilc one i s at

nost half as large as the migration aperture required tofi e7aJANﬂ387r1t
ot

| ocated vertically beneath said Iocatlon_L11 e. sele ng those tra
whi ch have source-

S
es

for that point, while those traces 18 which do not
contribute significantly have diffraction raypaths to the
imaging point that are not close to a'réflection raypath
20 for that point. Thus, given knowledge of the
reflection raypaths 20, raytracing can be used to
determine which traces 22 will contribute significantly
to the output migrated trace. Raytracing is a technique
familiar to those of reasonable skill in the art.
Including only those traces that contribute significantly
in the Kirchhoff summation speeds up two-dimensional
prestack migration by about a factor of 10 and speeds up
three-dimensional prestack migration by about a factor of
100.

Just such a method has been developed by Carroll et.
al. {Carroll, R. J., Hubbard, L. M., et al., "A Directed-
Aperture Kirchhoff Migration," Geophysical Imaging,
Symposium of Geophysical Society of Tulsa, Tulsa, Soc.
Expl. Geophys., 151-165 (1987)). They have developed a
method for reducing the cost of Kirchhoff prestack
migration. They first make a reflector model, based on
stacked seismic data. Raytracing is used to determine
the locations of sources and receivers that will
contribute significantly to the prestack migration of
each reflector. They then define a time-varying aperture

for prestack migration, centered on these raytraced
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receiver mdpoints falling within said zone; and

- 15- f. performng mgration velocity analysis on sald pe#@@&&mL ———
traces at the migrated position of each ﬂEPLACQﬁL&T curry
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locations, that is, significantly narrower than! a

conventional migration aperture {(see FIGURE 6). FIGURE 6
is a schematic diagram illustrating Ca;réll et. al.
directed-aperture migration method. Migration hyperbolas
are indicated by 28. Normal incidence ray tracing is
used to determine the directed aperture 26 used to
produce a migrated trace at the output location 30.

Since computer CPU time for Kirchhoff migration is
proportional to the aperture size, this reduction in
aperture should greatly reduce the cost of prestack
migration. Carrcll et al. call this method directed-
aperture migration, since the location of the aperture is
moved to different ;ocations depending on a model of the
reflectors 24.

The method of Carroll et. al. should significantly
reduce the CPU time for prestack migration; however,
their method presents a problem. The method still
requires reading a large fraction of the input traces to
produce a migrated output trace at one location. The
reason for this is that the Carroll et ai. aperture
varies with time; different sets of input traces
contribute to the output trace at different times ({see
FIGURE 6). Thus, even though only a small percentage of
the input traces contribute at any particular time on the

output trace, a much larger percentage of the input
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refl ection.

anal ysi s by reduci ng the anount of conputer tinme requ
m gration. Two nethods are used to reduce this conputer

i ncrease the

input seismc data. ~ ' The first nethed, |imted-aper}

t he

This i nvention reduces the cost of m

me?ﬁho%ﬁft o

m_gr.ati.on.ti

efficiency of Kirchhoff mgration by |imtl

traces are required to form all the time samples of an
output trace. This problem intuitively means that
computer I/0 costs will probably not be significantly
reduced, even though the CPU costs shouid be reduced.

It is an object of this invention to present a
method for performing prestack migration at a
dramatically reduced cost.

It is a further object of this invention to present
a method for calculating subsurface velocities at a
dramatically reduced cost.

It is a further object of this invention to present
a method for calculating subsurface velocities more
quickly and more accurately than is possible using
current methods.

It is a further object of this invention to
eliminate false velocity picks in the determination of
subsurface velocities.

It is a further object of this invention to present
a method for building an accurate three-dimensional
migration velocity from a grid of two-dimensional lines.

It is a further object of this invention to present
a method for accurately migrating an existing three-
dimensional stack without incurring the large expense of

obtaining and reprocessing the three-dimensional

unstacked tapes.
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met hod set forth above. It reduces the size of the nigrat@&yﬂ OBMENTeSHEET
The second nethod, Monte Carlo mgration, is used in conjju ' ¢
limted aperture migration in the preferred enbodi nent of h%ﬁ izéﬁnhgfn
Monte Carlo mgration increases efficiency by migrating dnlly 1s |5
randomly selected fraction of the input tygces. These nethdds
significantly reduce the cost of prestack

Lo i}

It is a further object of this invention to
significantly improve the signal-to-noise ratio (S/N) of
velocity analysis displays. '

Further objects and advantages of this invention
will be seen by one skilled in the art of geophysical
data processing upon review of the specification, figures

and claims herein.

SUMMARY OF THE INVENTION

This invention is a method for analyzing seismic
signals for analysis of a subsurface volume of the earth,
comprising the steps of

a. collecting a set of seismic traces:;

b. selecting a surface location;

c. determining the migrated positions of
reflection dips, which reflection dips before migration
appear to be below the location;

d. selecting a zone on the surface around said
location, which zone is at most half as large as the
migration aperture required to image all points located
vertically beneath said location;

e. selecting those traces which have source-

receiver midpoints falling within said zone; and
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m gration and elimnate spurious velocity picks from velocity analysis

displays. In addition, using the I|imted aperture nethod v»ﬂEp&gcgyﬂﬂnwgﬂkgT

Carl o technique inproves S/ N over conventional techniques

met hods can be applied to either two- dinmensional or threedi nensional
seisnic data. However, -15- 07 JAN 1997
f. performing migration velocity analysis on said

selected traces at the migrated position of each
reflection. -

This invehtion reduces the cost of migration
velocity analysis by reducing the amount of computer time
required for prestack migration. Two methods are used to
reduce this computer time. Both methods increase the
efficiency of Kirchhoff migration by limiting the amount
of input seismic data.

The girst method, limited-aperture migration, is the
method set forth above. It reduces the size of the
migration aperture.

The second method, Monte Carlo migration, is used in
conjunction with the limited aperture migration in the
preferred embodiment of this invention. Monte Carlo
migration increases efficiency by migrating only a small,
randomly selected fraction of the input traces. These
methods significantly reduce the cost of prestack
migration and eliminate spurious velocity picks from
velocity analysis displays. In addition, using the
limited aperture method without the Monte Carlo technique
improves S/N over conventional techniques.

Both methods can be applied to either two-

dimensional or three-dimensional seismic data. However,
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-16- for three-dinensional data the gainin efficiency is “EMEE&&»EET

of 10 larger than for two-di nensional. BRI EF SR H-ONOF

THE DRAW NGS
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FIGURE 1 depicts a flow chart for a typ cab‘? JAN 1897
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for three-dimensional data the gain in efficiency is

about a factor of 10 larger than for two-dimensional.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 depicts a flow chart for a typical
iterative profile migration velocity analysis.

FIGURE 2 depicts a flowchart for a typical prestack
migration velocity sweep method.

FIGURES 3A and 3B are schematic diagrams
illustrating how prestﬁck migration velocity sweeps can
produce false velocity picks for dipping reflectors.
FIGURE 3A depicts migration at velocity Vi, while FIGURE
3B depicts migration at velocity Vs.

FIGURE 4 is a schematic diagram illustrating the
Kirchhoff migration method.

FIGURE 5 is an illustration of which input traces
will make significant contribution to the migrated image
of a reflector.

FIGURE 6 is a schematic diagram illustrating the
directed-aperture method of Carroll et al.

FIGURE 7 is a schematic diagram illustrating the
limited-aperture migration method of this invention.

FIGURE 8 is a flowchart for the preferred embodiment
of the limited-aperture common-offset migration velocity

analysis method of this invention.

S

This Sheet B cen Replaced

i




&,

iterative profile migration velocity analysis. FIGUﬁﬁEPL 'Ewﬁ;SHEET

flowhart for a typical prestack magration velocity sweep
FI GURES 3A and 3B are schematic diagrans illustrating hoiw p §s7t 3& 43%
FIGJRE 3

m gration velocity sweeps can produce false velocity picgksif
reflectors. FIGURE 3A depicts mgration at7velocity V1, ]
depicts mgration at velocity V[ferr].

FIGURE 9 shows processes used to quantify residual
moveout and update the migration velocity for common-
offset migration.

FIGURE 10 is a velocity analysis'display of the data
in the Example, resulting from the first iteration of a
conventional wide-aperture migration.

FIGURE 11 is a velocity analysis display of the data
in the Example, resulting from the first iteration of
limited-aperture migration, the method of this invention.

FIGURE 12 is a velocity analysis display of the data
in the Example, resulting from the first iteration of
limited-aperture/Monte Carlo migration, the preferred

embodiment of this invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT

The within invention is principally of a limited
aperture migration method. In its preferred embodiment,
the limited-aperture method is used in conjunction with
Monte Carlo migration, discussed herein.

Conventionally, migration apertures contain all
input traces having sources and receivers within about
5,000 to 25,000 feet of the output image location. The
limited~aperture portion of this invention migrates
relatively small (500 to 5,000 feet) fixed apertures of

the input data to reduce the cost of prestack migration.

-
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FIGURE 4 is a schematic diagramillustrating the Kirchho @1 " [T

nmet hod. FIGURE 5 is an illustration of which input B C JEMEﬁﬁ

si.gnificant contribution to the mgrated image of a refl

FIGURE 6 is a schematic. diagramillustrating the directe

of Carroll et al. FIGURE 7 is a schematic diagrami
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Since the computer time required for Kirchhoff migration
is proportional to the amount of input data, this results
in up to a factor of 10 improvement in efficiency for
two-dimensional migration. For three-dimensional data,
the gain in efficiency is up to a factor of on the order
of 100 since the aperture is limited in two directions.
Conventionally, an output image is formed along a
straight, vertical line at the center of the migration
aperture. However, when migrating small fixed apertures,
as proposed in this invention, reflections with even a
small amount of dip will migrate out of the region
defining the aperture (see FIGURE 7). FIGURE 7 is a
schematic diagram illustrating the limited-aperture
migration method. Reflectors are indicated as 38B.
Normal incidence raypaths 34 that pass through the center
of the input aperture 32 indicate output locations to
which the input aperture makes a significant
contribution. These locations define curves 36 and 40
along which the images will be computed. Notice that
there can be more than one output image curve.
Examination of FIGURE 7 makes it clear that images
cannot, in limited aperture migration, be constructed
along straight, vertical lines. The key to limited
aperture migration is that images are constructed at the

locations 36 and 40 to which the reflections, at the

This Sheet Has Been Replaced

TN

THIS SHEET HAS BEEN
REPLACED




Irnited-aperture m gration nethod of this invention. REPLACEMENT; SHEET

flowhart for the preferred enbodinent of the |imted-agefture
comon-of fset migration velocity analysis nethod of thig{ inypytj&w:gg7
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center of the limited aperture 32, will migrate. These
locations describe curves 36 and 40 (see FIGURE 7) that
replace the vertical lines conventionaliy used to form
migrated images. '

In order to gain a computational advantage from
limited-aperture migration there must be an inexpensive
method for determining the output image curves 36 and 40.
As is known to those of reasonable skill in the art,
there are many methods for defining these curves 36 and
40. One good method is to digitize reflections on an
existing stack of the seismic data. The time dips of
these digitized reflections are then calculated at the
center of the limited aperture 32 to be migrated.
Kinematic migration (often called map migration (Maher,
S. M., and Hadley, D. M., Ed., Development of an
Accurate, Staple and interactive Map Migration Algorithm,
55th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded
Abstracts, Tulsa, Soc. Expl. Geophys., Session:S15.8
(1985)) is used to predict, from these time dips, the
locations to which the reflections will migrate. This
kinematic migration is performed with the same reference
migration velocity that will be used for prestack
migration velocity analysis. Output image curves 36 and
40 are then defined which pass through the output

locations 36 and 40 predicted by kinematic migration (see

-
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-17- FI GURE 9 shows processes used to quantify resichfﬁEpﬂgpﬁmgﬁxgﬁgiET
il

update the mgration velocity for cormon- offset mgratio
10-is a velocity analysis display of the data in the Exanple, resultin
fromthe first iteration of a conventional w de-aperture phibrBt72 JAN 199%
FIGURE 11 is a velocity analysis display_QB_the dat a

FIGURE 7). All the processes used to determine these
output curves are much less expensive than prestack
migration. -

The output curves 36 and 40 are defined using
stacked data, and are therefore guaranteed to be correct
only for small source-receiver offset input traces. For
steeper reflector dips, large source-receiver offsets
will migrate to different locations than small offsets.
This problem can be overcome by increasing the size of
the limited aperture 32. As would be apparent to one of
reasonable skill in the art, the proper size of the
limited aperture 32 is data-dependent, and many methods
could be used to determine the proper size of the limited
aperture 32. One method is to run limited-aperture
migration for several different aperture sizes at the
location in the seismic data containing the steepest
dips. These aperture size tests should be performed at a
relatively high reference velocity to produce a
conservative estimate for the minimum aperture size. The
minimum test aperture size that still produces a good
migration can be used to migrate the remainder of the
data. More sophisticated tests, as would be apparent to
one of reasonable skill in the art, for instance using
ray tracing, could be used to determine an optimum

aperture size at each location in the seismic survey.
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in the Exanple, resulting fromthe first iteration of qi;ﬂiﬁi&jﬂﬁﬂiLﬂ&bgm
tSHEET

m gration, the nethod of this invention. FlI GURE 12'B T
anal ysis display of the data in the Exanple, resulting f

iteration of limted-aperture/Monte Carlo mgration, the

enbodi nent of this invention. DRSCRI PTION OF TH

EMBODI MENT

For three-dimensional seismic data it may be
advantageous to use an aperture 32 that has different
sizes in the inline and crossline direction. 1In
particular, for marine three-dimensioﬁal data the inline
projection of the source-receiver offset usually has a
much larger range than the.crossline projection. Thus,
in the crossline direction the data apbears to be
essentially zero offset. This implies that the limited
aperture 32 can be much smaller in the crossline
direction than the inline direction. Land three-
dimensional data, gathered using a swath technique, can
also benefit by using smaller crossline apertures than
inline apertures.

Two-dimensional seismic data are a limiting case
having an aperture width in the crossline direction that
is essentially zero. We have found that the techniques_
employed for limited aperture migration apply even in
this limiting case. Velocity analysis displays resulting
from application of limited aperture migration to two
dimensional data are as accurate as those obtained from
three dimensional data, though the displays are noisier.
This implies that accurate three dimensional velocities
can be obtained from a grid of two dimensional seismic
lines. 1In this case the three dimensional dips, required

for limited aperture migration, can be determined at the

I —
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The within invention is principally of a limted aberture
nmethod. In its preferred enbodinent, the |imted-aperture
i n-conjunction with Monte Carlo migration, discussed herei

REPLACEMENT SH

EFT)

T NOOTs—trsee

:2' Ra?/i#w 1397

tHhe—output
L)

Conventionally, mgration apertures contain all input tra
sources and receivers within about 5,000.45 25,000 feet o
I mge | ocation. The |imted-aperture portion of this inve

ntion mgrates

intersections of the two dimensional lines in the grid or

from a coincident three dimensional survey.

capability is important, because it can be us
determine accurate three dimensional vélociti
incurring the large expense of purchasing an
three dimensional seismic survey. Such veloc

be useful, for example, for post-stack migrat

This

ed to

es without
unstacked
ities would

ion of a

stacked three dimensional survey or for map migration of

a grid of two dimensional lines.
Limited~aperture migration produces migr
data with higher S/N than conventional migrat

{Carroll, Hubbard et al. 1987; Krebs, J. R.,

ated seismic
ion

"Three-

Dimensional Migration of Swath Surveys," Geophysics,

55(9):1251-1259 (1990)). The reason for this
limited-aperture migration sums only over tho
of the Kirchhoff summation curve 8 that make
significant contribution 16 to the migration

reflection of interest 10 (see FIGURE 4). Th

is that

se portions
a
of the

e remaining

portions of the summation curve 8 usually do not sum to

zero. This non-zero sum is noise that conven

tional wide-

aperture migration adds to the image of the reflection.

~In the preferred embodiment of the method of this

invention, Monte Carlo migration is used in conjunction

with limited-aperture migration. Monte Carlo

i

migration
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relatively small (500 to 5,000 feet) fixed apertures of the input  dala.te-

reduce the cost of prestack mgration. REPLAGH“ENT SHEET

-23- ' 07 JAN 1887

is the application of Monte Carlo integration theory to
migration of seismic data.

Monte Carlo integration is a well known mathematical
technique for estimating the value of'a multidimensional
integral having a smoothly varying integ;and within the
region to be integrated (Press, W. H., Flannery, B. P.,
et al., Numerical Recipes: The Art of Scientific
Computing, Cambridge, Cambridge University Press, pages
126-130 (1986)). Rather than summing the function to be
integrated over a uniformly sampled region, Monte Carlo
integration sums over a sparse random sampling of the
region. This can greatly reduce the amount of computer
time required to compute an integral.

Kirchhoff prestack migration is a multi-dimensional
integral, and the Monte Carlo method can be applied by
simply rejecting, preferably randomly rejecting, some
percentage of the input traces before migration.
Unfortunately, when this is applied to conventional wide-
aperture Kirchhoff migration, the result is unacceptably
noisy. The cause of this noise is that the integrand for
Kirchhoff migration is not smooth over the entire
aperture, and therefore violates an assumption of the
Monte Carlo method. 1In particular, the integrand for
Kirchhoff migration is smooth only over those portions of

the aperture that contribute significantly to the output
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i T

REPLACED




Since the conputer tine required for Kirchhoff mgration is

proportional

to the anobunt of input data, this results in up to a factot

i nprovenent in efficiency for two-dinensional mgration. Fc REPLKCJFMENT SHEET
t hr ee-di nensi onal data, the gain in efficiency is up to a fa¢tor of on th
order of 100 since the aperture is limteg4+n two directions. JAN ﬁﬁ?
Conventionally, an output image is fornmed along a straight, VertTcé? g
at the center of the migration e - wd

image. Therefore, any migration technique which-limits
the region of integration to this smooth portion of the
integrand can be enhanced by use of Monte Carlo
migration. In fact, the Monte Carlo ﬁethod could be
combined with the directed-aperture method of Carroll et
al. to further improve that method. Since limited-
aperture migration limits the region of integration to
this smooth portion of the integrand, Monte Carlo
techniques can be used in conjunction with limited-
aperture migration, even though they would fail with
conventional Kirchhoff migration. As will be seen
herein, Monte Carlo migration does reduce S/N even when
combined with limited-aperture migration. Good results
have been achieved with only a random 10 percent of the
input traces being used. Further, even when 90 percent
of the input traces are randomly eliminated from
migration velocity analysis, combined limited-
aperture/Monte Carlo migration still achieves a S/N that
is better than that achieved by conventional prestack
migration. This results in an additional factor of 10
reduction in computer costs. Thus, if the improved S/N
afforded by limited-aperture migration is not important
for a particular set of data, the Monte Carlo method can
be used to reduce the cost of velocity analysis beyond
that achieved by using limited-aperture migration alone.

-
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aperture. However, when migrating small fixed apertures,

this invention, reflections with even a small anount of di

out of the region defining the aperture (see FIGURE 7).

schematic diagramillustrating the limted-aperture mgratj
Refl ectors are indicated as 38. Normal il %Ldence raypat hs |3
2 indicate output

t hrough the center of the input aperture

FI
n 0t BAN. 1997

that pass

The net result is S/N approximately identical to that
achieved by conventional migration methods at
significantly less than 1% of the cos? éf computer time.
The Monte Carlo method could be particularly
important when using iterative velocity analysis methods.
Iterative methods require reading the unstacked seismic
data many times. Unstacked three-dimensional data can
contain on the order of 1,000 tapes; thus, even the
simple act of reading all of these tapes several times
can lead to considerabie expense. However, when using
the Monte.Carlo method, approximately 90 percent of the
input traces are randomly rejected before velocity
analysis begins. Thus, each iteration of velocity
analysis will require reading only about 10 percent of
the number of tapes that would otherwise be required.
Limited-aperture and Monte Carlo migration can be
used to improve any velocity analysis method which uses
prestack migration or wave equation extrapolation.
FIGURE 8 is a flowchart showing how these methods would
be used with iterative profile prestack migration. The
flow chart is very similar to that shown in FIGURE 1,
except some premigration work must be done to determine
the output curves for each limited aperture, and,
further, the optional Monte Carlo restriction is

indicated on FIGURE 8.
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define curves 36 and 40 along which the images wll be co &&gd. Noti ce
that there can be nore than one output inage curve. FHi ’
FIGURE 7 nakes it clear that images cannot, in limted aper
be constructed along straight, vertical lines. The key to
aperture mgration is that inages are cof@tructed at the

whi ch the I nput aperture nmakes a significant contributionEEIhese | ocati ons

—

1 ted
07 JAN 1997

The following is a summary of the advantages gained

by this invention: )

1. Reduced CPU and I/0 time for migration velocity
analysis. Limited-aperture migration velocity analysis
for two-dimensional data reduces CPU and I/0 times by
about a factor of 10, and for three-dimensional data the
reduction is about a factor of 100. By using Monte Carlo
migration another factor of 10 reduction can be achieved,
for a total reduction of 1,000 times for three-
dimensiongl data.

2. Improved S/N of velocity analysis displays.

3. With the limited aperture method, two-
dimensional lines can be treated as if they were three-
dimensional data with a very narrow limited aperture in
the crossline direction. Thus, a grid of two-dimensional
lines can be used to determined velocities that are
accurate for three-dimensional migration. This could
result in a very large cost savings for three-dimensional

"velocity analysis, since velocities for three-dimensional
post stack migration can be produced without purchasing
three-dimensional unstacked tapes.

4. The fixed aperture for this invention forces the
use of different output curves for each velocity in a

prestack migration velocity sweep. This has the benefit
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. —
| ocations 36 and 40 to which the reflections, at the '“ﬁigagg?
the limted aperture 32, will migrate. These |ocations daREPLAﬁMEN
and 40 (see FIGURE 7) that

oe 07 JAN 1597

3

of eliminating the false velocity picks from migration
velocity sweep displays discussed above.

5. The number of tapes read in each iteration of
velocity analysis can be reduced by ébout a factor of 10
by using the Monte Carlo migration method.

Carroll et. al.'s directed-aperture migration and
the limited-aperture migration method proposed here
should produce similar gains in CPU time efficiency.
Also, the S/N improvement of migrations produced by the
two methods should be similar. However, there are
several major differences between this invention and
Carroll et. al.'s.

The main difference is that this method uses a fixed
aperture of input data while calculating images along
output curves that are not vertical. Carroll et. al.'
directed-aperture technique computes a time varying
aperture while calculating images along vertical lines.
This difference results in the following advantages that
were discussed above and cannot be achieved with the
Carroll et. al.'s method:

1. Improved I/0 performance.

2. Determination of accurate three-dimensional
migration velocities from a grid of two-dimensional

lines.
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replace the vertical |ines conventionally used to form m gnaks
In order to gain a conputational advantage from |imted-apgr i
there nust be an inexpensive nethod for determ ning the out
curves 36 and 40. As is known to those of reasonable skill
there are many nethods for defining these curves 36 and 40.

nmethod is to digitize reflections on an -28-

3. Elimination of false velocity picks from
velocity sweep displays.

4. Reduced number of tapes read per-iteration of
velocity analysis.

Note that Carroll et. al. do not propose using their
method for migration velocity analysis. Rather, they use
their method only to speed up the final prestack
migration after another method was used to determine the
migration velocities. Also, Carroll et. al. do not use
Monte Carlo migration to produce an additional factor of

10 improvement in efficiency.
EXAMPLE

The following is an example of limited-aperture
migration velocity analysis using common-offset migration
as discussed in the previous section. The data are from
a three-dimensional marine survey. The data were
processed as shown in FIGURE 8. To quantify the residual
moveout and calculate an updated migration wvelocity, the
fairly simple process shown in FIGURE 9 was applied.

This method converged after four iterations of prestack
common-offset migration. Other methods of quantifying
moveout and updating thé velocity could be substituted,

and may lead to faster convergence.
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exi sting-stack of the seismc data. The tine dips of thesefd gltlze
reflections are then calculated at the center of the limt ?kgﬁ@
to be mgrated. Kinematic mgration (often called map m grdtifon r
S. M, and Hadley, D. M, Ed., Devel opnent-2%-an Accurate,
I nteractive Map ngration Algorithn1 55t h Annual | nternat. *M.g.
Expl. Geophys., Expanded Abstracts, Tulsa, Soc. Expl. Geophys.
Sessi on: S15. 8

The velocity analysis was performed using
conventional wide-aperture prestack migration (aperture
26,250 x 7,875 feet), limited—aperture_migration
{aperture 4,375 x 875 feet), and combined limited-
aperture/Monte Carlo migration (90% of input traces
rejected for Monte Carlo). All three types of migration
yielded the same velocity function. This agreement
confirms the accuracy of the limited-aperture and Monte
Carlo migrations.

FIGURES 10-12 compare velocity sweeps resulting from
the processes shown in FIGURE 9. FIGURE 10 shows a
velocity analysis display resulting from the first
iteration of conventional wide-aperture migration. The
digitized curve is the updated velocity function to be
input to the second iteration of velocity analysis.
FIGURE 11 shows a velocity analysis display resulting
from the first iteration of limited-aperture migration.
The updated velocity curve was digitized from the
conventional wide-aperture velocity display shown in
FIGURE 10. FIGURE 12 shows a velocity analysis display
resulting from the first iteration of limited-
aperture/Monte Carlo migration. Ninety percent of the
input traces were randomly rejected. The updated
velocity curve was digitized from the conventional wide-

aperture velocity display shown in FIGURE 10.
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. {REPLAGEMENT SHEET|
(19851) is used to predict, fromthese tine dips, the |ocat]ons 10 WirCh,
the reflections wll mgrate. This kinematic mgration is
the sane reference mgration velocity that will be used f
m gration velocity analysis. Qutput inage curves 36 and
defined which pass through the output . egations 36 and 4G predicted by
kinematic mgration (see L
The accuracy of the limited-aperture and Mofite Carlo

migration is demonstrated by the fact that the velocity
curve digitized from the wide-aperture migration passes
through all the high amplitude velocity peaks in FIGURES
11 and 12. Also, notice the increased S/N of the -
limited-aperture migration relative to the conventional
wide~aperture migration. The Monte Carlo migration also
has higher S/N than conventional wide-aperture migration,
though not as good as limitgd migration-aperture alone.
The differences in CPG'time for the three methods

are shown in Table 1. Limited-aperture migration using
the data of this example is approximately 50 times less
expensive than conventional wide-aperture migration, and
Monte Carlo migration gave another factor of

approximately 10 decrease in expense.

TABLE 1
COMPARISON OF CPU TIMES FOR PRESTACK MIGRATION VELOCITY
ANALYSIS
Type of Migration Cray-YMP CPU Time
Conventional Wide Aperture 2,756 seconds
Limited Aperture 55 seconds
Limited Aperture with Monte Carlo 6 seconds
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FIGURE 7). All

much |ess—expenstve—than—prestack mgration.

MENT SHEET

the processes used to determ ne these out pdtﬂﬁﬁkﬁggs Y

W 07

- 31 -

CLAIMS:

1. A method for analyzing seismic signals for
analysis of a subsurface volume of the.earth, comprising
the steps of

a. collecting a set of seismic traces:;

b. selecting a surface location;

c; determining the migrated positions of
reflection dips, which refle;tion dips before migration
appear to be below the 10;;tion;

d. selecting a zone on the surface around said
location, which zone is at most half as large as the
migration aperture required to image all points located
vertically beneath said location;

e. selecting those traces which have source-
receiver midpoints falling within said zone; and

f. performing migration velocity analysis on said
selected traces at the migrated position of each
reflection. T

2. The method of claim 1, wherein a portion of the
seismic traces aré rejected prior to performing the
migration velocity analysis on said selected traces at
the migrated position of each reflection.

3. The method of claim 2, wherein said portion is

at least about 50%.

_—
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. | REPLACEMENT SHEET
The output curves 36 and 40 are defined using stacked data, gmd—are
t her ef Q| be correct only for small source-rdc
I nput qﬂmegﬁﬂmﬂmﬂmﬂper reflector dips, |arge source-recdi ve:begf 3é&t5@§7
will m sf eent | ocations than small offsets. Thils -
be overcone by increasing the size of _the limted aperture |32. As woul d be
apparent to one of reasonable skill in the art, the proper 'stze—of—the

4. The method of claim 2, wherein said portion is
at least about 75%.

5. The method of claim 2, wherein said portion is
at least about 90%.

6. The method of claim 2, wherein said rejection
is performed randomly.

7. The method of claim 3, wherein said rejection
is performed randomly. 5

8. The method of claim 4, wherein said rejection
is performed randomly.

9. The method of claim 5, wherein said rejection
is performed randomly.

10. A method for analyzing seismic signals for
analysis of a subsurface volume of the earth, comprising
the steps of

a. collecting a set of seismic traces;

b. selecting all or some fraction of an aperture
of the Kirchhoff summation c&fvé for which the integrand
for Kirchhoff migration is smooth;

c. rejecting a portion of the seismic traces
within said aperture; and

d. performing migration velocity analysis on the
remaining selected traces after said rejection.

11. A method according to claim 1 or elaim 10 for
analysing seismic signals for analysis of a subsurface
volume of the earth, substantially as hereinbefore

described with reference to the accompanying drawings.
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li'mited aperture 32 is data-dependent, and nmany nethods

determ ne the proper size of the limted aperture 32. On
limted-aperture mgration for several different apertur
| ocation in the seismc data containing the steepest dip
Size tests should be perforned at a relatively high refe

produce a conservative estimate for the m nimum aperturegsize. The

U D (DL
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ur
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Migration Velocity Analysis Using Limited-Aperture and

Monte Carlo Migration

ABSTRACT

‘Disclosed is 2 method for efficiently and accurately determining subsurface
velocities for use in migration of seismic data. The method calls for
restricting the number of traces considered. This is achieved by a limited-
aperture migration, or by trace restriction to those lying upon that portion of
the Kirchhoff summation curve wherein the integrand for Kirchhoff
migration is smooth, In the preferred embodiment, only a random sample
of traces within this aperture are used in the calculations. Improvements in

efficiency on the order of a factor of 1000 can be realized with the preferred

embodiment,

(Figure 7)




m ni mum t est aperture size that still produces a gobd mg ' ET
used to mgrate the renmainder of the data. Mre sophi sticaﬂ ERCW—-E@;SS&E

woul d be apparent to one of reasonable skill in the art, fiog ingt
using ray tracing, could be used to determ ne an optinmum la e&iriﬂéﬁg@a,

each location in the seismc survey.
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For three-dinensional seismc data it my be advantageous t3R sleA@EMENT SHEET

aperture 32 that has different sizes in the inline and crosglj)ne
direction. In particular, for marine three-dimensional datg thefiplsianes
projection of the source-receiver offset usually has a ' JANC1397
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much | arger range than the crossline projection. Thus, in the
direction the data appears to be essentially zero offset. T.REPL*“
that the limted aperture 32 can be nmuch snmaller in the crogs
direction than the inline direction. Land three- dinensional
gathered using a swath technique, can also benefit by using s
crossline apertures than inline apertuyes.
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Two- di mensi onal seismic data are a limiting case having an aaBEPM@EMHﬂFSHEH
in the crossline direction that is essentially zero. W havejfpund that
the techniques enployed for limted aperture mgration applyje P _mﬁ‘tgsﬂ
limting case. Velocity analysis displays resulting from appli ,a i on
limted aperture mgration to two dinensional data are as acgutate—as
those obtained from three dinensional c}ft a, though the displ fys are

noi si er .
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This inplies that accurate three di mensional velocities can beRbBLAGEMENT SHEET
froma grid of two dinensional seismc lines. In this case thg [ATEE

di mensional dips, required for limted aperture mgration, cah pe
determined at the 07 JAN 1897

FIG. 7
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I ntersections of the two dinensional lines in the grid or f
coi nci dent three dinensional survey. This capability is inp REBMCEMENE&
it:can be used to determ ne accurate three dinmensional vel ogi tf W t hout
incurring the | arge expense of purchasing an unstacked thre [ ?smﬂa;gg‘l
seism c survey. Such velocities would be useful, for exanpl fg}r?
post-stack mgration of a

6
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stacked three di mensi onal survey or for .map nigratidn of

di mensi onal |ines.
seismc ‘
Hubbard et al. 1987;
Surveys," GCeophysics,

Limted-aperture mgration produc
data with higher S/N than conventional mgration
D nensi onal M(
The reason

Kr ebs, J.
55(9): 1251- 1259

"Thr ee-
(1990)) .

R,

| imted-aperture mgration suns only o%er t hose portions
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.Wth |imted-aperture nmigration. Mnte Carlo mgration
theapplication of Monte Carlo integration theory to m
dat a.
2

-1-
Migration Velocity Analysis Using Limited-

erture and

Monte Carlo Migration

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the field oﬁ seismic
imaging, particularly to two-dimensional and three-
dimensional migration of surface seismic data. It
consists of a method for efficiently obtaining an
accurate velocity model, which model can be used in

migration'of seismic data.
2. Related Art

In seismic exploration of the earth, seismic energy
is impartea to the earth. This energy travels into the
earth and is reflected by the interfaces (reflectors; as
used herein, "reflector™ means the actual subsurface
location of an interface and "reflection™ means its
apparent location by reference to unmigrated seismic
data) between various subsurface formations. In typical
seismic exploration, energy is imparted to the earth at a
shot point location, and recorded at a number of geophone
locations spaced at various distances away fr;m the shot
point. These various distances are termed “offsets.”

The offsets range typically on the order of 50 to 20,000
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Monte Carlo integration is a well known mat hematical techn " .
estimating the vgl ue of a multidinmensional integral having gg MMENT SHEET
varying integrand within the region to be integrated (Pres
B. P., et al., Nunerical Recipes: The Art of Sci
Canbri dge, Canbridge University Press, pages 12
Rat her than summ ng the function to be integrated over a u
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feet away from the shot point. The shot point is
relocated, or a plurality of shot points are used, so as
to obtain a plurality-of traces at each geophone.

The output signal from each of the geophones is
recorded as a function of time. It is desirable to
convert this information so that the picture generated by
displaying the traces actually corresponds to the depth
of the various reflectors within the earth. In order to
be able to translate this data into amplitude versus
depth, ra?her than amplitude wversus time, information,
the Qelocifies of the wvarious subsurface formations must
be determined. Accordingly, in order to provide accurate
pictures of the subterranean structure of the earth,
improved methods of determining the correct velocity of
the seismic energy in the subterranean formations are
required. These methods generally are performed on
computers, particularly supercomputers able to manipulate
large amounts of data efficiently.

The term "migration" refers to correction of data
which were recorded as a function of time for the
velocity of the wave in the subterranean structure. In
this process, one can convert a number of offset versus
time records, which records can then be displayed to

yield a realistic picture of the structure.




integration sums over a sparse random sanpling of the regionREPAS
greatly reduce the anount of conputer tine required to conp EEE$€HMEMT SHEET

i nt egral . Kirchhof f prestack mgration is a nmulti-dinensilo
integral,.and the Monte Carlo nmethod can be applied by sinpl rgfacFEBngS
preferably randomy rejecting, some percentage of the input jtrlaces before
mgration. Unfortunately, when this is-3applied to conventiorfal w de-

Seismic migration requires an accurate model of the
subsurface velocity. There are many existing methods for
performing migration wvelocity analysis. Three are of
particular significance: iterative prestack migration,
prestack migration velocity sweeps and depth focusing
analysis. The methods discussed herein all involve
iterative prestack migration of the data with different
velocities, to obtain an approximation of the velocity by
trial and error.

One method for obtaining migration velocities is to
prestack ﬁigrate subsets (usually common-shot gathers or
common offset gathers) of the seismic data with an
initial reference migration velocity (Al-Yahya, K. M.,
"Velocity Analysis by Iterative Profile Migration,®
Geophysics, 54(6):718-729 (1989); Deregowski, S. M.,
"Common-Offset Migrations and Velocity Analysis,” First
Break, 8{6): 224-234 (19%0)). 1If this migration produces
images that are consistent for all the data subsets, then
the initial guess for the reference velocity is taken to
be correct. 1If this initial migration produces
inconsistent images, then these differences can be used
to estimate a corrected velocity that is closer to the
true wvelocity than the initial velocity selected. A flow
chart for this method is set forth in FIGURE 1. It can

be seen from this chart that the calculations are




aperture Kirchhoff mgration, the result is unacceptably

of-this noise is that the integrand for Kirchhoff mgratipniis not snooth
over the entire aperture, and therefore violates an assunpt{ of 2fFRHEI8
Monte Carlo nethod. In particular, the integrand for Kircphhpff mgration
I's smooth only over those portions of the aperture that cpntTrbute

significantly to the output
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entirely sequential, with the result that this method

takes not only significant computer time, but also
significant interpretation time. This method usually
requires several iterations using the updated velocity
for prestack migration each time. Unfortunately, this
method is very expensive since prestack migration itself
is very expensive. In particular, the cost of CPU time
in a supercomputer to output a single three-dimensional
prestack migrated line is presently on the order of
$200, 000. '

The éresﬁack migration velocity sweep method is
closely related to the iterative profile migration
method, but performs multiple migrations in parallel
rather than sequentially. A migration velocity sweep
consists-of prestack migrating common-offset gathers.
simultaneously with several different velocities and
summing the migrated images. This produces a set of
seismic traces, one group of traces for each velocity,
that can be plotted to form a velocity analysis display
(see FIGURE 2 for flowchart of this method). Velocities
that produce consistent images with respect to the
different common-offset gathers will produce amplitude
peaks on this velocity analysis display. Thus, amplitude
peaks on the velocity analysis display can be used to

pick the migration velocity function. Because this



I mmge. Therefore, any mgration technique which limts the REBL%Y:MFNT SHEET
Integration to this snooth portion of the integrand can bejefihanced by "iS8

of Monte Carlo 02 FEB 1398

-
————
-~

method’ involves parallel processing, less interpretation
time, but more CPU time, is used than with the iterative
prestack migration method.

One problem with this prestack migration velocity
sweep velocity analysis method is that amplitude peaks
can appear at velocities that do not correspond to
consistent imaging of the common-offset gathers. This
can lead the interpreter to pick incorrect velocities
(Schleicher, K. L., Grygier, D. J., et al., Ed.,
Migration Velocity Analysis: A Comparison of Two
'Approacheé; 6lst Annual Internat. Mtg., Soc. Expl.
Geophys., Expanded Abstracts, Tulsa, Soc. Expl. Geophys.,
1237-1238 (1991})). These erroneous velocity estimates
are the result of dipping reflectors migrating into the
velocity qnalysis location as the migration velocity
changes (see FIGURES 3A and 3B}). FIGURES 3A and 3B are
schematic diagrams illustrating how prestack migration
velocity sweeps can produce false velocity picks 6 for
dipping reflectors. For the faulted reflector 2 shown
therein, notice that the event has not migrated into the
velocity analysis location 4 at wvelocity Vi (FIGURE 3A)
but at wvelocity V2 (FIGURﬁ 3B) the event has migrated
into the velocity analysis location. Thus, there will be

a relatively high amplitude at veldcity V2, even though
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mgration. In fact, the Monte Carlo nethod could be conbi 2
directed-aperture nethod of Carroll et al. to further inpr MM%;§ET

Sihce limted- aperture mgration limts the region of intjegration to
this snooth portion of the integrand, Monte Carlo techniques dh@ BEBUSSS
In conjunction with limted- aperture mgration, even though they woul d
fail with conventional Kirchhoff nmigratie® As will be segn

velocity V1 may be the velocity which produces the most
consistent image as a function of source-receiver offset.

This prestack migration welocity sweep method is
about ten times more computer intensive than iterative
prestack migration, because it requires 10 to 50
applications of prestack migration. However, these
cemputer costs may be offset by the reduced
interpretation costs, since the velocity interpreter need
pick the migration velocity only once.

A th?rd method for velocity analysis is depth
focusing-ahalysis. Depth focusing analysis determines
velocities by using downward extrapolation to estimate
zero-offset seismic traces at a range of depths. These
extrapolations eo different depths are all performed with
one refersnce migration velocity. If a reflection has an
amplitude peak at the depth corresponding to the two-way
vertical traveltime through the reference velocity field,
then the reference velocity is the correct migration
velocity. Deviations from this condition can be used to
estimate the error ig the reference velocity (Kim, Y. C.
and Gonzalez, R., "Migration velocity analysis with the
Kirchhoff Integral," Geophysics 56(3): 365-370 {1991);
Yilmaz, O. and Chambers, R. E., "Migration Velocity

Analysis by Wave-Field Exploration,"™ Geophysics,



herein, Monte Carlo mgration does reduce S/ N even when condﬁ%ﬁﬁwaﬁﬁéﬂ
limted-aperture mgration. Good results have been achievediwth only a
random 10 percent of the input traces being used. Further, avengv{nq:rE@qggg
percent of the input traces are randomy elimnated from nfgfation

velocity analysis, conbined limted- aperture/Mnte Carlo nfgkattonm——strtt+
achieves a SINthat 1is better than that-mchi eved by convent]onal prestack

49(10) :1664-1674 (1984)). This method is usually
iterated several times until convergence is achieved.

This method can produce false velocity picks 6 for
dipping reflectors, which false picks 6 are similar to
those produced by prestack migration velocity sweeps
discussed above and shown in FIGURE 3. (MacKay, S., and
Abma, R., Ed., Depth Focusing Analysis Using a Wavefront-
Curvature Criterion, 62nd Annual Internat. Mtg., Soc.
Expl. Geophys., Expanded Abstracts, Tulsa, Soc. Expl.
Geophys, 927 (1992)). Furthermore, this method may not
converge ﬁét steeply dipping reflectors (MacKay, S. and
Abma, R., "Imaging and Velocity Estimation with Depth-_-
Focusing Analysis, " Geophysics, 57(12): 1608-1622 1892).

All the velocity analysis methods discussed above
require several applications of prestack migration.
‘Therefore, reducing the cost of prestack migration would
have a significant positive impact on the cost of any of
these %élocity analysis methods.

One way of reducing the cost of prestack migration
is to use an inherently fast technique for migration.
There are three commonly used wave-equation migration
algorithms: frequency-wavenumber migration, finite-
difference migration, and Kirchhoff migration. Freduency
wavenumber migration and finite-~-difference migration are

generally faster than Kirchhoff migration; however,
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conputer costs. Thus, if the inproved S/IN afforded by limt
m:gration is not inportant for a particular set of data, tr
met hod can be used to reduce the cost of velocity analysisl}b mée}:ﬁa&&
achieved by using Iimted-aperture mgration al one.

~

-

Kirchhoff migration has several advantages that have made

it the method of choi;e for three-dimensional prestack
migration.

First, Kirchhoff migration can handle irregular
shooting geometries, such as those commonly encountered
in unstacked three-dimensional data. Second, complex
ﬁigration velocity fields can be used with Kirchhoff
migration. Third, Kirchhoff methods can migrate -
reflectors having very steep dip. Finally, Kirchhoff
migration can be used in a target-oriented mode. In this
mode, imaées at a few selected target locations can be
produced at a fraction of the cost of using Kirchhoff
migration to produce images at all possible output
locations. Frequency-wavenumber migration fails with
irreqular shooting geometries or complex migration
fields, while finite-difference migration fails with
irregqular shooting geometries or reflectors with a very
steep dip. Neither frequency-wavenumber nor finite
difference migration can be used in a target-oriented
mode. These methods must compute the migrated image at
all possible output locations. This is important for
migration velocity analysis, because velocity analysis
can usually be performed at a small fraction of the
number of locations at which a seismic image is desired.

Therefore, using target-oriented Kirchhoff migration for
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velocity analysis can be cost competitive with the

inherently faster frequency-wavenumber and finite-
difference methods. Because of the limitations of these
methods, only methods for speeding up Kirchhoff migration
were explored for the method of this invention.

The migration teéhniques proposed herein could be
used with non-Kirchhoff migration methods. However, the

techniques proposed here achieve their greatest gain in

‘efficiency when used with migration methods that can

operate in a target-oriented mode. Therefore, the
frequencyéﬁavenumber and finite difference methods would
not achieve efficiency gains as great as would the
Kirchhoff method, because they cannot operate in a
target-oriented_mode. However, there may be other
migration methods, such as Gaussian beam migration (Hill,
N. R., "Gaussian Beam Migration,"” Geophysics 55(11):1416-
1428), that would benefit from incorporating limited
aperture migration.

The equations describing Kirchhoff migration are
well known in the art (Berryhill, J. R., Ed. Wave
Equation Datuming Before Stack, 54th Annual International
Mtg. Soc. Expl. Geophys., Expanded Abstracts, Tulsa, Soc.
Expl. Geophys., Session:52.6 {1984); Schneider, W. A.,
"Integral Formulation for Migration in Two-Dimensions and

Three-Dimensions," Geophysics 43(1): 49-76 (1978}).
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Iterative methods require reading the unstacked seismc dﬁEPLﬁﬁﬁMH“TnSHEET

Unst acked t hree-di nensional data can contain on the orderi i I, 000"t apes]
t hus, even the sinple act of reading all of these tapes sevegg? FEEE@%

| ead to considerabl e expense. However, when using the Mot | o %d
I nput traces are random ) rejeected-before

approximately 90 percent of the
anal ysi s begins Thus, each iteration of vel ocitjy

vel ocity
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Klrchhoff mlgration involves summing the input seismic

traces along traveltimes corresponding to a point
diffractor in the subsurface (see FIGURE 4). The
migration aperture is defined as all the traces included
in this summation for a given output trace. The aperture
is usually limited to those traces which have both scurce
aﬁd receiver within a specified distance from the output
trace location (usually about 5,000 to 25,000 feet).

FIGURE 4 is a schematic diagram illustrating the
Kirchhoff migration method. Input traces are summed
along the kirchhoff summation curve 8 (diffraction
traveltime curve) and output at the apex of the curve iz.
The aperture 14 contains all traces within a specified
distance of the output location. For the reflection 10
shown in FIGURE 4, only those traces within the shaded
area 16 contribute significantly to the sum.

Those input traces which contribute significantly
have diffraction raypaths that are close to an actual
reflection raypath (see FIGURE 5). FIGURE 5 is an
illustrat;on of which input traces will make significant
contribution to the migrated image of a reflector 17.
Sources are indicated by 19 and receivers are indicated
by 21. Notice that the traces that contribute
significantly 22 will have diffraction raypaths to the

imaging point that are close to a reflection raypath 20




anal ysis w ||

require reading only about 10 percent of thé Rt

that woul d ot herw se be required. Limted-aperture and rIoi
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i gration can be wused to inprove any velocity analysis negh
prestack migration or wave equation extrapolation. FIGJRE|{8iis_ a _flowhar
showi ng how t hese nethods would be used with iterative préfile prestack
m gration.

The flow chart is very simjjlar to that shown i fR-GJRE--]

for that point, while those traces 18 which do not
contribute significantly have diffraction raypaths to the
imaging point that aré not close to a reflection raypath
20 for that point. Thus, given knowledge of the
reflection raypaths 20, raytracing can be used-to
determine which traces 22 will contribute significantly
to the output migrated trace. Raytracing is a technique
familiar to those of reasonable skill in the art.
Including only those traces that contribute significantly
in the Kirchhoff summation speeds up two-dimensional
prestack ﬁfgration by about a factor of 10 and speeds up
three-dimensional prestack migration by about a factor of
100.

Just such a method has been developed by Carrcll et.
al. {(Carrocll, R. J., Hubbard, L. M., et al., "A Directed-
Aperture Kirchhoff Migration," Geophysical Imaging,
Symposium of Geophysical Society of Tulsa, Tulsa, Soc.
Expl. Geophys., 151-165 (1987)). They have developed a
method for reducing the cost of Kirchhoff prestack
migration. They first make a reflector model, based on
stacked seismic data. Raytracing is used to determine
the locations of sources and receivers that will
contribute significantly to the prestack migration of
each reflector. They then define a time-varying aperture

for prestack migration, centered on these raytraced



éxcept some premigration work nust be done to determine th i T
for each limted aperture, and, further, the optional Mon ggggﬁ@ﬁﬁﬁ@iiﬁﬁEFT
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locations, that is, significantly narrower than a

conventional migration aperture (see FIGURE 6). FIGURE 6
is a schematic diagram illustrating Carroll et. al.'s
directed-aperture migration method. Migration hyperbolas
are indicated by 28. Normal incidence ray tracing is
used to determine the directed aperture 26 used to
p}oduce a migrated trace at the output location 30.

Since computer CPU time for Kirchhoff migration i§
proportional to the aperture size, thié reduction in
aperture §hould greatly reduce the cost of prestack
migrationf Carroll et al. call this method directed-
aperture migration, since the location of the aperture is
moved to different locations depending on a model of the
reflectors 24. '

The method of Carroll et. al. should significantly
reduce the CPU time for prestack migration; however,
their method presents a problem. The method still
requires reading a large fraction of the input traces to
produce a migrated output trace at one location. The
reason for this is that the Carroll et al. aperture
varigs with time; different sets of input traces
contribute to the output trace at different times (see
FIGURE 6). Thus, even though only a small percentage of
the input traces contribute at any particular time on the

output trace, a much larger percentage of the input




Tﬁe following is a sunmary of the advantages gained by thil e oA AT
1. Reduced CPU and I/Otinme for magration velocity analysisFPwﬁe“NEﬁﬂ-SHEET'

Lim ted-aperture mgration velocity analysis for two-dinmefdsijonal data
reduces CPU and 1/O tines by about a factor of 10, and fof 2 FEB 1998
t hree-di nensi onal data the reduction is about a factor of |1 By using
Monte Carlo 13-

traces are required to form all the time samples of an
output trace. This problem intuitively means that
computer I/0 costs wili probably not be significantly
reduced, even though the CPU costs should be reduced.

It is an object of this invention to present a
method for performing prestack migration at a
dramatically reduced cost.

It is a further object of this invention to present
a method for calculating subsurface velocities at a
dramatically reduced cost.

It is a further object of this invention to present
a method for calculating subsurface velocities more
quickly and more accurately than is possible using
current methods.

It is a further object of this invention to
eliminate false velocity picks in the determination of
subsurface velocities.

It is a further object of this invention to present
a method for building an accurate three-dimensional
migration velocity from a grid of two-dimensional lines.

It is a further object of this invention to present
a method for accurately migrating an existing three-
dimensional stack without incurring the large expense of
obtaining and reprocessing the three-dimensional

unstacked tapes.




ﬁigration anot her factor of 10 reduction can be achieved, |fEpP gn;gg%ﬂ;%gﬁgf
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reduction of 1, 000 tines for three- dinensional data.

S/'N of velocity analysis displays. 3. Wth the limtgdia ertugg
met hod, two- dinensional lines can be treated as if they ver|le Rr BEB 1338 ;
di rensional data with a very narrow limted aperture in thejcrossline .

direction. Thus, a grid of tmn-dinensLﬁgal

If is a further object of this invention to
significantly impiove_the signal-to-noise ratio (S/N) of
velocity analysis displays. |

Further objects and advantages of this invention
will be seen by one skilled in the art of geophysical
data processing upon review of the specification, figures

and claims herein.

SUMMARY OF THE INVENTION

This invention is a method for analyzing seismic
signals fof analysis of a subsurface volume of the earth,
comprising the steps of

a. collecting a set of seismic traces:;

b. selecting a surface location;

c. determining the migrated positions of
reflection dips, which reflection dips before migration
appear to be below the location:

d. selecting a zone on the surface around said
location, which zone is at most half as large as the
migration aperture required to image all points located
vertically beneath said location:

e. selecting those traces which have source-

receiver midpoints falling within said zone; and
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three-dinensional mgration. This could result in a very ljarge cost 1
savings for three-dinensional velocity analysis, since vellod} Qi FEBf1868

t hree-di nensi onal post stack migration can be produced w tthout purchasi pg
t hr ee- di nensi onal unstacked tapes. 4. The fixed apgrture Tor this

invention forces the use of different-@gutput curves for leach velocity in

f. performing migration velocity analysis on said
selected traces at the migrated position of each
reflection.

This invention reduces the cost of migration
velocity analysis by reducing the amount of computer time
required for prestack migration. Two methods are used to
reduce this computer time. Both methods increase the
efficiency of Kirchhoff migration by limiting the amount
of input seismic data.

The first method, limited-aperture migration, is the
method sef'forth above. It reduces the size of the
migration aperture.

The second method, Monte Carlo migration, is used in
conjunction with the limited aperture migration in the
preferred gmbodiﬁent of this invention. Monte Carlo
migration increases efficiency by migrating only a small,
randomly selected fraction of the input tréces. These
methods significantly reduce the cost of prestack
migration and eliminate spurious velocity picks from
velocity analysis displays. In addition, using the
limited aperture method without the Monte Carlo technique
impro&es S/N over conventional techniques.

Both methods can be applied to either two-

dimensional or three-dimensional seismic data. However,
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prestack migration velocity sweep. This has the benefit

elimnating the false velocity picks frommgration vel gci

di spl ays di scussed above.
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for three-dimensional data the gain in efficiency is

about a factor of 10 larger than for two-dimensional.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 depicts a flow chart for a typical
iterative profile migration velocity analysis.

FIGURE 2 depicts a flowchart for a typical prestack
migration velocity sweep method.

FIGURES 3A and 3B are schematic diagrams
illustrating how prestack migration velocity sweeps can
produce false velocity picks for dipping reflectors.
FIGURE 3A depicts migration at velocity Vi, while FIGURE
3B depicts migration at wvelocity V.

FIGURE 4 is a schematic diagram illustrating the
Kirchhoff migration method.

FIGURE 5 is an illustration of which input traces
will make significant contribution to the migrated image
of a2 reflector.

FIGURE 6 is a schematic diagram illustrating the
directed—aperturé method of Carroll et al.

FIGURE 7 is a schematic diagram illustrating the
limited-aperture migration method of this invention.

FIGURE 8 is a flowchart for the preferred embodiment
of the limited-aperture common-offset migration wvelocity

analysis method of this invention.



5. The nunber of tapes read in each iteration of velocity REP&MWEMF SHEET
reduced by about a factor of 10 by using the Monte Carlo gt ation nethod:
Carroll et. al.'s directed-aperture mgration and the lim ed-gggﬂqﬂgﬁym

m gration nmethod proposed here should produce simlar gain n Utine
efficiency. Also, the S/Ninprovenent of mgrations.produced
met hods shoul d be simlar. However, thq&ﬁ are

FIGURE S shows processes used to quantify residual
moveout and update the migration velocity for common-
offset migration.

FIGURE 10 is a velocity analysis display of the data
in the Example, resulting from the first iteraﬁion of a
conventional wide-aperture migration.

FIGURE 11 is a velocity analysis display of the data
in the Example, resulting from the first iteration of
limited-aperture migration, the method of this invention.

FIGURE 12 is a velocity analysis display of the data
in the Exaﬁple, resulting from the first iteration of
limited-aperture/Monte Carlo migration, the preferred

embodiment of this invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT

The within invention is principally of a limited
aperture migration method. In its preferred embodiment,
the limited-aperture method is used in conjunction with
Monte Carlo migration, discussed herein.

Conventionally, migration apertures contain all
input traces having sources and receivers within about
5,000 to 25,000 feet of the output image location. The
limited-aperture portion of this invention migrates'
relatively small (500 to 5,000 feet) fixed apertures of

the input data to reduce the cost of prestack migration.




several major differences between this invention'and Carro
The main difference is that this nmethod uses a fixed apert
data while calculating i mages al ong output curves that are
Carroll et. al's directed-aperture technique conputes a ti gp?yggg
aperture while calculating i mmges along vertical lines. Thi | £f 888
results in the foll ow ng advant ages t hat
-18.

Since the computer time required for Kirchhoff migration

is proportional to the amount of input data, this results
in up to a factor of 10 improvement in efficiency for
two-dimensional migration. For three-dimensional data,
the gain in efficiency is up to a factor of on the order
of 100 since the aperture is limited in two directions.

— Conventionally, an output image is formed along a
straight, vertical line at the center of the migration
aperture. However, when migrating small fixed apertures,
as proposed in this iﬁvention, reflections with even a
small amount of dip will migrate out of the region
defining the aperture (see FIGURE 7). FIGURE 7 is a
schematic diagram illustrating the limited-aperture
migration method. Reflectors are indicated as 38.
Normal iricidence raypaths 34 that pass through the center
of the input aperture 32 indicate output locations to
which the input aperture makes a significant
contribution. These locations define curves 36 and 40
along which the images will be combuted. Notice that
there can be more than one output image curve.

-, Examination of FIGURE 7 makes it clear that images
cannot, in limited aperture migration, be constructed
along straight, vertical lines. The key to limited
aperture migration is that images are constructed at the

locations 36 and 40 to which the reflections, at the
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center of the limited aperture 32, will migrate. These
locations describe curves 36 and 40 {see FIGURE 5) that
replace the vertical lines conventiocnally used to form
migrated images.

In order to gain a computational advantage from
limited-aperture migration there must be an inexpensive
method for determining the ocutput image curves 36 and 40.
As is known to those of reasonable skill in the art,
there are many methods for defining these curves 36 and
40. Gne.good method is to digitize reflections on an
existing-étack of the seismic data. The time dips of
these digitized reflections are then calculated at the'
center of the limited aperture 32 to be migrated.
Kinematic migra;ion (often called map migration (Maher,
S. M., and Hadley, D. M., Ed., Development of an |
Accurate, Staple and interactive Map Migration Algorithm,
55th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded
Abstracts, Tulsa, Soc. Expl. Geophys., Session:S15.8
(1985)) is used to predict, from these time dips, the
locations to which the reflections will migrate. This
kinematic migration is performed with the same reference
migration velocity that will be used for prestack
migration velocity analysis. Output image curves 36 and
40 are then defined which pass through the output

locations 36 and 40 predicted by kinematic migration (see
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FIGURE 7). All the processes used to determine these
output curves are much less expensive than prestack
migration.

The output curves 36 and 40 are defined using
stacked data, and are therefore guaranteed to be correct
only for small source-receiver offset input traces. For
séeeper reflector dips, large source-receiver offsets
will migrate to different locations than small offsets.
This problem can be overcome by increasing the size of
the limited aperture 32. As would be apparent to one of
reasonable skill in the art, the proper size of the
limited aperture 32 is data-dependent, and many methods
could be used to determine the proper size of the limited
aperture 32. One method is to run limited-aperture
migration for several different aperture sizes at the
location ig the seismic data containing the steepest
dips. These aperture size tests should be performed at a
relatively high reference velocity to produce a
conservative estimate for the minimum aperture size. The
minimum test aperture size that still produces a good
gigr;tion can be used to migrate the remainder of the
data. More sophisticated tests, as would be apparent to
one of reasonable skill in the art, for instance using
ray tracing, could be used to determine an optimum

aperture size at each location in the seismic survey.
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For three~-dimensional seismic data it may be
advantageous to use an aperture 32 that has different
sizes in the inline and crossline direction. 1In
particular, for marine three-dimensional data the inline
projection of the source-receiver offset usually has a
much larger range than the crossline projection. Thus,
in the crossline direction the data appears to be
essentially zero offset. This implies that the limited
aperture 32 can be much smaller in the crossline
direction than the inline direction. Land three-
dimensional data, gathered using a swath technique, can
also benefit by using smaller crossline apertures than
inline apertures.

Two-dimensional seismic data are a limiting case
having an-aperture width in the crossline direction that
is essentially zero. We have found that the techniques
employed for limited aperture migration apply even in
this limiting case. Velocity analysis displays resulting
from application of limited aperture migration to two
dimensional data are as accurate as those obtained from
three dimensional ‘data, though the displays are noisier.
This implies that accurate three dimensional velocities
can be obtained from a grid of two dimensional seismic
lines. 1In this case the three dimensional dips, required

for limited aperture migration, can be determined at the
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The data are from a three-dinmensional marine survey
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intersections of the two dimensional lines in the grid or
from a coincident three dimensional survey. This
capability is important, because it can be used to
determine accurate three dimensional velocities without
incurring the large expense of purchasing an unstacked
tpree dimensional seismic survey. Such velocities would
be useful, for example, for post-stack migration of a
stacked three dimensional survey or for map migration of
a grid of two dimensional lines.

Limi;ed—aperture migration produces migrated seismic
data with higher S/N than conventional migration
{Carroll, Hubbard et al. 1987; Krebs, J. R., "Three-
Dimensional Migration of Swath Surveys," Geophysics,
55(9):1251-1259 (1990)). The reason for this is that
limited-aperture migration sums only over those portions
of the Kirchhoff summation curve 8 that make a
significant contribution 16 to the migration of the
reflection of interest 10 (see FIGURE 4). The remaining
portions of the summation curve 8 usually do not sum to
zero. This non-zero sum is noise that conventional wide-
aperture migration adds to the image of the reflection.

In the preferred embodiment of the method of this
invention, Monte Carlo migration is used in conjunction

with limited-aperture migration. Monte Carlo migration



This method converged after four iterations of prestack cofnrof
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is the:application of Monte Carlo integration theary‘fS”“ .

migration of seismic data.

Monte Carlo integration is a well known mathematical
technique for estimating the value of a multidimensional
integral having a smoothly varying integrand within the
region to be integrated (Press, W. H., Flannery, B. P.,
et al., Numerical Recipes: The Art of Scientific
Computing, Cambridge, Cambridge University Press, pages
126-130 (1986)). Rather than summing the function to be

~integrated over a uniformly sampled regiocn, Monte Carlo
integratioh sums over a sparse random sampling of the
region. This can greatly reduce the amount of computer
time required to compute an integral.

Kirchhoff prestack migration is a multi-dimensional
integral, . and tﬁe Monte Carlo method can be applied by
simply rejecting, preferably randomly rejecting, some
bercentage of the input traces before migration.
Unfortunately, when this is applied to conventional wide-
aperture Kirchhoff migration, the result is unacceptably
noisy. The cause of this noise is that the integrand for
Kirchhoff migration is not smooth over the entire
apertﬁre, and therefore violates an assumption of the
Monte Carlo method. In particular, the integrand for
Kirchhoff migration is smooth only over those portions of

the aperture that contribute significantly to the output
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image. Therefore, any migration technique which limits
the region of integration to this smooth portion of the
integrand can be enhanced by use of Monte Carlo
migration. In fact, the Monte Carlo method could be
combined with the directed-aperture method of Carroll et
al. to further improve that method. Since limited-
aﬁerture migration limits the region of integration to
this smooth portion of the integrand, Monte Carlo
techniques can be used in conjunction Qith limited-
aperture migration, even though they would fail with
conventioﬁal Kirchhoff migration. As will be seen
herein, Monte Carlo migration does reduce S/N even when
combined with limited-aperture migration. Good results
have been achieved with only a random 10 percent of the
input traces being used. Further, even when S0 percent
of the input traces are randomly eliminated from
migration velocity analysis, combined limited-
aperture/Monte Car;o migration still achieves a S/N that
is better than that achieved by conventional prestack
migration. This results in an additional factor of 10
reduction in computer costs. Thus, if the improved S/N
afforded by limited-aperture migration is not important
for a particular set of data, the Monte Carlo method can
be used to reduce the cost of velocity analysis beyond

that achieved by using limited-aperture migration alone.
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FI GURES 10-12 conpare velocity sweeps resulting from the pEnggggggz

inh FIGURE 9. FIGJURE 10 shows a velocity analysis displayjr SHItin from
the first iteration of conventional w de-aperture mgratjioh. VihdFEB 1398
digitized curve is the updated velocity function to be ijhplt to the secqng
iteration of velocity analysis. 25

The net result is S/N approximately identical to Ehat
achieved by conventional migration methods at
significantly less than 1% of the cost of computer time.
The Monte Carlo method could be particularly
important when using iterative velocity analysis methods.
Iterative methods require reading the unstacked seismic
data many times. Unstacked three-dimensional data can
contain on the order of 1,000 tapes; thus; even the
simple act of reading all of these tapes several times
can lead to considerable expense. However, when using
the Monté Carlo method, approximately 90 percent of the
input traces are randomly rejected before velocity
analysis begins. Thus, each iteration of velocity
analysis will require reading only about 10 percent of
the number of tabes that would otherwise be required.
Limited-aperture and Monte Carlo migration can be
used to improve any velocity analysis method which uses
prestack migration or wave equation extrapolation.
FIGURE 8 is a flowchart showing how these methods would
be used with iterative profile prestack migration. The
flow chart is very similar to that shown in FIGURE 1,
except some premigration work must be done to determine
the output curves for each limited aperture, and,
further, the optional Monte Carlo restriction is

indicated on FIGURE 8.
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The following is a summary of the advantages gained
by this invention:

1. Reduced CPU and I/0 time for migration velocity
analysis. Limited-aperture migration velocity analysis
for two-dimensional data reduces CPU and I/O times by
about a factor of 10, and for three-dimensional data the
réduction is about a factor of 100. By using Monte Carlo
migration another factor of 10 reduction can be achieved,
for a total reduction of 1,000 times for three;
dimensional data.

2. ‘Improved S/N of velocity analysis displays.

3. With the limited aperture method, two-
dimensional lines can be treated as if they were three-
dimensional data with a very narrow limited aperture in
the crossline difection. Thus, a grid of two-dimensional
lines can be used to determined velocities that are
accurate for three-dimensional migration. This could
result in a very large cost savings for three-dimensional
velocity analysis, since velocities for three-dimensional
post stack migration can be produced without purchasing
three-dimensional unstacked tapes.

4. The fixed aperture for this invention forces the
use of different output curves for each velocity in a

prestack migration velocity sweep. This has the benefit
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of eliminating the false velocity picks from migration
velocity sweep displays discussed above.

5. The number of tapes read in each iteration of
velocity analysis can be reduced by about a factor of 10
by using the Monte Carlo migration method.

Carroll et. al.'s directed-aperture migration and
the limited-aperture migration method proposed here
should produce similar gains in CPU time efficiency.
Also, the S/N improvement of migrations produced by the
two methods should be similar. However, there are
several méior differences between this invention and
Carrcll et. al.'s.

The main difference is that this method uses a fixed
aperture of input data while calculating images along
output curves that are not wvertical. Carroll et. al.'s
directed-aperture technique computes a time varying
aperture while calculating images along vertical lines.
This difference results in the following advantages that
were discussed above and cannot be achieved with the
Carroll et. al.'s method:

1. Improved 1/0 performance.

2. Determination of accurate three-dimensional
migration velocities from a grid of two~dimensional

lines.
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The accuracy of the limted-aperture and Monte Carlo mgratijon

wi-de- aperture mgration passes through all the high anplitu

denonstrated by the fact that the velocity curve digitized fjrgm
v 2CFER 1998

peaks in FIGURES 11 and 12. Also, notice the increased S/ N;
limted-aperture mgration relative to the conventional w de
mgration. The Monte Carlo migration also has higher S/IN th
wi de-aperture mgration, 5

3. Elimination of false velocity picks from

velocity sweep displays.
4. Reduced number of tapes read per iteration of

velocity analysis.

Note that Carroll et. al. do not propose using their

method for migration velocity analysis. Rather, they use

their method only to speed up the final prestack
migration after another method was used to determine the
migration velocities. Also, Carroll et. al. do not use
Monte Carlo migration to produce an additional facﬁor of

10 improvement in efficiency.
EXAMPLE

The following is an example of limited-aperture

migration velocity analysis using common-offset migration

as discussed in the previous section. The data are from

a three-dimensional marine survey. The data were

processed as shown in FIGURE 8. To quantify the residual

moveout and calculate an updated migration velocity, the
fairly simple process shown in FIGURE 9 was applied.
This pethod converged after four iterations of prestack
common-offset migration. Other methods of quantifying
moveout and updating thé velocity could be substituﬁed,

and may lead to faster convergence.

e
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The velocity analysis was performed using
conventional wide-aperture prestack migration {(aperture
26,250 x 7,875 feet), limited-aperture migration
(aperture 4,375 x 875 feet), and combined limited-
aperture/Monte Carlo migration (90% of input traces
r?jected for Monte Carlo). All three types of migration
yielded the same velocity function. This agreement
confirms the accuracy of the limited-aperture and Monte
Carlo migrations. )

FIGUB;S 10-12 compare velocity sweeps resulting from’
the processes shown in FIGURE 8. FIGURE 10 shows a
velocity analysis display resulting from the first
iteration of conventional wide-aperture migration. The
digitized curve_is the updated wvelocity function to be
input to the second iteration of velocity analysis.
FIGURE 11 shows a velocity analysis display resulting
from the first iteration of limited-aperture migration.
The updated velocity curve was digitized from the
conventional wide-aperture velocity display shown in
FIGURE 10. FIGURE 12 shows a velocity analysis display
resulting from the first iteration of limited-
aperture/Monte Carlo migration. Ninety percent of the
input traces were randomly rejected. The updated
velocity curve was digitized from the conventional wide-

aperture velocity display shown in FIGURE 10.
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TABLE 1 COVPARI SON OF CPU TI MES FOR PRESTACK M GRATI ON VEL(Q EP[A h
ANALYSIS Type of Mgration Cray- YMP CPY Tp ...:FEMENT SHEET
W de Aperture 2, 756 seconds Li mted 3{%uFe
Limited Aperture with Monte Carlo 6 seconds EB 1398
=30~

The accuracy of the limited-aperture and Monte Carlo
migration is demonstrated by the fact that the velocity
curve digitized from the wide-aperture migration passes
through all the high amplitude velocity peaks in FIGURES
11 and 12. Also, notice the increased S/N of the
l%mited-aperture migration relative to the conventional
wide-aperture migration. The Monte Carlo migration also
has higher S/N than conventional wide-aperture migration,
though not as good as limited migration-aperture alone.

The d;fferences in CPU time for the three methods
are shown in Table 1. Limited-aperture migration using
the data of this example is approximately 50 times less
expensive than conventional wide-aperture migration, and
Monte Carlo migration gave another factor of

approximately 10 decrease in expense.

TABLE 1
COMPARISON OF CPU TIMES FOR PRESTACK MIGRATION VELOCITY
ANALYSIS
Type of Migration Cray-YMP CPU Time
Conventional Wide Aperture 2,756 seconds
Limited Aperture .55 seconds

Limited Aperture with Monte Carlo 6 seconds
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CLAIMS:
1. A method for analyzing seismic signals for

analysis of a subsurface volume of the earth, comprising
the steps of '

a. collecting a set of seismic traces:

b. selecting a surface location:

c. determining the migrated positions of
reflection dips, which reflection dips before migration
appear to bg below the location:

d. selecting a zone on the surface around said
location, which zone is at most half as large as the
migration aperture required to image all points located
'vertically beneath said location;

e. Sselecting those traces which have source-
receiver midpoints falling within said zone; and

£. performing migration velocity analysis on said
selected traces at the migrated position of each
reflection.

2. The method of claim 1, wherein a portion of the
seismic traces are rejected prior to performing the
migration velocity analysis on said selected traces at
the migrated position of each reflection.

3. The method of claim 2, wherein said portion is

at least about 50%.
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S. The method of
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6. The method of
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7. The method of
is performed randomly.

8. .?he method of
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rejection

rejection

rejection

rejection

10. A method for analyzing seismic signals for

analysis of a2 subsurface volume 6f the earth, comprising

the steps of

a. collecting a set of seismic traces:;

b. selecting all or some fraction of an aperture

of the Kirchhoff summation curve for which the integrand

for Kirchhoff migration is smooth;

c. rejecting a portion of the seismic traces

within said aperture; and

d. performing migration velocity analysis on the

remaining selected traces after said rejection.

11. A method according to claim 1 or claim 10 for

analysing seismic signals for analysis of a subsurface

volume of the earth, substantially as hereinbefore

described with reference to the accompanyxng drawlngs.

—.

-.-.vv
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performng mgration velocity analysis on the
traces after said rejection. 11. A nethod according to clai
anal ysing seisnmc signals for analysis of a subsurface
substantially as herei nbefore
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