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(57) Abstract: A system and computer-implemented
method for accounting for temporal dispersion in low-
order finite difference seismic wave propagation is
disclosed. An embodiment of the method includes
transforming a seismic dataset from time domain to
frequency domain to obtain a frequency-domain seis-
mic dataset, applying a frequency-domain time vary-
ing filter to the frequency-domain seismic dataset to
obtain a filtered frequency-domain seismic dataset,
and transforming the filtered frequency-domain seis-
mic dataset from the frequency domain to the time do-
main to obtain a time-domain filtered seismic dataset.
The frequency-domain time varying filter is based on
the effective phase velocity inherent in a finite-differ-
ence solution to the wave equation.
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SYSTEM AND METHOD FOR SEISMIC BATA MODELING AND MIGRATION
TECHNICAL FIELD

{6001} The present mvention relates generally o methods and systems for modeling
and mugrating seismic data using finite difference modeling operators, and in particular
methods and systems for accounting for teraporal dispersion caused by the use of low-order

Paa)

finite difference modeling operators for seismic data modeling and raigration.
BACKGROUND OF THE INVENTION

{6062} Accurate migration of 3D seismic data ecnables proper interpretation of
subterrancan hydrocarbon reservoirs.  Seismic migration 18 essentially the process of
reversing seismic wave propagation; thercfore much effort has been put inte modeling
seismic wave propagation as accurately as possible. One method of modehng seismic wave

propagation is finite difference modeling.

16003] In finite difference modeling, the sohution to the wave equation is
approximated using a fintte differcoce (FD) method. This method can produce multiple
approximate solutions that are referred to according to their order, for example second-order
FD and fowth-order FB, which indicates how accurately they represent the true solution o
the wave equation. When a second-order FD solution is used to model seismic wave
propagation, the resultant synthetic seismic data has significant temporal dispersion due to
the low accuracy of the FIDI solution. Higher order FD solutions such as fourth-order produce
synthetic seismic data with less ternporal dispersion. The improved accuracy of higher order
solutions comes at & greal computational cost. For example, fourth-order FIJ seismic

modeling requires twice as many computing operations as second-order FD.

16004} Aunother method that can be used to oprove modeling accuracy is a pseudo-
analytic operator such as a pseudo-Laplacian. This method is similar to second-order FD
modeling except it modifies the spatial and temporal derivatives so that they have opposite
signs and, by adjusting the coefficients, the errors in the derivatives will counteract each
other, thereby reducing the maccuracy m the vesult.  This method is more accurate than

second-order FD medeling and not as computationally expensive as fourth-order FD
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modeling. However, pseudo-analytic methods are still more expensive than second-order FD

modeling,

HEEIRY The computational cost associated with using higher order FD modeling or
pseudo-analytic methods becomes even more significant when considered in terms of reverse
tme migration (RTM). In reverse time migration, a source wavefield s propagated forward
inte the subsurface, often using FD or pseudo-analytic modeling, while a recorded seismic
datasct is propagated backwards into the subsurface. The two waveficlds are matched at
subsurface locations via an imaging condition, often zero-lag cross-correlation, 1o create an
mmage. The recorded seismic dataset is the true result of seispuc energy that has passed
through the subsurface and, as such, does not have the temporal dispersion that arises from
the approximated FD or pseudo-analytic modehng. In ovder for the forward propagated
synthetic seismic data to match the backward propagated recorded seismic data, the teroporal
dispersion must be accounted for. Therefore, current RTM methods use higher order FD or

pseudo-analytic modeling.

{006} Current practice for FD seismic modeling and RTM uses pseudo-Laplacian
scthods or higher order FD methods. These methods are more accurate and more

computationally expensive than conventional second-order FI modeling.
SUMMARY OF THE INVENTION

{6007} According to onc implementation of the presernt imvention, a method for
accounting for feroporal dispersion includes transforming a seismic dataset from time domain
to frequency domain to obtain a frequency-domain seismic dataset, applying a frequency-
domain time varying filter to the frequency-domain seismic dataset to obtain a filtered
frequency-domain seismic dataset, and transforming the filtered frequency-domain seismic
dataset from the frequency domain to the time domam to obtain a time-domain {iHered
setsmmic dataset. The frequency-domain time varying filter is based on the effective phase
velocity inherent in a finite-difference solution to the wave equation. The frequency-domain

time varying filter may be applicd to a synthetic scismic dataset that was generated by low-

Falad
T

order fimite difference modehng.
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{6008} In another embodiment, the frequency-domain time varying filter may be
applied to recorded seismic data prior (o reverse time migration. The reverse time migration

may then use low-order finite difference modehing to forward propagate the source wavefickd.

16009] The present invention may also be practiced as a system for accounting for
temporal  dispersion in seismic processing methods using low-order finite difference
modeling. The system may mclode a device for providing information representative of the
ubterranean arca of interest and a computer processor in commmunication with the device and
configured to receive the data and o execute a computer executable code responsive to the
data. The computer executable code may inchude a domain transformation module capable of
transforming from a time domain to a frequency domain and/or from the frequency domain o
the time domain, and a frequency-domain {ilter application module for applying a frequency-
domain timoe varying fier.  The systern may also include a user interface. In one

embodiment, the system may include a reverse time migration module.

{B010] The present invention may alse be practiced as an article of manufacture
mclading a computer readable medium having computer readable code on i, the computer
readable code being configured to implement a method for accoumting for temporal
dispersion in low-order finite difference wave propagation. The method may include
iransforming a seismic dataset from time domain to frequency domain to oblain a frequency-
domain seismic dataset, applying a frequency-domain fime varying filier to the frequency-
domain seismic dataset to obtain a filtered frequency-domain scismic dataset, and
transforming the fltered frequency-domain seismic dataset from the frequency domain to the
time domain to obiain a time-domam f{iltered seismic dataset. The frequency-domain time
varying filter is based on the effective phase velocity inherent in a finite-difference solution

to the wave equation,

{8611} The above summary section is provided to introduce a sclection of concepts in
a simplified form that are further described below i the detailed description section. The
summary is not intended to wdentify key features or gssential features of the claimed subject

watter, nor is it intended to be used to Hmit the scope of the claimed subject matter,
Furthermore, the claimed subject matter is not limited 1o toplementations that solve any or

all disadvantages noted in any part of this disclosure.
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BRIEF BDESCRIPTION OF THE BRAWINGS

6813 These and other features of the present nvention will become better
undersiood with regard to the following description, pending claims and accompanying

drawings where:

{6013} Figure 1 is a flowchart illustrating a method for performing seismic data

modeling in accordance with an embodiment of the invention;

16014] Figure 2 shows a wavelet that was propagated using a conventional second-

order FD moethod and the result of applving the frequency-domain time varying filter of the

present invention to that wavelet;

{B015] Figure 3 is an example of seismic data modeling using a conventional second-

order FD method compared to seismic data modeling using the present invention;

{6016} Figure 4 is a flowchart llustrating a method for performing reverse time

migration (RTM} in accordance with an embodiment of the invention;

{017} Figure 5 is an example of reverse lime migration using a conventional second-

order FD method compared to reverse time migration using the present invention; and

{6018} Figure 6 schematically illustrates a system for performing a method in

accordance with an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVEXNTION

{6019} The present invention may be described and implemented in the general
context of & system and computer methods to be executed by a computer. Such computer-
executable mstructions may include programs, routines, objects, components, data structures,
and computer software technologies that can be used to perform particular tasks and process
absiract data types. Software implemeniations of the present invention may be coded in
different languages for application m a variety of conputing platforms and environments. It
will be appreciated that the scope and underlying principles of the present invention are not

himited to any particular computer software technology.



WO 2012/128879 PCT/US2012/025891

{6026} Moreover, those skilled in the art will appreciate that the present invention
may be practiced using any one or combination of hardware and software configurations,
mchuding but not bmited to a sysiem having single and/or nmudtiple computer processors,
hand-held devices, programomable consumer electronics, muni-compuiers, mainframe
computers, and the like. The invention may also be practiced in distributed computing
environments where tasks are performed by servers or other processing devices that are
hinked through a one or more data communications network., Fn a distributed computing
environment, program modules may be located in both local and remote computer storage

media mcluding memory storage devices.

6821} Also, an article of manufacture for use with 8 computer processor, such as a
CD, pre-recorded disk or other equivalent devices, may include a computer program storage
medium and program means recorded thereon for divecting the computer processor (o
facilitate the tmplementation and practice of the present invention. Such devices and articles

of manufacture also fall within the spirit and scope of the present invention,

{6023} Referring now o the drawings, embodiments of the present invention will be
described. The invention can be implemented in numerous ways, inchuding for example as a
system (including a compuier processing system), a method (including a computer
implemented method), an apparatus, a computer readable yedium, a computer program
product, a graphical user interface, a web porial, or 2 data structure tangibly fixed in a
computer readable memory. Several embodiments of the present mvention are discussed
below. The appended drawings illustrate only typical embodiments of the present invention

and therefore are not to be considered limiting of its scope and breadth.
g p

16023] The present invention relates to accounting for temporal dispersion in finite
difference seismic data modeling and, by way of example and not limitation, can be used to
reduce temporal dispersion in synthetic seismic data generated by low-order finite difference
modeling or io introduce temporal dispersion into recorded seismic data prior (o reverse time
migration that uses low-order fimite difference modeling as s forward propagator. The

termporal dispersion is characterized through a frequency-domain time varying filter.

{6024} The inventor has determined that it is possible to generate a frequency-domain
time varving filter based on the cffective phase velocity inherent in a finite difference

solution to the wave equation. The low-order finite difference solutions, such as the second-

3
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order solution, will be inaccarate and will introduce temporal dispersion in synthetic seismic
data generated by low-order finite difference (FD) modeling. Further, the inventor has
determined that by applying the frequency-domain time varying filter to synthetic seismic
data created by low-order FD modeling, the temporal dispersion can be reduced.
Additionally, it is possible to use the negative frequency-domain time varying filter to add
temporal dispersion to recorded seismic data so that it can be used as input to a reverse time

~

migration raethed utiizing low-order FD modeling as its forward propagator.

18025] in this regard, an cxample of a method 100 in accordance with the present
mvention is ilusirated in the flowchart of Figure 1. Atstep 10, a synthetic seismic dataset is
transformed from the time domain to the frequency domain. This may be done, for example,
by a fast Fourier transform.  In an embodiment, the synthetic scismic dataset was generated
by a low-order finite difference (FD) roodeling operator, such as and not Hmited to a second-
order FD modeling operator. A low-order FD modeling operator is one that is based on a
finite difference solution to the wave equation and is known 1o be inaccurate but is used

because it is Jess computationally expeunsive than a high-order FID modeling operator.

16026} At sicp 12, the synthetic seismic datasct that is now i the frequency domain
has a frequency-domain time varying filter applied to it. This frequency-domain time varying
filter 1s designed based on the effective phase velocity that is inherent in a low-order FD
solution to the wave equation. As an example of how the filter may be constructed, for the

3D acoustic wave equation

2
CR

rrFioml o
?’; - R Fgn. |
BN

wherein £ is the wavefield, { is the travel time and V is the velocity, the sccond-order finite

difference solution may be written as:

B S = SR = M fqn. 2
Taking the Fourier transform of Eqn. 2 resulis in
{5 ooelmdd = B8 fqn. 3

6
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where & is the wavenumber. From this result, it is possible o determine the effective phase
velocity for the second-order FD solution. In this case, the effective phase velocity ¥V, from

Eqgn. 3 can be expressed as:

From Egp. 4, it is evident that V, is frequency dependent and different from the true velocity
V. The difference between V and V, produces a time delay, or temporal dispersion, m a
wavefield that 1s propagated according to this FD sohution. The temporal dispersion can be

mathematically described by:

o B
T —— e § -
v oY o W 3 o
E = by ™ i+ et
% ¥é

where T reprosents the traveltime computed by the finite difference modeling and Ty is the
traveltime using the true velocity. Since the temporal dispersion is defined, a frequency-

domain time varyiong filter #{e, T} can be designed to compensate for it:

s T ey e

Applying this filter to synthetic seismic data generated by second-order FI3 modeling, as is

done in step 12, reduces the temporal dispersion,

16027} The effect of the filter in Eqgn. 6 can be seen m Figure 2. In this example, a
single wavelet shown as curve 20 has been propagated by second-order FD modehing. The
result shows the anticipated phase distorfion as a small peak prior to the main arrival and the
unequal positive and negative large peaks that are characteristic of temporal dispersion
caused by the maccurate FD solution.  Applying the filter of Egn. 6 to curve 20 produces

curve 22, which shows no signs of temporal dispersion,

£

{6028} Referring again to Figure 1, after the filter of Egn. 6 is apphed to the
frequency-domain seisnic data, the data is transformed back into the time domain at siep 14.
An example of method 100 can be scen 1o Figure 3. Panel 30 shows g wavefield that was

propagated by a second-order F'D modeling operator. The temporal dispersion is indicated by

-3



WO 2012/128879 PCT/US2012/025891

the arrow 31. Panel 32 shows the data after performing method 100, The temporal

dispersion is greatly reduced.

16029] Another embodiment of the present invention is ilhustrated in the flowchart of
Figure 4. o this embodiment, a frequency-domain time varying filter is used to prepare

recorded seismuc data for migration by a reverse fime migration (RTM) algorithm. The
recorded seismic dataset represents seismic energy that was generated by a seismic source,
propagated through the subsurface, refracting and reflecting depending on differcnces in
scismuic velocity and deosity of the subsurface rock layers, and was recorded by seismic
receivers.  As such, the recorded seismic data represents the true solution to the wave
equation and so does not have the temporal dispersion that is caused by inaccuracies in FD
sodeling. In RTM, the recorded seismic dataset or waveficld is backward propagated into

the subsurface while a source wavefield is forward propagated using a FID or pseudo-analyvtic

o

method. The two wavefields are subjected to an imaging condition to create the migrated

image. A typical imaging condition is a zere-lag cross-correlation:

where Hxy,z) 1s the migrated image, S{x,y,z.¢6) 18 the source wavelield that s forward
propagated by a FD or pseado-analytic method, and R(x,v,2.¢) 1s the recorded wavefield that 18
backward propagated. Due to the zero-lag cross-correlation, any temporal dispersion that
occurs i just the forward propagated source waveficld will cause artifacts 1 the migrated
image and depth mispositioning. Typically, RTM uses the more computationally expensive
high-order FIO or pseudeo-analytic modeling to reduce the temporal dispersion. However, if
the temporal dispersion in both the source and recorded waveficlds are the same, the zero-lag
cross correlation imaging condition will not cause artifacts. This emmbodiment of the present
mvention creates temporal dispersion in the recorded seismic data so that it may be used as
wput for RTM using the computationally cheaper low-order D modeling operator for the

source waveficld while reducing artifacts

[6030] in method 400, step 40 transforms a recorded seismic dataset into the
frequency domain.  This may be done, for example, by a fast Founer transform.  The
frequency-domain data has a frequency-domain time varying f{ilter applied in step 42. This

filter is generated based on the effective phase velocity from the FI solution, as was the filter
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derived for the method 100, but in this embodiment the flier will introduce temporal
dispersion rather than reduce it. For a second-order FD solution, the frequency-domain time

o~

varying filter that will be applied to the frequency-domain recorded seismic data is

Note that this filter is almost identical to the filter of method 100 shown in Eqn. 6; only the

sign on the exponent s different.

16031} In step 44, the [filtered recorded dataset 13 transformed back into the time
domain. fuo step 46, the filiered recorded dataset is used as input for RTM which uses a FD
modeling operator of the same order as the FIJ solution used 1o derive the frequency-domaim
time varying filter. It should be noted that if the RTM method is prepared to take frequency-

domain recorded seismic data as input, step 44 may be skipped.

{6032} An example of the method 400 may be seen in Figare 5. Panel 50 shows a
RTM result that used a second-order FD modeling operator to propagate the source wavetield
and used the recorded seismic dataset without applying a frequency-domain time varying
filter. Panel 52 shows a RTM result produced by method 400. Line 51 is a horizontal
reference that helps to demonsiraie the difference i vertical positioning of the seismic
reflector. This reflector is located at the correct depth in panel 52; in panel 50, the use of the
low-order FD modeling operator and the unfiltered recorded seismic data has resulied m
artifacts that make the reflector appear to be shallower than it should be and has apparently
changed the phase of the wavelet.  The eifects can also be seen i the packet of seismic
reflectors decper in the mages. The differcnce in depth between the two panels is on the

order of tens of meters, which 1s a significant difference when trying to place a well.

{6033] A system 600 for performing the present invention is schematically ltustrated
in Figure 6. The systern includes a data source 60 which, for method 400, may contain a
recorded scismic dataset. For method 100, the data source may contain a synthetic seismic
datasct generated by a low-order FID modeling operator.  The data source is i
communication with the computer processor 62. The processor 62 13 configured to receive

the data and to execute modules compiled from computer-readable code. These modules may
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inchide the domain transformation module 65, which may be capable of transforming data
from: the time domain to the frequency domain and from the frequency domain to the time
domain. The transformation may be done, for example, by a forward and inverse fast Fourier
transform.  The modules may also include the filter application module 66, that applics a
frequency-domain time varying filter. For method 400, the modules may also include the
reverse time migration module 67. The processor 62 is in communication with the user
mterface 69. The user interface 69 may be used both to display data and processed data
products and to allow the user to select among options for implementing aspects of the

method. The processed data products from processor 62 may be stored on data source 60.

{6034} While in the {oregoing specification this invention has been described in
relation to certain preferred embodiments thereof, and many details have been set forth for
purpose of illustration, 1 will be apparent to those skilled in the art that the invention 18
susceptible to alteration and that certain other details described herein can vary considerably
without departing from the basic principies of the mvention. In addition, it should be
appreciated that structural features or method steps shown or described i any one

embodiment herem can be used in other embodiments as well.

10
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WHAT I5 CLAIMED IS:

What is clatmed is;

1. A computer-implemented method for accounting for temporal dispersion in low-order
finite difference seismic wave propagation, comprising:
a. transforming a seismic dataset from time domain to frequency domain to
obtain a frequency-domain seismic dataset;
b. applying a frequency-domain time varying filter to the frequency-dormain
seismic datasel to obtain a filtered frequency-domain seismic dataset; and
¢. transforming the filtered frequency-domain seismic dataset from the frequency

domam to the time domain to obtain a time-domain filiered seismic dataset.

2

The method of claim |, wherein the frequency-domain time varymg filter is based on

an effective phase velocity.

3

3. The method of claim 1, wherein the seismic dataset is a synthetic seismic dataset

generated by a low-order finite difference modeling operator.

4. The method of elaim 3, wherein the low-order finite difference modeling operator is a

second-order finite difference modeling operator.

5. The method of clamm 1, wherem the seismic dataset is a recorded seismic dataset,

6. The method of claim 5, further comprising using the time-domain filiered seismic

dataset as input for reverse time nugration.

7. The method of claim 6, wherein the reverse time migration uses the filtered

frequency-domain seismic dataset as input.

8. The method of claim 6, wherein the reverse time migration vses a low-order finite

difference modeling operator.

11
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9. The method of claim 8, wherein the low-order finite difference modeling operator is a

second-order finite difference modeling operator.

10. A systern for accounting for temporal dispersion in seismic processing methods using
low-order finite difference modeling, comprising:
a. adevice for providing information representative of the subterrancan area of
inferest; and
b. a computer processor in communication with the device and configured to
receive the data and to execute a computer executable code responsive to the
data, the computer executable code comprising:

1. a domam transformation module for transforming {rom a timwe domain
to a frequency domain and/or from the frequency domain to the time
domain; and

i, a frequency-domain filter application module for applying a frequency-

domain time varying filter.
11. The systero of ¢laim 10, further comprising a user interface.
12. The system of claim 10, wherein the information representative of the subterrancan
arca of interest comprises a synthetic seismic dataset generated by a low-order finite

difference modeling operator.

13. The systemn of ¢laim 1, wherein the information representative of the subterrancan

arca of fnterest comprises a recorded seismic dataset,

14. The system of claim 10, further comprising a reverse time migration modale.

15. The system of claim 14, wherein the reverse time migration module uses a low-order

{inite difference modeling operator.

12



PCT/US2012/025891

WO 2012/128879

1/6

L Ol

auil O}
Ve Aousnbal) (eiep JlSIes
14 paJell wiojsuell

iy Builiea sum
Nm\\ urewiop-Asusnbaly Ailddy

Aousnbay
0] 8WI} .B1ep JIISISS
o1/

SISYIUAS wojsues]




WO 2012/128879 PCT/US2012/025891

2/6

SRR

N T SURTE [EENRER TR

20

& : ‘ N

FIG. 2

g &=
T
&
Ll
E
B X o
k=
T3
=
o
=
R =
1S






PCT/US2012/025891

WO 2012/128879

4/6

v Old

or S

uonetiu
awi ssieasl Ajlddy

|

.ww\

awi} 0}

Aousnbal) rejep DISIes

DSBS}l uiojsuRl]

[

iy Builiea sum

Nv\\ urewiop-Asusnbaly Ailddy

[

ov /]

Aousnbay
0] 8WiI} .B1ep JIISIes
DBpRIODa) WosuB]

=<t



222222222222

-
Ko

22222222222222222

FIG. 5



PCT/US2012/025891

WO 2012/128879

6/6

9 Old

ainpow uonesBiw
S 85I8ASY

9

m@\

ainpow
uoneondde Jayi4

/mw

aoeLSIUl
18N

BINPoLU

uonewsojsuel; urewod [\ g

JOSS800id

20/

09

SuINos el

$



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - claims
	Page 14 - claims
	Page 15 - drawings
	Page 16 - drawings
	Page 17 - drawings
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings

