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A SEISMIC IMAGE FILTERING MACHINE TO GENERATE A FILTERED SEISMIC

IMAGE, PROGRAM PRODUCTS, AND RELATED METHODS

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The invention generally relates to the field of geophysical subsurface seismic

imaging in the field of geophysical seismic exploration. More specifically, this invention

generally relates to machines, program products, and methods to generate filtered seismic images

based on seismic image data filtered by attenuating coherent noise from unfiltered seismic image

data using a plurality of nonstationary convolution operators as local filters at each spatial

location of an unfiltered seismic image wavefield.

2. Description of Related Art

[0002] In the oil and gas industry, geophysical seismic data processing and analysis

techniques are commonly used to aid in the search for, and evaluation of, subterranean

hydrocarbon deposits. In many instances, a seismic energy source can be used to generate

seismic energy signals that propagate into the earth and are, at least partially, reflected by

subsurface seismic reflectors such as interfaces between underground formations having

different acoustic impedances. Such seismic energy reflections can subsequently be recorded in

a geophysical time series by seismic energy detectors, sensors, or receivers positioned at a

recording surface located at or near the surface of the earth, in a body of water, or at known

depths in boreholes. The resulting seismic data then can be processed and analyzed to yield

information relating to the location of the subsurface reflectors and the physical properties of the

subsurface formations.

[0003] Processed seismic data, in the form of surface waves delineating a wavefield, can be

useful in delineating and mapping the earth's subsurface features. Geophysical time series data

acquired in the field, however, often contains undesired dispersive energy, such as coherent

seismic noise, as well as desired seismic energy. Such unwanted coherent seismic noise can
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interfere with, overwhelm, or otherwise mask desired seismic energy useful for subsurface

explorations. Particularly, when propagating through an irregular surface or complex near

surface, such as, rugged topography or complex geology, surface waves can have complicated

wave paths and lateral velocity variations resulting in unwanted dispersive energy. Much of this

energy propagates horizontally in the near surface of a wavefield. In the presence of complex

geology or rugged topography, this energy can have a complicated wave path, thus making its

removal a challenging task. Nevertheless, removing this dispersive energy is an important and

beneficial step that is necessary, in many cases, to focus the subsurface seismic image so that it

can be used for accurate and cost-effective subsurface exploration.

[0004] Current solutions attenuate unwanted dispersive energy and coherent seismic noise

from seismic image data by downwardly continuing the seismic data wavefield through a data

extrapolation to a depth level below the propagation zone of the surface waves followed by an

upward continuation, or extrapolation of the data, back up to the seismic data recording surface.

Other current solutions attenuate noise by upwardly continuing the seismic image wavefield

through a data extrapolation to a depth level above the highest elevation followed by a

downward continuation, or extrapolation of the data, back to the recording surface. Both

approaches can be at least marginally effective (albeit inefficient) because the seismic imaging

surface waves often manifest themselves as evanescent waves which exhibit exponential decay

with distance and are therefore capable of being filtered out during the wavefield extrapolation.

SUMMARY OF THE INVENTION

[0005] Accordingly, as subsurface imaging becomes of even greater importance to energy

companies as they strive to tap the potential of more remote mineral deposits, applicants

recognize a need for a more efficient and computationally inexpensive process for attenuating

coherent seismic noise from surface waves. Because previous methods require forward and

inverse extrapolation of the data and the data must be sorted between the source and receiver

domains for each extrapolation, such previous methods were recognized by applicants as

inefficient and computationally expensive. Particularly, applicants recognize a need for various

machines, systems, computer implemented methods, and program products to generate a filtered

seismic image based on filtered seismic image data that has been filtered according to various

embodiments of the present invention.



[0006] Generally, seismic imaging directs an intense sound from a seismic energy source

device into the ground to evaluate subsurface conditions and to detect possible concentrations of

oil, gas, and other subsurface minerals. Seismic image receiver devices, known as geophones,

record sound wave echoes that come back up through the ground to the recording surface. Such

seismic image receiver devices, or geophones, can record the intensity of such sound waves and

the time it took for the sound wave to travel from the sound source device back to the geophone

recording device at the recording surface. According to various exemplary embodiments of the

present invention, for example, during the seismic imaging process, the reflections of sound

waves emitted by the sound source device, and recorded by the geophone recording device, can

be processed by a computer to generate a three-dimensional digital model, or seismic image, of

the subsurface. The three-dimensional model of the subsurface can be used to identify, for

example, the placement of wells and potential well flow paths.

[0007] More specifically, according to an exemplary embodiment of the present invention, a

seismic energy receiver can be positioned to receive and record seismic energy data or seismic

field records in any form including a geophysical time series recording of the acoustic reflection

and refraction of waveforms that travel from the seismic energy source to the seismic energy

receiver. Variations in the travel times of reflection and refraction events in one or more field

records in a plurality of seismic signals can, for example, when processed by a computer,

produce a seismic image, defined by urifiltered seismic image data, that demonstrates subsurface

structure. The seismic image, however, is unfiltered and accordingly, it may, in many instances,

contain not only seismic image data but also complicated coherent seismic noise in the form of

evanescent waves as known and understood by those skilled in the art. Such complicated

coherent seismic noise with respect to an unfiltered seismic image is similar to fuzz or grain on a

image taken with a film camera. By applying certain filters to the film image, it is possible, in

many instances, to remove such fuzz or grain. The same is true for complicated coherent seismic

noise present in an unfiltered seismic image. Accordingly, prior to using a seismic image to aid

in the search for, and exploitation of, mineral deposits, the seismic image should first be filtered

according to an exemplary embodiment of the present invention.

[0008] According to various embodiments of the present invention, the unfiltered seismic

image data can be filtered by attenuating coherent seismic noise from surface waves in a manner



that requires fewer extrapolation processes and fewer sorting operations thereby resulting in a

faster and more efficient attenuation of complicated coherent seismic noise, Such an

advancement would beneficially allow energy companies to explore greater regions of the

subsurface terrain in a more cost effective manner thereby allowing such companies to find and

obtain vast quantities of undiscovered oil and gas that could ultimately be delivered to consumers

at low cost, Computationally efficient seismic image filtering, as provided through various

embodiments of the present invention, may beneficially raise the supply of oil thereby lowering

the price at the pump for consumers worldwide.

[0009] In view of the foregoing, embodiments of the present invention advantageously

provide, for example, seismic image filtering machines, systems, computer implemented

methods, and computer readable program products, stored in a tangible computer readable

storage medium, to generate a filtered seismic image based on seismic image data filtered by

attenuating coherent seismic noise from surface waves using a plurality of nonstationary

convolution operators, as is known an understood in the art, as local filters that require only a

single extrapolation process, which can be implemented either in the source or receiver domain,

and which do not require sorting operations. Conceptionally, convolution, as is known and

understood by those skilled in the art, can be described as the process of replacing each point of

data of an unfiltered image by a scaled copy of a convolution filter. Commonly, convolution

operators (or filters), as is known and understood in the art, are stationary, meaning that the

operator's form does not change with space or time. While such stationary convolution operators

accurately filter more traditional images, a stationary convolution operator's inability to change

its form with space or time (i.e., velocity) is often too limiting to accurately filter geophysical

seismic images.

[00010] Particularly, unfiltered seismic image data can be used to construct, by a computer,

an unfiltered wavefield including a plurality of wavelets and delineated by a plurality of spatial

locations as is known and understood by those skilled in the art. The velocity of various spatial

locations within such an unfiltered wavefield can vary from spatial location to spatial location

and as such, stationary convolution operators are unable to provide the needed flexibility. A

mathematical process which can form a scaled superposition of a filter while allowing the

wavelet radius to depend on a local velocity at a spatial location of within a wavefield is known



and understood by those skilled in the art as a nonstationary convolution. Beneficially, and

unlike stationary convolution operators, nonstationary convolution operators according to

various exemplary embodiments of the present invention can change form, for example, in a

controlled fashion with time and space. That is, nonstationary convolution operators can

beneficially be, for example, dependent on velocity measurements at various spatial locations of

an unfiltered wavefield formed from unfiltered seismic image defined by a plurality of irafiltered

seismic image data according to various exemplary embodiments of the present invention. Thus,

such nonstationary convolution operators can, for example, be used to filter an unfiltered seismic

image to thereby generate a filtered seismic image.

[00011] Accordingly, various embodiments of the invention, for example, can beneficially

handle strong lateral velocity variations, thus making various embodiments of the present

invention effective tools to remove complicated coherent seismic noise typically in the form of

exponentially decaying evanescent waves. Embodiments of the present invention, for example,

use, as a part of the filtering mechanism, specially designed nonstationary convolution operators

that are implemented in the space-frequency domain as nonstationary filters. According to

various embodiments of the present invention, such nonstationary convolution operators can be

constructed at each of the plurality of spatial locations of an unsorted wavefield so that each of

the plurality of spatial locations of the unsorted wavefield can be locally filtered in a single

extrapolation process.

[00012] Generally, according to exemplary embodiments of the present invention a

nonstationary seismic image data filter can be implemented in the space-frequeney domain to

filter such seismic image data. Such a nonstationary seismic image data filter can include, for

example, a nonstationary convolution operator designed using a weighted least squares with a

transition band approach, as is known and understood by those skilled in the art, that is

configured to attenuate coherent seismic energy, or noise, from the seismic image. The

nonstationary seismic image data filter, according to various embodiments of the present

invention, can operate by applying a nonstationary convolution operator to downwardly continue

the unfiltered seismic image data to a depth level below a surface wave propagation zone of the

seismic energy, as is known and understood by those skilled in the art, to thereby produce

filtered seismic image data that, when processed by a computer produces a filtered seismic image



on a display adapted to be in communication with the computer. A display, according to various

embodiments of the present invention, can include a CRT monitor, a LCD monitor, a plasma

monitor, a OLED screen, a television, a DLP monitor, a video projection, a three-dimensional

projection, a touch screen, and any other graphical user interface device now or herein after

developed as is known or understood by those skilled in the art,

[00013] Generally, images of various types, including both filtered and unfiltered seismic

images, can be represented by a plurality of data points typically in the form of an image matrix

as is known and understood by those skilled in the art. Such an image matrix can be processed

and manipulated by a computer in order to produce a human-readable version of the image

represented by the plurality of image data points on a display adapted to be in communication

with the computer. Accordingly, embodiments of the present invention can, for example,

beneficially produce a filtered seismic image on a display adapted to be in communication with a

computer responsive to attenuating coherent seismic noise from an unfiltered seismic image

using a plurality of nonstationary convolution operators as local filters.

[00014] Beneficially, for example, the nonstationary seismic image data filter can filter the

unfiltered seismic image through only a single downward extrapolation process and without the

need to sort the unfiltered seismic image data. When compared to other filter configurations

which require multiple data extrapolation processes and a sorted data set, the embodied filter

enhances the speed and efficiency of current seismic filters by reducing the process steps

necessary to filter a seismic image. Additionally, the nonstationary seismic image data filter can

handle strong lateral velocity variation thereby making it an effective tool to remove complicated

coherent noise due to complex geology or rugged topography. Generally, the nonstationary

seismic image data filter can be, for example, derived from the space-frequency explicit

wavefield extrapolation imaging algorithm. At each lateral spatial location, the velocity

information of the seismic energy signal can be used to build nonstationary convolution

operators which perform localized filtering in the space-frequency domain. Such a

configuration, according to exemplary embodiments of the present invention, can use the same

velocity model used for resolving near surface distortions.



[000IS] According to exemplary embodiments of the present invention, a plurality of seismic

signals can be generated using a seismic energy source that propagates into the earth and is at

least partially reflected by subsurface seismic reflectors, such as interfaces between underground

formations having different acoustic impedances. The reflections and refractions of the seismic

signals can be received by one or more sensors and recorded by a computer or data processor in

geophysical time series by seismic energy receivers located at or near the surface of the earth, in

a body of water, or at known depths in boreholes. The recorded seismic signals can then, for

example, be converted into unfiltered seismic image data. The unfϊ ltered seismic image data

can, when processed by a computer, for example, produce an unfiltered seismic image on a

display adapted to be in communication with the computer. The plurality of unfiltered seismic

image data can then, according to exemplary embodiments of the present invention, be

transmitted to a nonstationary seismic image data filter implemented in the space-frequency

domain where the unfiltered seismic image data can be extrapolated to create new filtered

seismic image data by applying a nonstationary convolution operator to downwardly continue

the unfiltered seismic image data to a depth level below a surface wave propagation zone as is

known and understood by those skilled in the art. The nonstationary convolution operator, for

example, can be designed using a weighted least-squares with a transition band approach as is

known and understood by those skilled in the ait. The new filtered seismic image data can be

subsequently processed by a computer and provided to a display adapted to be in communication

with the computer such that a filtered seismic image is displayed on the display responsive to a

seismic image filtering process according to various exemplary embodiments of the present

invention.

[00016] Beneficially, for example, the nonstationary seismic image data filter can filter the

unfiltered seismic image through only a single downward extrapolation process and without the

need to sort the unfiltered seismic image data. Other filter configurations, for example, require

multiple data extrapolation processes and a sorted data set. A filter of this embodiment, for

example, enhances the speed and efficiency of current seismic filters by reducing the process

steps necessary to filter the data. Accordingly, embodiments of the present invention, for

example, achieve greater efficiency than other methods while still producing a high-quality,

accurate, filtered seismic image.



[00017] More particularly, an exemplary embodiment of the present invention provides a

seismic image filtering machine to create a filtered seismic image responsive to filtered seismic

image data generated by attenuating coherent seismic noise from surface waves of an unfiltered

wavefield constructed from unfiltered seismic image data through a single downward

extrapolation using a plurality of nonstationary convolution operators to perform localized

filtering at each of a plurality of spatial locations of the unfiltered wavefield. Such a seismic

image filtering machine, according to an exemplary embodiment of the present invention, can

beneficially include a database configured to store unfiltered, unsorted seismic image data, a

computer adapted to be in communication with the first database and having at least a processor

and memory, and various computer readable program products stored in tangible computer

readable storage mediums. According to an exemplary embodiment of the present invention, the

unfiltered, unsorted seismic image data can be derived from a plurality of seismic energy signals

received from a seismic energy receiver at a recording surface once such signals have propagated

throughout a surface wave propagation zone as is known and understood by those skilled in the

ait.

[00018] Furthermore, according to various embodiments of the present invention, the

aforementioned various computer readable program products can beneficially include, for

example, an unfiltered wavefield constructor computer readable program product, a

nonstationary convolution operator builder computer readable program product, a localized filter

computer readable program product, and a filtered seismic image creator computer readable

program product. The unfiltered wavefield constructor computer readable program product can

be stored in a tangible computer readable storage medium and can, for example, include

instructions that, when executed by the computer, cause the computer to perform the operation of

constructing an unfiltered wavefield delineated by a plurality of spatial locations from the

unfiltered, unsorted seismic image data stored in the first database. Additionally, the

nonstationary convolution operator builder computer readable program product, can include, for

example, instructions that when executed by the computer, cause the computer to perform the

operation of building, responsive to the unfiltered wavefield constructer computer readable

program product, a plurality of nonstationary convolution operators, one for each of the plurality

of spatial locations of the unfiltered wavefield. Each of the nonstationary convolution operators

can be beneficially based, for example, on the coordinate location of each of the plurality of



spatial locations of the unfiltered wavefield and the space-variant velocity, temporal frequency,

transverse wavenumber, and wavelength of the unfiltered wavefield at each spatial location.

[00019] Also, according to an exemplary embodiment of the present invention, the localized

filter computer readable program product can beneficially include instructions that, when

executed by the computer, cause the computer to perform the operation of locally filtering each

of the plurality of spatial locations of the unfiltered wavefield using, at each spatial locations, at

least one of the plurality of nonstationary convolutions operators associated with that one of the

plurality of spatial locations to thereby effectuate a single downward extrapolation of the

unfiltered wavefield. Moreover, the filtered seismic image creator computer readable program

product can include, for example, instructions that, when executed by the computer, cause the

computer to perform the operation of creating a filtered seismic image responsive to filtered

seismic image data generated by the localized filter computer readable program product at each

of the plurality of spatial locations of the unfiltered wavefield.

[00020] Such a seismic image filtering machine, according to an exemplary embodiment of

the present invention, can further beneficially include a nonstationary convolution operator

stabilizer computer readable program product stored in a tangible computer readable storage

medium and including instructions that, when executed by the computer, cause the computer to

perform the operation of stabilizing each of the nonstationary convolution operators using a

weighted least squares with a transition band approach. Additionally, so mineral explorers can

better interpret, use, and study the filtered seismic image generated by such a seismic image

filtering machine, the seismic image filtering machine can beneficially include, for example, a

display and a filtered image displayer computer readable program product stored in a tangible

computer readable storage medium and including instructions that, when executed by the

computer, cause the computer to perform the operation of displaying the filtered seismic image

on the display responsive to converting the filtered seismic image data into a graphic image

capable of being displayed on the display in human-readable form.

[00021] Moreover, so that both unfiltered and filtered seismic data can be beneficially

preserved for any desired future analysis or investigation, the seismic image filtering machine

can further include a second database, a third database, and a fourth database, each adapted to be



in communication with the computer. The unfiltered wavefield constructor computer readable

program product can include instructions, for example, that when executed by the computer,

cause the computer to perform the operation of storing the unfiltered wavefield in the second

database. Also beneficially, the localized filter computer readable program product can further

includes instructions that, when executed by the computer, cause the computer to perform the

operation of storing the one or more filtered seismic image data in the third database.

Additionally, the filtered seismic image creator computer readable program product can further

include, for example, instructions that, when executed to the computer, cause the computer to

perform the operation of storing the filtered seismic image in the fourth database.

[00022] Another exemplary embodiment of the present invention provides, by way of

example, a computer implemented method to generate a filtered seismic data image based on

filtered seismic image data by attenuating coherent seismic noise from surface waves through a

single downward extrapolation using specially-constructed nonstationary convolution operators

to perform localized filtering at each of a plurality of spatial locations of an unfiltered wavefield.

According to such an exemplary embodiment of the present invention, the computer

implemented method can include, for example, the step of constructing by a computer in a first

computer process an unfiltered wavefield delineated by a plurality of spatial locations of

unfiltered, unsorted seismic image data based on a plurality of seismic energy signals propagated

through a surface wave propagation zone received from a seismic image receiver, as is known

and understood by those skilled in the art. Moreover, such a computer implemented method, can

also include the step of building, by the computer in a second computer process, a plurality of

nonstationary convolution operators, one for each of the plurality of spatial locations of the

unfiltered wavefield, responsive to constructing the unfiltered wavefield in the first computer

process for each of the plurality of spatial locations of the unfiltered wavefield. Beneficially,

each of the nonstationary convolution operators can be based on the coordinate location of each

of the plurality of spatial locations of the unfiltered wavefield within the unfiltered wavefield,

and the space-variant velocity, temporal frequency, transverse wavenumber, and wavelength of

the unfiltered wavefield at each spatial location. To even further increase the efficacy of such

nonstationary convolution operators, computer implemented methods, according to various

exemplary embodiments of the present invention, can further include the step of stabilizing, in a

computer process by the computer, each of the nonstationary convolution operators built for each



of the plurality of spatial locations of the unfiltered wavefield using a weighted least squares

with a transition band approach.

[00023] Responsive to the step of building a plurality of nonstationary convolution operators,

such a computer implemented method can also include, for example, the step of extrapolating, by

the computer in a third computer process, the unfiltered wavefield at each of the plurality of

spatial locations of the unfiltered wavefleld to a depth level below the surface wave propagation

zone of the seismic energy signals, as is known and understood by those skilled in the art. The

step of extrapolating, for example, can beneficially use, at each of the plurality of spatial

locations, at least one of the plurality of nonstationary convolution operators built by the

computer in the second computer process associated with that one of the plurality of spatial

locations, to thereby locally filter each of the plurality of spatial locations of the unfiltered

wavefleld. Furthermore, a computer implemented method according to an exemplary

embodiment of the present invention can include the step of generating, by the computer in a

fourth computer process, a filtered seismic image by processing the unfiltered, unsorted seismic

image data associated with each of the plurality of spatial locations of the unfiltered wavefield

locally filtered by the computer in the third computer process to thereby generate filtered seismic

image data that when further processed by the computer generates a filtered seismic image on a

display adapted to be in communication with the computer.

[00024] Computer implemented methods according to various exemplary embodiments of the

present invention can further beneficially include the step of generating filtered seismic image

data responsive to extrapolating, by the computer in the third computer process, the unfiltered

wavefield at each of the plurality of spatial locations of the unfiltered wavefield. Accordingly,

according to an exemplary embodiment of the present invention, the filtered seismic image

generated by the computer in the fourth computer process can be beneficially based on such

filtered seismic image data . Such computer implemented methods can even further include, for

example, the steps of receiving from a seismic image receiver at a recording surface a plurality

of seismic energy signals that have propagated throughout a surface wave propagation zone, as is

known and understood by those skilled in the art, and converting the plurality of seismic energy

signals received from the seismic energy receiver into unfiltered, unsorted seismic image data.



[0002S] Similarly to various seismic imaging filtering machines according to various

exemplary embodiments of the present invention, both filtered seismic image data and unfiltered

seismic image data can be stored in databases for future review, investigation, and analysis by

subsurface explorers, seismic imaging experts, oil and gas professionals, or other beneficial

users. Specifically, a computer implemented method, according to various exemplary

embodiments of the present invention can further include the steps of storing the unfiltered,

unsorted seismic image data in a first database positioned to be in communication with the

computer, storing the unfiltered wavefield constructed by the computer in the first computer

process in a second database positioned to be in communication with the computer, storing the

filtered seismic image data generated by the computer in the eleventh computer process in a third

database positioned to be in communication with the computer, and storing the filtered seismic

image generated by the computer in the twelfth computer process in a fourth database positioned

to be in communication with the computer. Moreover, to further aid in the analysis of filtered

seismic images generated by methods according to exemplary embodiments of the present

invention, such methods can further include the step of displaying the filtered seismic image

generated by the computer in the twelfth computer process on a display positioned to be in

communicated with the computer.

[00026] Exemplary embodiments of the present invention also beneficially include a

computer implemented method to generate a filtered seismic data image responsive to seismic

image data filtered through a single extrapolation by constructing a plurality of nonstationary

convolution operators to perform localized filtering at each of a plurality of spatial locations of a

two-dimensional, unsorted, unfiltered pressure wavefield delineated by unfiltered seismic image

data. Spatial locations within the two-dimensional, unsorted, unfiltered pressure wavefield can

be beneficially defined by two coordinates, a first coordinate representing a spatial location

within a transverse plane and a second coordinate representing a spatial location within a depth

plane. Stated differently, the two-dimensional, unsorted, unfiltered pressure wavefield can be

defined as a two-dimensional plane where each point within the plane is defined in terms of its

transverse coordinate within the two-dimensional plane and its depth coordinate within the two-

dimensional plane. Additionally, according to various exemplary embodiments of the present

invention, the depth dimension of the two-dimensional, unsorted, unfiltered pressure wavefield

can be bordered at the highest depth by a recording surface plane and at the lowest depth by a



plane defining the lowest depth of a surface wave propagation zone, as is known and understood

by those skilled in the art. Moreover, the two-dimensional, unsorted, unfiltered pressure

wavefield can be bordered in the transverse dimension, for example, by two selected transverse

boundaries.

[00027] Accordingly, such a computer implemented method according to an embodiment of

the present invention can include, for example, the initial steps of receiving from a seismic image

receiver at a recording surface a plurality of seismic energy signals that have propagated

throughout a two-dimensional surface wave propagation zone, as is known and understood by

those skilled in the art, and converting, by a computer the plurality of seismic energy signals

received from the seismic energy receiver into unfiltered, unsorted seismic image data, and

constructing, by the computer based on the unfiltered, unsorted seismic image data, a two-

dimensional, unsorted, unfiltered pressure wavefield including a plurality of spatial locations

each defined by a transverse coordinate and a depth coordinate. Once the two-dimensional,

unsorted, unfiltered pressure wavefield has been constructed, the computer implemented method

can proceed to filter the two-dimensional, unsorted, unfiltered pressure wavefield. Accordingly,

such a computer implemented method according to various exemplary embodiments of the

present invention can further include the step of locating, by the computer, a selected one of the

plurality of spatial locations at a point where the depth level coordinate of the selected one of the

plurality of spatial locations is equal to a depth level coordinate of the recording surface and the

transverse coordinate of the selected one of the plurality of spatial locations is equal to a

transverse coordinate of a first transverse boundary of the two-dimensional surface wave

propagation zone, as is known and understood by those skilled in the art.

[00028] With a selected starting point now in place, i.e., the selected one of the plurality of

spatial locations, such a computer implemented method according to exemplary embodiments of

the present invention can proceed to filter the two-dimensional, unsorted, unfiltered pressure

wavefield by repeating the following filtering steps for each location within the two-dimensional,

unsorted, unfiltered pressure wavefield. The filtering steps included in such a computer

implemented method include, for example, the steps of determining by the computer, for the

selected one of the plurality of spatial locations within the two-dimensional, unsorted, unfiltered

pressure wavefield, a space-variant velocity based on the transverse coordinate of the selected



one of the plurality of spatial locations, and determining by the computer responsive to

determining the space-variant velocity, for the selected one of the plurality of spatial locations

within the two-dimensional, unsorted, unfiltered pressure wavefield, a quotient of a temporal

frequency of the selected one of the plurality of spatial locations (indicated or represented by ω)

and the space-variant velocity of the selected one of the plurality of spatial locations (indicated

or represented by v(x)) to thereby define a mathematical function indicated or represented by

k(x). Such filtering steps can also include, for example, the step of determining by the computer

responsive to determining k(x), for the selected one of the plurality of spatial locations within the

two-dimensional, unsorted, unfiltered pressure wavefield, an exponential function of a product of

(i) a square root of negative one (indicated or represented by the imaginary number, /), (ii) a

preselected wavefield depth increment (indicated or represented by ∆z ), and (iii) a square root of

(1) a square of a transverse wavenumber (indicated or represented by Icx ) of the selected one of

the plurality of spatial locations subtracted from (2) a square of k(x) ( Jk(X) 2 - k x
2 ) , to thereby

define a multi-variable mathematical function indicated or represented by cx , k(x), ∆z).

[00029] Furthermore, the filtering steps included in such a computer implemented method

according to an exemplary embodiment of the present invention can further include, for example,

the step of determining by the computer responsive to determining W(Icx, k(x), ∆z), for the

selected one of the plurality of spatial locations within the two-dimensional, unsorted, unfiltered

pressure wavefield, a product of (i) a quotient of one and a product of two and pi (indicated or

represented by π) ( — ) and (ii) an integral over a set of real numbers (indicated or represented

by SH ), with respect to the transverse wavenumber of the selected one of the of the plurality of

spatial locations (Icx ) , of a product of WQcx, k(x), ∆z) and an exponential function of: (1) a product

of negative square root of negative one (indicated or represented by the imaginary number, i),

(2) the transverse wavenumber of the selected one of the plurality of spatial locations (Hx) , and

(3) a difference between the transverse coordinate of the selected one of the plurality of spatial

locations (indicated or represented by x 1) and a transverse coordinate of a second one of the

plurality of spatial locations (indicated or represented by x ) where the second one of the plurality

of spatial locations is located at a point closer to a second transverse boundary of the two-

dimensional surface wave propagation zone than the selected one of the plurality of spatial

44-



locations ( —- JW(Jc , k(x),Az)e ~"k <-x χ) dkx ), to thereby define a multi-variable mathematical

function indicated or represented by W(x-x', k(x), Az). Once W(x-x', k(x), Az) is determined, the

computer implemented method can further determine, for example, by the computer responsive

to determining W(x-x', k(x), Az), a complex conjugate of W(x~x', k(x), Az), to thereby define a

multi-variable mathematical function indicated or represented by W*(x-x', k(x), Az). A complex

conjugate, as is known and understood by those skilled in the art, can be defined as one or a pair

of complex numbers, each having the same real parts but with imaginary parts that differ in sign.

For example, the numbers 2 + 3/ and 2 - 3/ are complex conjugates of each other as is known

and understood by those skilled in the art.

[00030] Such filtering steps of a computer implemented method according to exemplary

embodiments of the present invention can further include the beneficial step of building by the

computer responsive to determining W(x-x', k(x), Az) and determining W*(x-x', k(x), Az), a

nonstationary convolution operator for the selected one of the plurality of spatial locations within

the two-dimensional, unsorted, unfϊ ltered pressure wavefield by taking an integral over a set of

real numbers (5R ), with respect to the transverse coordinate of the selected one of the plurality of

spatial locations (x 1), of a product of W(x-x', k(x), Az) and W*(x-x', k(x), Az)

( \W(x -x',k(x),Az)W *(x-x\k(x), έaz)dx'), to thereby define a multi-variable mathematical
Si

function indicated or represented by P(x~x', k(x), Az). Moreover, such filtering steps can further

beneficially include, by way of example, the step of extrapolating, by the computer, the two-

dimensional, unsorted, unfϊ ltered pressure wavefield at the selected one of the plurality of spatial

locations within the two-dimensional, unsorted, unfiltered pressure wavefield using the

nonstationary convolution operator for the selected one of the plurality of spatial locations built

by the computer by talcing an integral over a set of real numbers ( R ) of a product of

P(x-x', k(x) Az) and the two-dimensional, unsorted, unfiltered pressure wavefield (indicated or

represented by Ψ(x, z + Az, ω) ( \ (x' ,z, ω)P(x - xi,k(x),Az)dx'), to thereby perform localized
n

filtering of the selected one of the plurality of spatial locations (indicated or represented by a

multi-variable mathematical function ψ(x, z + Az, ω) ) . Each repetition of the aforementioned

filtering steps can be, for example, described as a single iteration of the filtering process.



[00031] A computer implemented method according to the present invention can further

include, for example, the step of generating at each iteration, by the computer, filtered seismic

image data responsive to extrapolating, by the computer, the two-dimensional unfiltered pressure

wavefield at the selected one of the plurality of spatial locations within the two-dimensional

unfiltered pressure wavefield. Additionally, the computer implemented method can beneficially

include, for example, the step of generating, by the computer, a filtered seismic image based on

the filtered seismic image data generated at each iteration by the computer.

[00032] Various other embodiments of the present invention beneficially provide a computer

readable program product stored in a tangible computer readable storage medium and including

instructions that when executed by a computer cause the computer to perform the operations of

constructing an unfiltered wavefield delineated by a plurality of spatial locations from unfiltered,

unsorted seismic image data based on a plurality of seismic energy signals propagated through a

surface wave propagation zone, as known and understood by those skilled in the art, received

from a seismic image receiver, and building, for each of the plurality of spatial locations of an

unfiltered wavefield derived from the unfiltered, unsorted seismic image data, a plurality of

nonstationary convolution operators, one for each of the plurality of spatial locations of the

unfiltered wavefield, each of the nonstationary convolution operators being based on the

coordinate location of each of the plurality of spatial locations of the unfiltered wavefield and the

space-variant velocity, temporal frequency, transverse wavenumber, and wavelength of the

unfiltered wavefield at each spatial location. Such an exemplary computer readable program

product can also beneficially include, for example, instructions that when executed by the

computer cause the computer to perform the operations of filtering, in a space-frequency domain,

each of the plurality of spatial locations of the unfiltered wavefield using, at each of the plurality

of spatial locations, at least one of the plurality of nonstationary convolution operators built

associated with that one of the plurality of spatial locations and generating a filtered seismic

image responsive to each of the plurality of spatial locations of the unfiltered wavefield

responsive to filtering, in the space-frequency domain, each of the plurality of spatial locations of

the unfiltered wavefield.

[00033] Various embodiments of the present invention can provide numerous benefits,

including but not limited to the following: (1) accurately filter unfiltered seismic images based



on seismic energy signals propagated by a seismic energy source throughout a propagation zone

and received by a seismic energy receiver; (2) nonstationary convolution operator filters can be

implemented in the seismic energy source domain or the seismic energy receiver domain;

(3) provide more computationally efficient filtering processes for unfiltered seismic images;

(4) filter a seismic image using only a single downward extrapolation without the need to upward

continue the seismic data back to the recording surface domain following filtration; (5) filter

seismic energy data without having to first sort such seismic energy data; (6) lower the cost of

subsurface mineral deposit exploration by lowering the cost of subsurface seismic imaging;

(7) increase the supply of oil into the marketplace by increasing the accuracy and efficiency of

subsurface seismic imaging thereby lowering the cost of oil at the pump; and (8) increase the

speed of subsurface seismic image filtration so that filtered seismic images can be viewed on a

display in real time thereby allowing the such filtered seismic images to be quickly and

efficiently analyzed by a subsurface seismic engineer without having to endure a substantial

delay due to lengthy, off-site seismic image filtration.

BRIEF DESCRIPTION OF THE DRAWINGS

[00034] So that the manner in which the features and benefits of various embodiments of the

invention, as well as others which will become apparent, can be understood in more detail, a

more particular description of the various embodiments of the invention can be had by reference

to the embodiments thereof which are illustrated in the appended drawings, which form a part of

this specification. It is also to be noted, however, that the drawings illustrate only various

embodiments of the invention and are therefore not to be considered limiting of the invention's

scope as it can include other effective embodiments as well.

[00035] FIG. 1 is high-level schematic block flow diagram of a system to generate a filtered

seismic image responsive to seismic image data filtered by attenuating coherent seismic noise

from unfiltered seismic image data through a single downward extrapolation of the unfiltered

seismie image data using a plurality of nonstationary convolution operators as local filters

according to an exemplary embodiment of the present invention.

[00036] FIG. 2 is a schematic block diagram of a filtered seismic image created and produced

on one or more output devices adapted to be in communication with a computer responsive to



filtered seismic image data generated by attenuating coherent seismic noise from surface waves

of an unfiltered wavefield constructed from the seismic image data using a plurality of

nonstationary convolution operators according to an exemplary embodiment of the present

invention.

[00037] FIG. 3 is a high-level schematic block flow diagram of a computer implemented

method to generate a filtered seismic image through a single downward extrapolation using a

plurality of nonstationary convolution operators as local filters according to an exemplary

embodiment of the present invention.

[00038] FIG. 4 is a high-level schematic block flow diagram of a computer implemented

method to generate a filtered seismic image through a single extrapolation by constructing a

plurality of nonstationary convolution operators to perform localized filtering according to an

exemplary embodiment of the present invention.

[00039] FIG. 5 is a low-level, detailed schematic block flow diagram of a computer

implemented method to generate a filtered seismic data image through a single downward

extrapolation by constructing a plurality of nonstationary convolution operators to perform

localized filtering at each of a plurality a spatial locations of a two-dimensional, unsorted,

unfiltered pressure wavefield according to an exemplary embodiment of the present invention.

[00040] FIG. 6 is a high-level schematic block flow diagram illustrating the mathematical

inputs used by a nonstationary seismic data filter and the output of such a nonstationary seismic

data filter according to an exemplary embodiment of the present invention.

[00041] FIG. 7 is a low-level, detailed schematic block mathematical flow diagram

illustrating various mathematical calculations and manipulations of unfiltered seismic image data

recursively performed by a nonstationary seismic data filter in order to generate a filtered seismic

data image through a single downward extrapolation of unfiltered seismic image data according

to an exemplary embodiment of the present invention.

[00042] FIG. 8 is a low-level, detailed schematic block mathematical flow diagram

illustrating various mathematical calculations and manipulations of unfiltered seismic image data

performed in a doubly-recursive process by a nonstationary seismic data filter in order to



generate a filtered seismic data image through a single downward extrapolation of unfiltered

seismic image data according to an exemplary embodiment of the present invention.

[00043] FIG. 9 is a high-level schematic block flow diagram illustrating the use of a seismic

image filtering machine to create a filtered seismic image responsive to filtered seismic image

data generated by attenuating coherent seismic noise from surface waves of an unfiltered

wavefield constructed from unfiltered seismic image data through a single downward

extrapolation of the unfiltered wavefield using a plurality of nonstationary convolution operators

to perform localized filtering at each of a plurality of spatial locations of the unfiltered wavefield

according to an exemplary embodiment of the present invention.

[00044] FIG. 10 is a low-level, detailed schematic block flow diagram of a seismic image

filtering machine to create a filtered seismic image responsive to filtered seismic image data

generated by attenuating coherent seismic noise from surface waves of an unfiltered wavefield

constructed from unfiltered seismic image data through a single downward extrapolation of the

unfiltered wavefield using a plurality of nonstationary convolution operators to perform localized

filtering at each of a plurality of spatial locations of the unfiltered wavefield according to an

exemplary embodiment of the present invention.

[00045] FIG. 11 is a low-level schematic block flow diagram of a seismic image filtering

system to generate a filtered seismic image based on seismic image data filtered by attenuating

coherent seismic noise from surface waves of an unfiltered wavefield constructed from the

seismic image data through a single downward extrapolation using a plurality of nonstationary

convolution operators to perform localized filtering at each of a plurality of spatial locations of

the unfiltered wavefield according to an exemplary embodiment of the present invention.

[00046] FIG. 12 is an unfiltered seismic image, specifically, a shot gather, produced using a

synthetic dataset modeled over complex geology and rough topography according to an

embodiment of the present invention.

[00047] FIG. 13 is a filtered seismic image, specifically, a shot gather, produced using a

synthetic dataset modeled over complex geology and rough topography and filtered according to

an embodiment of the present invention.



[00048] FIG. 14 is the difference between the results in FIG. 12 and FIG. 13 calculated by

subtracting the filtered seismic image of a synthetic dataset (FIG. 13) from the unfiltered seismic

image of a synthetic dataset (FIG. 12) according to an embodiment of the present invention.

[00049] FIG. 15 is a near surface velocity model of a real dataset where refraction

tomography was used acquired from an irregular surface with near surface lateral velocity

variations according to an embodiment of the present invention.

[00050] FIG. 16 is an unfiltered seismic image, specifically, a shot gather, produced using a

real dataset acquired from an irregular surface with near surface velocity variations according to

an embodiment of the present invention.

[00051] FIG. 17 is a filtered seismic image, specifically, a shot gather, produced using a real

dataset acquired from an irregular surface with near surface velocity variations and filtered

according to an embodiment of the present invention.

[00052] FIG. 18 is the difference between the results in FIG. 16 and FIG. 17 calculated by

subtracting the filtered shot gather of a real dataset (FIG. 17) from the unfiltered shot gather of a

real dataset (FIG. 16) according to an embodiment of the present invention.

[00053] FIG. 19 is an enlarged view of an unfiltered seismic image, specifically, a seismic

stack result, produced using a real dataset acquired from a complex, shallow geological

formation according to an embodiment of the present invention.

[00054] FIG. 20 is an enlarged view of an filtered seismic image, specifically, a seismic stack

result, produced using a real dataset acquired from a complex, shallow geological formation and

filtered according to an embodiment of the present invention.

[00055] FIG. 2 1 is an enlarged view of an unfiltered seismic image, specifically, a seismic

stack result, produced using a real dataset acquired from a complex, deep geological formation

according to an embodiment of the present invention.

[00056] FIG. 22 is an enlarged view of a filtered seismic image, specifically, a seismic stack

result, produced using a real dataset acquired from a complex, deep geological formation and

filtered according to an embodiment of the present invention.



DETAILED DESCRIPTION

[000S7] The present invention will now be described more fully hereinafter with reference to

the accompanying drawings which illustrate various embodiments of the invention. This

invention, however, may be embodied in many different forms and should not be construed as

limited to the embodiments set forth herein. Rather, these embodiments are provided so that this

disclosure will be thorough and complete, and will fully convey the scope of the invention to

those skilled in the art. It is to be fully recognized that the different teachings of the various

embodiments discussed below may be employed separately or in any suitable combination to

produce desired results. The various characteristics mentioned above, as well as other features

and characteristics described in more detail below, will be readily apparent to those skilled in the

art upon reading the following detailed description of the various embodiments, and by referring

to the accompanying drawings. In the drawings and description that follows, like parts are

marked throughout the specification and drawings with the same reference numerals,

respectively. The prime notation, if used, indicates similar elements in alternative embodiments.

The drawings are not necessarily to scale. Certain features of the disclosure may be shown

exaggerated in scale or in somewhat schematic form and some details of conventional elements

may not be shown in the interest of clarity and conciseness.

[00058] In the drawings and description that follows, like parts are marked throughout the

specification and drawings with the same reference numerals, respectively. The drawings are not

necessarily to scale. Certain features of the disclosure can be shown exaggerated in scale or in

somewhat schematic form and some details of conventional elements can not be shown in the

interest of clarity and conciseness. The present disclosure is susceptible to embodiments of

different forms. Specific embodiments are described in detail and are shown in the drawings,

with the understanding that the present disclosure is to be considered an exemplification of the

principles of the disclosure, and is not intended to limit the disclosure to that illustrated and

described herein. It is to be folly recognized that the different teachings of the embodiments

discussed below can be employed separately or in any suitable combination to produce desired

results. The various characteristics mentioned above, as well as other features and characteristics

described in more detail below, will be readily apparent to those skilled in the art upon reading



the following detailed description of the embodiments, and by referring to the accompanying

drawings.

[00059] Embodiments of the present invention advantageously provide, for exajnnple,

systems, machines, computer readable program products, and associated computer implemented

methods to attenuate coherent seismic noise from surface waves using nonstationary filters that

require only a single extrapolation process, which can be implemented either in the source or

receiver domain, and do not require sorting operations. This approach, for example, can handle

strong lateral velocity variations making it an effective tool to remove complicated coherent

seismic noise which is typically in the form of exponentially decaying eyanescent waves. These

embodiments, for example, use specially designed mathematical operators that are implemented

in the two-dimensional space-frequency domain as nonstationary filters.

[00060] More particularly, embodiments of the present invention advantageously provide, for

example, seismic image filtering machines, systems, computer implemented methods, and

computer readable program products to generate a filtered seismic image based on seismic image

data filtered by attenuating coherent seismic noise from surface waves of an unfiltered

wavefield —which is constructed from unfiltered seismic image data gathered from seismic

energy detectors, receivers or sensors—using a plurality of nonstationary convolution operators

as local filters that require only a single extrapolation process, which can be implemented either

in the source or receiver domain, and which do not require any sorting operations. Various

embodiments of the invention, for example, can beneficially handle strong lateral velocity

variations thus making various embodiments of the present invention effective tools to remove

complicated coherent seismic noise which is typically in the form of exponentially decaying

evanescent waves, Embodiments of the present invention, for example, use, as a part of the

filtering mechanism, specially designed nonstationary convolution operators that are

implemented in the space-frequency domain as nonstationary filters. According to various

embodiments of the present invention, such nonstationary convolution operators are constructed

at each of the plurality of spatial locations of an unsorted wavefield so that each of the plurality

of spatial locations of the unsorted wavefield can be locally filtered in a single extrapolation

process.



[00061] As is perhaps best illustrated by FIG. 1, various embodiments of the present

invention can include, by way of example, a system to generate a filtered seismic image

responsive to filtered seismic image data produced by attenuating coherent seismic noise from

surface waves through a single downward extrapolation of unfiltered seismic image data using a

plurality of nonstationary convolution operators as local filters. More particularly, FIG. 1

illustrates a high-level, schematic, block flow diagram overview of such an exemplary system to

generate a filtered seismic image responsive to filtered seismic image data produced by

attenuating coherent seismic noise from surface waves using nonstationary seismic image data

filters. Such a system can include, for example, a seismic energy source 10, a seismic energy

receiver 20, an unfiltered seismic image 30 such as, a shot gather or a seismic stack produced by

a computer responsive to seismic energy signals received by the seismic energy receiver, a

nonstationary seismic image data filter 40 that includes a nonstationary convolution operator 50,

a filtered seismic image 60 generated by the computer responsive to seismic energy data filtered

by the nonstationary seismic image data filter, and one or more output devices 70. According to

various embodiments of the present invention, the seismic energy source 10 can include any

seismic or acoustic energy whether from an explosive, implosive, swept-frequency or random

sources. The seismic energy source, for example, can generate a seismic energy signal that

propagates into the earth 80. As illustrated in FIG. 1, the earth 80 can, for example, take the

form of complex geology or topography.

[00062] Generally, a seismic energy source 10 can emit seismic waves into the earth 80 to

evaluate subsurface conditions and to detect possible concentrations of oil, gas, and other

subsurface minerals. Mathematically, seismic waves are waves of force that travel through an

elastic body (such as the earth 80) as the result of a natural phenomena (such as an earthquake), a

man-made energy (such as an explosion), or some other process that imparts forces into the

elastic body (i.e., the earth 80). Seismic energy waves, for example, can occur naturally as the

result of the pounding of ocean waves onto the shore. The propagation velocity of seismic

waves can depends on the particular elastic medium through which the waves travel, particularly

the density and elasticity of the medium as is known and understood by those skilled in the art.

For instance, the propagation velocity of seismic waves can range from approximately three to

eight (3-8) kilometers per second (km/s) in the earth's 80 crust to up to thirteen (13) kilometers

per second (km/s) in the earth's 80 deep mantle. Generally, in the field of geophysics, as is



known and understood by those skilled in the art, the refraction or reflection of seismic waves

onto a seismic energy receiver 20 can be used to research and investigate subsurface structures of

the earth 80.

[00063] Accordingly, seismic energy receivers 20 can be positioned to receive and record

seismic energy data or seismic field records in any form including, but not limited to, a

geophysical time series recording of the acoustic reflection and refraction of waveforms that

travel from the seismic energy source 10 to the seismic energy receiver 20. Variations in the

travel times of reflection and refraction events in one or more field records in seismic data

processing can produce a seismic image 30, defined by unfiltered seismic image data 35, that

demonstrates subsurface structure according to an exemplary embodiment of the present

invention. Beneficially, such a seismic image 30 can be used to aid in the search for, and

exploitation of, subsurface mineral deposits; however, in order for the seismic image to be of the

greatest functionality, it must first be filtered.

[00064] Generally speaking, seismic image receiver devices 20 can record sound wave

echoes (otherwise known as seismic energy signal reflections) that come back up through the

ground from a seismic energy source 10 to a recording surface. Such seismic image receiver

devices 20 can record the intensity of such sound waves and the time it took for the sound wave

to travel from the sound source (or seismic energy source) device 10 back to the seismic energy

receiver device 20 at the recording surface. According to various exemplary embodiments of the

present invention, for example, during the seismic imaging process, the reflections of sound

waves emitted by a seismic energy source device 10, and recorded by a seismic energy recording

device 20, can be processed by a computer to generate a three-dimensional digital model, or

seismic image, of the subsurface. The three-dimensional model of the subsurface can be used to

identify, for example, the placement of wells and potential well flow paths.

[00065] More specifically, the term seismic energy receiver 20 as is known and understood

by those skilled in the art, can include geophones, hydrophones and other sensors designed to

receive and record seismic energy. A geophone, generally speaking, is a seismic energy receiver

device 20 which converts ground movement (or displacement of the ground) into voltage which

may be recorded at a recording station. A deviation of the measured voltage from a base line



measured voltage produces a seismic response which can be analyzed and processed by a

computer to produce an unfiltered seismic image of subsurface geophysical structures. Although

seismic energy waves propagating through the earth 80 are three-dimensional by nature,

geophones are generally constrained to respond to a single dimension—typically the vertical

dimension. Thus, geophones are often used in reflection seismology to record seismic energy

waves reflected by the subsurface geology. Accordingly, by placing a plurality of geophone

seismic energy receivers 20 at a recording surface, a two-dimensional seismic image can be

produced responsive to voltage difference data collected by the geophone seismic energy

receivers 20. Hydrophones, as are known and understood by those skilled in the art, are another

type of seismic energy receiver device 20 designed specifically for underwater recording or

listening to underwater sound. Most hydrophones are based on a piezoelectric transducer, as is

known and understood by those skilled in the art, that generates electricity when subjected to a

pressure change. Piezoelectric transducers can, accordingly, covert a seismic energy signal into

an electric signal since seismic energy signals are a pressure wave in fluids.

[00066] According to an exemplary embodiment of the present invention, a seismic energy

receiver 20 can be positioned to receive and record seismic energy data or seismic field records

in any form including a geophysical time series recording of the acoustic reflection and

refraction of waveforms that travel from the seismic energy source 10 to the seismic energy

receiver 20. Variations in the travel times of reflection and refraction events in one or more field

records in a plurality of seismic signals can, when processed by a computer, produce a seismic

image 30, defined by unfiltered seismic image data 35, that demonstrates subsurface structure.

Such a seismic image 30, however, is unfiltered and accordingly, it may, in many instances,

contain not only seismic image data but also complicated coherent seismic noise in the form of

evanescent waves as known and understood by those skilled in the art. Such complicated

coherent seismic noise with respect to an unfiltered seismic image 30 is similar to fuzz or grain

on a image taken with a film camera. By applying certain filters to the film image, it is possible,

in many instances, to remove such fuzz or grain. The same is true for complicated coherent

seismic noise present in an unfiltered seismic image 30. Accordingly, prior to using a seismic

image 30 to aid in the search for, and exploitation of, mineral deposits, the seismic image 30

should first be filtered according to an exemplary embodiment of the present invention.



[00067] Although a seismic image 30 can be useful for delineating features in the earth's

surface and subsurface, the seismic image 30 often depicts undesired dispersive energy, such as

coherent seismic noise, in addition to desired energy. Portions of the unwanted energy can

overwhelm, interfere with, or otherwise mask portions of the seismic image useful for

delineating features in the earth's surface. Particularly, when propagating through an irregular

near surface, such as rugged topography or complex geology 80, seismic energy signals can have

complicated wave paths and lateral velocity variations thereby resulting in unwanted dispersive

energy. Much of this energy propagates horizontally in the near surface. In the presence of

complex geology and rugged topography, the energy can have a complicated wave path, thus

making its removal a challenging task. Nevertheless, removing this dispersive energy is an

important step to focus the seismic image 30 so that, for example, the image is useful for

extracting seismic attributes, for analyzing seismic waveform velocity, and for wavelet

processing.

[00068] More particularly, as is known and understood by those skilled in the art, there are

two types of seismic waves, surface waves and body waves. Generally speaking, body waves

travel through the interior of the Earth while surface waves travel just under the Earth's surface.

Surface waves, as is known and understood by those skilled in the art, can be compared

analogously to water waves and travel more slowly than body waves. In the field of physics, a

surface wave is typically described by those skilled in the art as a type of mechanical wave that

propagates along the interface between differing media, such as two fluids with different

densities, or the earth's 80 crust and the earth's more dense upper mantle. Due to the complex

and often rugged topography of the earth's 80 surface, surface waves can often have complicated

wave paths when propagating through the earth's 80 surface. Such surface waves, when received

and recorded by a seismic energy receiver 20 can result in coherent seismic noise that can make

reading and analyzing a seismic image of subsurface structures difficult.

[00069] According to an exemplary embodiment of the present invention, a nonstationary

seismic image data filter 40 can be implemented in the space-frequency domain and can include

a nonstationary convolution operator 50 designed using a weighted least squares with a transition

band approach, as is known and understood by those skilled in the art, Conceptionally,

convolution, as is known and understood by those skilled in the ait, can be described as the



process of replacing each point of data of an unfiltered image by a scaled copy of a convolution

filter or operator. Commonly, convolution operators (or filters), as is known and understood in

the art, are stationary, meaning that the operator's form does not change with space or time.

While such stationary convolution operators accurately filter more traditional images, a

stationary convolution operator's inability to change its form with space or time (i.e., velocity) is

often too limiting to accurately filter geophysical seismic images.

[00070] According to various exemplary embodiments of the present invention, unfiltered

seismic image data 35 can be used to construct, by a computer, an unfiltered wavefield including

a plurality of wavelets and delineated by a plurality of spatial locations as is known and

understood by those skilled in the art. The velocity of various spatial locations within such an

unfiltered wavefield can vary from spatial location to spatial location and as such, stationary

convolution operators are unable to provide the needed flexibility. A mathematical process

which can form a scaled superposition of a filter while allowing the wavelet radius to depend on

a local velocity at a spatial location of within a wavefield is known and understood by those

skilled in the ait as a nonstationary convolution. Beneficially, and unlike stationary convolution

operators, nonstationary convolution operators 50, according to various exemplary embodiments

of the present invention, can change form, for example, in a controlled fashion with time and

space. That is, nonstationary convolution operators 50 can beneficially be, for example,

dependent on velocity measurements at various spatial locations of an unfiltered wavefield

formed from unfiltered seismic image 30 defined by a plurality of unfiltered seismic image data

35 according to various exemplary embodiments of the present invention. Thus, such

nonstationary convolution operators can, for example, be used to filter an unfiltered seismic

image 30 to thereby generate a filtered seismic image 60.

[00071] Such a nonstationary seismic image data filter 40, according to an exemplary

embodiment of the present invention, can be configured, for example, to attenuate coherent

seismic energy, or noise, from the seismic image 30. The nonstationary seismic image data,

according to an exemplary embodiment of the present invention, can apply a nonstationary

convolution operator to downwardly continue the plurality of unfiltered seismic image data 35

that defines the seismic image 30 to a depth level below the surface wave propagation zone to

thereby generate new filtered seismic image data 65 that define a filtered seismic image 60.



[00072] Beneficially, and as described in greater detail herein, the nonstationary seismic-

image data filter 40 can filter the unfiltered seismic image 30, for example, through only a single

downward extrapolation process and without the need to sort the unfiltered seismic image

data 35. When compared to other filter configurations which require multiple data extrapolation

processes and a sorted data set, the embodied filter enhances the speed and efficiency of current

seismic filters by reducing the process steps necessary to filter a seismic image. Generally,

images of various types, including both filtered 60 and unfiltered 30 seismic images, can be

represented by a plurality of image data points typically in the form of an image matrix as is

known and understood by those skilled in the art. As is perhaps best illustrated in FIG. 2, such

an image matrix can be processed and manipulated by a computer in order to produce a human-

readable version of the image represented by the plurality of image data points on one or more

output devices 70 adapted to be in communication with the computer 90.

[00073] The one or more output devices adapted to be in communication with the

computer 90 can be in communication with the computer through a communications network 95

as is known and understood by those skilled in the art. The communications network 95 can

include, for example, a local area network, a wide area network, a telephony network, a wireline

network, a wireless network, a wide area network, an infrared network, a radio-frequency

network, an optical network, or any other communications network now or hereinafter created as

is known and understood by those skilled in the art. Seismic energy source devices 10 and

seismic energy receiver devices 20 can, according to exemplary embodiments of the present

invention, be adapted to be in communication with a computer 90 via a communications network

95. Furthermore, seismic energy source devices 10 and seismic energy receiver devices 20 can

alternatively be positioned, for example, to be in communication with a computer 90 without the

need for a communications network 95. Seismic image data can include, for example, a plurality

of image data points, as is known and understood by those skilled in the art. Furthermore, the

plurality of seismic image data points can be in the form of an array, a linked-list, a matrix, a

queue, a stack, a tree, a binary tree, a b-tree, a hash table, a heap, a binomial heap, a set, a

disjoint set, or any other data structure now or hereinafter developed as is known or understood

by those skilled in the art.



[00074] Accordingly, various exemplary embodiments of the present invention can

beneficially produce, for example, a filtered seismic image 65 on an output device 70 adapted to

be in communication with a computer 90 responsive to seismic image data filtered by attenuating

coherent seismic noise from an unfiltered seismic image data using a plurality of nonstationary

convolution operators as local filters. Filtered seismic image data, according to various

embodiments of the present invention, for example, can be converted, by a computer 90, from a

matrix of data points 60 (as further described above) into a graphic image (or other graphic

image form) 65 capable of being displayed on a display 70, printed to a printer 70', or otherwise

produced via an output device. An output device 70 can include, for example, a printer, a brail

printer, a television, a monitor, a CRT monitor, an LCD monitor, a plasma monitor, an OLED

screen, a DLP monitor, a video projection, a three-dimensional projection, a touch screen, and

any other piece of electronic hardware equipment used to communicate the results of data

processing carried out by any information processing system (such as a computer) now or

hereinafter developed as is known or understood by those skilled in the art. Moreover, as used

throughout, the term display can include, for example, a CRT monitor, a LCD monitor, a plasma

monitor, a OLED screen, a television, a DLP monitor, a video projection, a three-dimensional

projection, a touch screen, and any other graphical user interface device currently or hereinafter

developed as is known and understood by those skilled in the art.

[00075] Consider, for instance, that a typical sorting routine can require operations on the

order of n-squared, where n is the number of data points to be sorted. For example, up to ten-

thousand (10,000) process steps could be required to sort seismic image data containing one-

hundred (100) seismic image data points. A nonstationary seismic image filter according to

various embodiments of the present invention therefore can improve the speed and efficiency of

the rate at which seismic images are filtered by eliminating the onerous requirement of sorted

data. Additionally, the embodied filter enhances the speed and efficiency of the filtering process

by using only a single downward extrapolation process where current filters require both a

downward extrapolation of the unfiltered seismic energy data throughout a defined propagation

zone of the seismic energy surface wave signals followed by an upward continuation of the

unfiltered seismic energy data back up to a recording surface of the seismic energy signals.



[00076] Beneficially, for example, the nonstationary seismic image data filter 60 can handle

strong lateral velocity variation thereby making it an effective tool to remove complicated

coherent noise due to complex geology or rugged topography 80. Generally, the nonstationary

seismic image data filter 60 can be beneficially derived from the space-frequency explicit

wavefield extrapolation imaging algorithm so that nonstationary seismic image data filters 60

according to various embodiments of the present invention can be beneficially implemented in

legacy systems and with legacy software. At each lateral spatial location, the velocity

information of the seismic energy signal can be used to build nonstationary convolution

operators which perform localized filtering in the space-frequency domain. Furthermore, the

configuration of the nonstationary convolution operators according to exemplary embodiments

of the present invention can, for example, use the same velocity model used for resolving near

surface distortions.

[00077] FIGS. 3 through 8 illustrate, by way of example, various exemplary computer

implemented methods according to embodiments of the present invention to generate a filtered

seismic data image responsive to seismic image data filtered by attenuating coherent seismic

noise from surface waves of an unfiltered wavefield constructed from unfiltered seismic image

data through a single downward extrapolation using specially-constructed nonstationary

convolution operators to perform localized filtering at each of a plurality of spatial locations of

an unfiltered wavefield defined by the unfiltered seismic image data. FIG. 3 perhaps best

illustrates a simplified form of such various computer implemented methods to generate a

filtered seismic data image responsive to seismic image data filtered according to various

exemplary embodiments of the present invention. For example, such computer implemented

methods can include the steps of generating a plurality of seismic energy signals using a seismic

energy source that propagates into the earth and is at least partially reflected by subsurface

seismic reflectors as is known and understood in the ait (block 100), receiving and recording a

plurality of reflections and refractions of the plurality of seismic energy signals using a seismic

image receiver or sensor as is known and understood by those skilled in the art (block 105), and

converting the plurality of reflections and refractions of the plurality of seismic energy signals

into unfiltered, unsorted seismic image data as is known and understood by those skilled in the

art (block 110). The subsurface seismic reflectors that at least partially reflect the plurality of

seismic energy signals can include, for example, interfaces between underground formations



having different acoustic impedances. The plurality of reflections and refractions of the plurality

of seismic energy signals can be recorded (block 105), for example, in one or more geophysical

time series by seismic energy receivers or sensors located at or near the surface of the earth, in a

body of water, or at known depths in boreholes.

[00078] Once unfiltered, unsorted seismic image data is obtained from seismic energy

receivers, such computer implemented methods according to various embodiments of the present

invention can further include various steps to filter the unfiltered, unsorted seismic image data to

thereby beneficially generate a filtered seismic image. In particular, a computer implemented

method according to an exemplary embodiment of the present invention can further include the

steps of transmitting unfiltered seismic image data to a nonstationary seismic image data filtered

(block 115), and filtering the unfiltered seismic image data (block 120) to thereby generate

filtered seismic image data (block 125) by applying a nonstationary convolution operator to

downwardly continue the seismic data to a depth level below a propagation zone of the plurality

of the seismic energy signals. The nonstationary seismic image data filter can, for example, be

implemented in the space-frequency domain, and the nonstationary convolution operator can, for

example, be designed using a weighted least-squares with a transition band approach.

Furthermore, according to an embodiment of the present invention, the propagation zone of the

plurality of seismic energy signals, as is known and understood by those skilled in the art, can be

defined to be the area bounded at the top and at the bottom by the highest and lowest elevations,

respectively, at which the plurality of seismic energy signals first propagate into the earth.

[00079] Furthermore, according to an exemplary embodiment of the present invention, such a

computer implemented method can further include the steps of generating a filtered seismic

image (block 130) based on the filtered seismic image data generated responsive to the step of

filtering the unfiltered seismic image data (block 120), and displaying the filtered seismic on a

display. Additionally, according to an exemplary embodiment of the present invention, the step

of filtering unfiltered seismic image data (block 120) to thereby beneficially generate filtered

seismic image data (block 125) by applying a nonstationary convolution operator to downwardly

continue the unfiltered seismic data to a depth level below a propagation zone of a plurality of

surface waves produced by the plurality of the seismic energy signals can further include the step

of receiving as input, a temporal frequency based on the unfiltered seismic image data as is



known and understood by those skilled in the art, a transverse wavenumber based on the plurality

of unfiltered seismic image data as is known and understood by those skilled in the art, a space-

variant velocity field based on the plurality of unfiltered seismic image data as is known and

understood by those skilled in the art, the unfiltered seismic image data, a measurement of the

depth of a two-dimensional wavefield represented by the unfiltered seismic image data as is

known and understood by those skilled in the art, a depth iteration increment as is known and

understood by those skilled in the ait, a transverse coordinate of the two-dimensional wavefield

at input as is known and understood by those skilled in the art, and a transverse coordinate of the

two-dimensional wavefield at output as is known and understood by those skilled in the art.

[00080] As is perhaps best illustrated by FIG, 4, other various embodiments of the present

invention can provide a computer implemented method to generate a filtered seismic data image

based on filtered seismic image data generated by attenuating coherent seismic noise from

surface waves of an unfiltered wavefield, constructed from unfiltered seismic image data,

through a single downward extrapolation using specially-constructed nonstationary convolution

operators to perform localized filtering at each of a plurality of spatial locations of the unfiltered

wavefield. Such an exemplary computer implemented method can include, for example, the

steps of receiving from a seismic image receiver, at a recording surface, a plurality of seismic

energy signals that have propagated throughout a surface wave propagation zone (block 150),

converting the plurality of seismic energy signals received from the seismic energy receiver into

unfiltered, unsorted seismic image data (block 155), and constructing an unfiltered wavefield

delineated by a plurality of spatial locations from the unfiltered, unsorted seismic image data

based on the plurality of seismic energy signals that have propagated through the surface wave

propagation zone and have been received and recorded by a seismic image receiver (block 160).

Furthermore, such a computer implemented method according to various exemplary

embodiments of the present invention can further include the step of building a plurality of

nonstationary convolution operators, one for each of the plurality of spatial locations of the

unfiltered wavefield, responsive to constructing the unfiltered wavefield for each of the plurality

of spatial locations of the unfiltered wavefield (block 165), and extrapolating, responsive to

building each of the plurality of nonstationary convolution operators, the unfiltered wavefield at

each of the plurality of spatial locations of the unfiltered wavefield to a depth level below the

surface wave propagation zone of the seismic energy signals using, at each of the plurality of



spatial locations, at least one of the plurality of nonstationary convolution operators built by the

computer associated with that one of the plurality of spatial locations, to thereby locally filter

each of the plurality of spatial locations of the unfiltered wavefield (block 170).

[00081] Each of the nonstationary convolution operators, for example, can beneficially be

based on the coordinate location of each of the plurality of spatial locations of the unfiltered

wavefield within the unfiltered wavefield as is known and understood by those skilled in the art,

and a space-variant velocity, temporal frequency, transverse wavenumber, and wavelength of the

unfiltered wavefield at each spatial location as are known and understood by those skilled in the

art. Beneficially, such computer implemented methods according to various exemplary

embodiments of the present invention can further include the step of stabilizing each of the

nonstationary convolution operators built by the computer for each of the plurality of spatial

locations of the unfiltered wavefield (block 165) using a weighted least squares with a transition

band approach as is known and understood by those skilled in the art and as is explained in

greater detail herein. Furthermore, exemplary computer implemented methods according to

various embodiments of the present invention can further include the steps of generating a

filtered seismic image responsive to each of the plurality of spatial locations of the unfiltered

wavefield locally filtered by the computer (block 175), and displaying the filtered seismic image

generated by the computer on a display positioned to be in communicated with the computer

(block 180).

[00082] According to exemplary embodiments of the present invention, each of the plurality

of nonstationary convolution operators can be different from each of the others of the plurality of

nonstationary convolution operators, and each of the plurality of nonstationary convolution

operators can, for example, be uniquely associated with one of the plurality of spatial locations

of the unfiltered wavefield so that particularized localized filtering can be beneficially performed

at each of the plurality of spatial locations of the unfiltered wavefield. Moreover, each of the

plurality of nonstationary convolution operators, one for each of the plurality of spatial locations

of the unfiltered wavefield, can be built, by way of example, by performing an inverse Fourier

transformation over the transverse wavenumber coordinate of a power of a phase shift operator at

each of the plurality of spatial locations of the unfiltered wavefield. Additionally, the step of

extrapolating responsive to building each of the plurality of nonstationary convolution operators



(block 170) can be implemented, for example, in one of, of both, the seismic energy source

domain or the seismic energy receiver domain.

[00083] Also according to an exemplary embodiment of the present invention, the step of

extrapolating the unfiltered wavefield at each of the plurality of spatial locations of the unfiltered

wavefield to a depth level below the surface wave propagation zone of the seismic energy signals

to thereby locally filter each of the plurality of spatial locations of the unfiltered wavefield (block

170) can further include the step of taking an integral over a set of real numbers of a product of a

nonstationary convolution operator built according to an exemplary embodiment of the present

invention (indicated or represented by P(x-x', k(x), Jz)) and the unfiltered wavefield to thereby

perform localized filtering of the selected one of the plurality of spatial locations. Furthermore,

the step of constructing the unfiltered pressure wavefield (block 160) can further include the step

of constructing the unfiltered pressure wavefield further includes the step of performing a

Fourier transformation of the unfiltered wavefield over a temporal coordinate. Such exemplary

computer implemented methods according to various embodiments of the present invention can

also include the step of generating filtered seismic image data for each of the plurality of spatial

locations of the unfiltered wavefield responsive to extrapolating the unfiltered wavefield at each

of the plurality of spatial locations of the unfiltered wavefield, and the filtered seismic image

generated by the computer in the fourth computer process can be based, for example, on the

filtered seismic image data.

[00084] Moreover, a computer implemented method according to exemplary embodiments of

the present invention can further include the beneficial steps of storing the unfiltered, unsorted

seismic image data in a first database positioned to be in communication with the computer,

storing the unfiltered wavefield constructed by the computer in the first computer process in a

second database positioned to be in communication with the computer, storing the filtered

seismic image data generated by the computer in the eleventh computer process in a third

database positioned to be in communication with the computer, and storing the filtered seismic

image generated by the computer in the twelfth computer process in a fourth database positioned

to be in communication with the computer.



[GOOSS] As is perhaps best illustrated by FIG. 5, various embodiments of the present

invention can also provide a computer implemented method to filter unfiltered, unsorted seismic

image data through a single extrapolation of the unflltered, unsorted seismic image data by

constructing a plurality of nonstationary convolution operators to perform localized filtering at

each of a plurality of spatial locations of a two-dimensional, unsorted, unfiltered pressure

wavefield constructed from the unfiltered, unsorted seismic image data. Such a computer

implemented method can include, for example, the steps of receiving from a seismic image

receiver at a recording surface a plurality of seismic energy signals that have propagated

throughout a surface wave propagation zone (block 200), converting the plurality of seismic

energy signals received from the seismic energy receiver into unfiltered, unsorted seismic image

data (block 20S), constructing, based on the unfiltered, unsorted seismic image data, an

unflltered wavefield including a plurality of spatial locations each defined by a transverse

coordinate and a depth coordinate (block 210), and selecting as a first spatial location within the

unfiltered wavefield a location with a transverse coordinate at a first transverse boundary of the

unfiltered wavefield and a depth coordinate of the location of the recording surface (block 215).

The unfiltered wavefield, according to an embodiment of the present invention, can be, for

example, a two-dimensional, unsorted, unfiltered pressure wavefield.

[00086] A computer implemented method according to various embodiments of the present

invention can also include the step of selecting as a next spatial location within the unfiltered

wavefield a location with a transverse coordinate closer to a second transverse boundary of the

unflltered wavefield than the first spatial location and a depth coordinate at a current depth level

(block 220). With the two reference locations (i.e., the first spatial location and the next spatial

location) selected, the computer implemented method according to an exemplary embodiment of

the present invention can further include the steps of building, for the first spatial location, a

nonstationary convolution operator based on the coordinate location of the first spatial location

of the unfiltered wavefield and the space-variant velocity, temporal frequency, transverse

wavenumber, and wavelength of the unfiltered wavefield at the first spatial location (block 225).

Following the step of building the nonstationary convolution operator (block 225), such a

computer implemented method can further include the step of filtering, in a space-frequency

domain, the first spatial locations of the unflltered wavefield using the nonstationary convolution

operator built for the first spatial location (block 230). Beneficially, such a computer



implemented method can then further include the step of setting the transverse coordinate of the

first spatial location equal to the transverse coordinate of the next spatial location and repeating

the steps outlined in blocks 220 to 235 until the next special location is located at, or outside of,

the second transverse boundary. Such a computer implemented method can subsequently

include the step of increasing the current depth level by a preselected depth level increment and

repeating the steps outlined in blocks 220 to 240 until the current depth level is at, or below, the

surface wave propagation zone. After completing the recursive process outlined above, a

computer implemented method according to an exemplary embodiment of the present invention

can further include the steps of generating a filtered seismic image based on filtered seismic

image data generated responsive to each of the plurality of spatial locations of the unflltered

wavefleld filtered in the space-frequency domain (block 245), and lastly, displaying the filtered

seismic image on a display device adapted to be in communication with the computer

(block 250).

[00087] As is perhaps best illustrated in FIG. β, a nonstationary seismic image data filter 40

according to various exemplary embodiments of the present invention can receive, for example,

as input at each iteration of the process outlined above unfiltered seismic image data (indicated

or represented by ψ) 35, a temporal frequency of an unfiltered wavefield (indicated or

represented by ω) constructed from the unfiltered seismic image data at a selected spatial

location within the unfiltered wavefield as is known and understood by those skilled in the

art 300, a transverse wavenumber (indicated or represented by kx) of the unfiltered wavefield at

the selected spatial location within the unfiltered wavefield as is known and understood by those

skilled in the art 305, a space-variant velocity field (indicated or represented by v(χ) ) of the

unfiltered wavefield at the selected spatial location with the unflltered wavefield as is known and

understood by those skilled in the art 310, a measurement of the depth of the unfiltered wavefield

(indicated or represented by z) as is known and understood by those skilled in the art 320, a

preselected depth iteration increment (indicated or represented by Az) as is known and

understood by those skilled in the art 325, a transverse coordinate at input (indicated or

represented by x 1) representing the transverse coordinate of the spatial location within the

unfiltered wavefield currently being filtered 330, and a transverse coordinate at output (indicated

or represented by x) representing the transverse coordinate of a next spatial location within the

unfiltered wavefield to be filtered 335. Furthermore, the nonstationary seismic image data filter



can provide, for example, as output, filtered seismiq image data (indicated or represented by

ψ) 65 and a transverse coordinate at output (indicated or represented by x) representing the

transverse coordinate of the next spatial location within the unfiltered wavef ϊeld to be filtered by

the nonstationary seismic image data filter 65.

[00088] According to an exemplary embodiment of the present invention, the nonstationary

convolution operator 50 can be implemented as a function of multiple variables, the output of

which can be, for example, seismic image data resulting from the linear combination of output of

a convolution operator and output of the complex conjugate of the same convolution operator.

Generally, convolution is a mathematical operation that provides a way of multiplying together

two arrays (or matrices) of numbers, generally of different si es but of the same dimensionality,

to produce a third array (or matrix) of numbers of the same dimensionality. This can be used in

image processing to implant operators whose output pixel values are simple linear combinations

of certain input pixel values.

[00089] More specifically, according to an embodiment of the present invention, as is

perhaps best illustrated in FIG. 7, the 2D space-frequency explicit wavefield extrapolation

algorithm, for example, can be used to extrapolate an unfiltered wavefield to a depth level below

the propagation zone of the coherent seismic noise according to a multi-variable mathematical

function indicated or represented by ψ(x,z +Az, ω) = \ψ(x\z, ω)W(x -x\k(x),Az)dx'

(equation 1), where the mathematical symbol U. refers to real numbers and k(x) =ω /v(x)

(equation 2). Here, the mathematical symbol ψ can represent, for example, a two-dimensional,

unsorted, unfiltered pressure wavefield 35 after a Fourier transformation of the two-dimensional,

unsorted, unfiltered pressure wavefield 35 has been performed over the temporal coordinate.

Furthermore, according to exemplary embodiments of the present invention, the mathematical

symbol z can indicate or represent the depth of such a two-dimensional, unsorted, unfiltered

pressure wavefield as is known and understood by those skilled in the art 320, the mathematical

symbol ∆z can indicate or represent a preselected depth increment as is known and understood

by those skilled in the art 325, the mathematical symbol ω can indicate or represent the temporal

frequency of the two-dimensional, unsorted, unfiltered pressure wavefield at a particular spatial

location within the wavefield as is known and understood by those skilled in the art 300, the



mathematical symbol k can indicate or represent the transverse wavenumber of the two-

dimensional, unsorted, unfiltered pressure wavefield at a paiticular spatial location within the

wavefield as is known and understood by those skilled in the art 305, the mathematical symbol x'

can indicate or represent the transverse coordinate of a spatial location within the two-

dimensional, unsorted, unfiltered pressure wavefield at input as is known and understood by

those skilled in the art 330, the mathematical symbol x can indicate or represent the transverse

coordinate the transverse coordinate of a spatial location within the two-dimensional, unsorted,

unfiltered pressure wavefield at output as is known and understood by those skilled in the

art 335, and the mathematical function v(x) can represent the space-variant velocity field of the

unfiltered wavefield at a spatial location with the unsorted wavefield as is known and understood

by those skilled in the art 310.

[00090] Accordingly, the kernel of equation (1) can be defined mathematically as a multi-

variable function, for example, as:

W(x - x ,k(x)), z) {kx ,k(x), Az)e 'kΛχ-χ<) dkx (equation 3)
,

where W(kx ,k(x),Az) ~ xρ(iAz c(x)2 - kx
2 ) (equation 4).

When the velocity is constant, equation 1 beneficially becomes the space-frequency equivalent

of Gazdag's (1978) phase-shift extrapolation. The nonstationary convolution operator, W, can

beneficially handle, for example, lateral velocity variations by using a different operator for each

spatial lateral location.

[00091] As is known and understood by those skilled in the art, the region where Jcx ≤ is

called the propagating waves region, and the region where is called the evanescent

waves region. Evanescent waves are exponentially decaying with depth, and unwanted coherent

seismic noise, such as, ground roll energy or other unwanted energy attributable to surface

waves, falls in this region. Accordingly, the unwanted coherent seismic noise can be filtered out

during the extrapolation process. Reconstructing the original wavefield, after removing the

noise, can be done by upward continuing the wavefield back to z according to the mathematical



function of multiple variables indicated or represented by

ψ(x,z, ω) + z ,ω)W* x -xi,k(x),Az)dx' (equation 5), where "*" indicates the

complex conjugate (equation 6). A complex conjugate, as is known and understood by those

skilled in the art, can be defined as one or a pair of complex numbers, each having the same real

parts but with imaginary parts that differ in sign. For example, the numbers 2 + 3i and 2 - 3 z are

complex conjugates of each other as is known and understood by those skilled in the art.

[00092] A similar, yet more efficient, result can be obtained by inserting equation 1 into

equation 5 to obtain a multi-variable mathematical function indicated or represented by

ψ{x, z +Az,(o) = ϊψ(x ι,z ,0))P(x - xi, k(x), Az)dx' (equation 7),
SR

where P(x - x',k(x), Az) = \W(x - x',k(x), Az)W (x-x\ k(x), ∆z)ώc' (equation 8). Expressing
SR

equation 6 in the wavenumber form provides a multi-variable mathematical function indicated or

represented by P(x-xi,k(x),Az) — fiW(kx , / ;), ∆ ) V ' λ ° (equation ?).

[00093] According to an exemplary embodiment of the present invention, the nonstationary

convolution operator P (equation 8), does not have any phase information but can, for example,

handle strong lateral variation. The nonstationary convolution operator (equation 8) can also

exclude, for example, both the thin lens and focusing terms and can only perform localized

filtering using the velocity information at each spatial lateral position. The noise removed by

equation 8, according to an embodiment of the present invention, is similar to the noise removed

after the backward and forward extrapolation technique employed in some currently-existing

seismic image filters, but the overall filtering process using equation 8 is much more efficient

than other filtering processes because only a single extrapolation is required and the unfiltered

data can remain unsorted.

[00094] The nonstationary convolution operators (equation 8) designed by equation 7,

according to various exemplary embodiments of the present invention, can be, for example,

infinitely long. Using simple window functions to truncate such nonstationary convolution

operators is suboptimal and can lead, for example, to numerically unstable operators. For noise



suppression application, the numerical instability is less pronounced than in depth imaging

because the number of depth steps is relatively small. That is, the wavefield only needs to be

extrapolated to a depth level that is just below the propagation zone of the unwanted seismic

noise in order to filter the unfiltered seismic image data.

[0009S] Numerical instability is a major problem of seismic image filters employing

extrapolation processes, but various embodiments of the present invention are capable of

designing stable wavefield extrapolators. According to an exemplary embodiment of the present

invention, the nonstationary convolution operator (equation 8) can be designed, for example,

using a weighted least squares with a transition band approach as is known and understood by

those skilled in the art. In the presence of complex near surface geology, including, for example,

rugged topography or complex geological structures, seismic surface waves can have

complicated wave paths and lateral velocity variations. Accordingly, noise attenuation systems,

machines, computer readable program products, and associated methods, according to various

exemplary embodiments of the present invention, must be able to handle the strong lateral

velocity variation of the seismic wavefield. Generally, wavefield extrapolation methods are

powerful in handling lateral velocity variations; however, the stability of the wavefield

extrapolators can be an important issue when designing wavefield extrapolators. The stability

problem can arise, for instance, due to the presence of discontinuities at boundaries separating

the wavelike and evanescent regions of a wavefield.

[00096] Least squares methods can be used, for example, to design wavefield extrapolators

that practically remain stable in a recursive scheme by minimizing the squared error between

desired and actual data, or transforms. Least squares methods can be classified into three major

categories: (1) unweighted least squares followed by a windowing function applied in the space-

frequency domain, (2) weighted least squares using a smooth transition function connecting the

wavefield and evanescent regions, and (3) weighted least squares using a transition band, i.e.,

applying zero weight to select data points, for the transition region. Various embodiments of the

present invention apply the third approach which removes a select region, called a transition

band, from the extrapolation function. Using a transition band in the weighted least squares filter

design can lead to a more stable design than using a transition function, such as a spline, for the

transition region.



[00097] More particularly for wavefield extrapolators to function adequately, the amplitude

and phase of such wavefield extrapolators, in the wavenumber domain, often must match the

amplitude and phase of the exact spectrum in the wavelike region, and be only less than unity in

the evaneseent region. When using a weighted least squares with a transition approach to design

nonstationary convolution operators according to various embodiments of the present invention,

however, the extrapolator design problem can be made much more flexible through the

introduction of a transition region between the wavelike and evanescent regions. Such a

formulation fits the way filter specifications are usually given much more efficiently than

designating one wavenumber to specify the boundary between the wavelike and the evanescent

regions. More over, using a weighted least squares with a transition band approach according to

various embodiments of the present invention beneficially minimizes the Gibbs phenomenon,

and the approximation in the wavelike and evanescent regions can be dramatically improved.

[00098] The weighted least squares approach beneficially employs a transition function.

Particular a spline function can be constructed that goes from a mathematical variable ka to the

Nyquist wavenumber indicated or represented by τt/∆x . In such a case, the evanescent region of

the unfiltered wavefield becomes the transition region. Furthermore, the desired spectrum,

indicated or represented by , does not have the slope discontinuities that are present in the

exact spectrum, indicated or represented by , which can cause an inaccurate approximation.

An extrapolator stabilized using a weighted least squares with a transition band approach can be

obtained using a mathematical function indicated or represented by W_ = [F H YF] 1F H YW_D .

[00099] Using a transition region in the desired spectrum can significantly reduce the Gibbs

phenomenon and give greater control over the design process. The transition region, for

example, allows for a smooth transition between the wavelike and evanescent regions of the

unfiltered wavefield. One of the most effective modifications of the least squares error design

methods is to change the band of wavenumbers over which the minimization is carried out. The

band of wavenumbers for the transition band can, for example, be simply removed from the error

definition. This region can be referred to as the transition band or "don't care" region.

Beneficially, in the weighted least squares using a transition band approach according to various

embodiments of the present invention, the desired spectrum is the exact spectrum. That is, the

exact spectrum is not modified by using a transition function as was the case in a simple



weighted least squares approach. Rather, the weighted least squares with a transition band

approach according to various embodiments of the present invention uses a different weight

function that can be defined as:

[000100] The region ka < < \2k - ka is called the transition band, where it is excluded

from the error measure by giving it a weight value of zero. Accordingly, a weighted least

squares with a transition band convolution operator according to an exemplary embodiment of

the present invention can then be designed using W_ = [F YF] F YW . Such an approach,

should yield a smaller squared error and a greater reduction of overshoot than should be expected

using a transition function because there is no constraint placed on the exact spectrum, W, in the

transition region.

[000101] As is perhaps best illustrated in FIG. 5 and FIG. 8, the above described mathematical

functions and operators can be used as a part of computer implemented methods, systems,

machines, and computer readable program products, according to various embodiments of the

present invention, to generate filtered seismic image data through a single extrapolation by

constructing a plurality of nonstationary convolution operators to perform localized filtering at

each of a plurality of spatial locations of a two-dimensional unsorted, unfiltered pressure

wavefield constructed from unfiltered seismic image data. A computer implemented method

according to an exemplary embodiment of the present invention can include, for example, the

steps of receiving from a seismic image receiver at a recording surface a plurality of seismic

energy signals that have propagated throughout a two-dimensional surface wave propagation

zone (block 200), converting the plurality of seismic energy signals received from the seismic

energy receiver into unfiltered, unsorted seismic image data (block 205), constructing, based on

the plurality of unfiltered, unsorted seismic image data, a two-dimensional, unsorted, unfiltered

pressure wavefield including a plurality of spatial locations each defined by a transverse

coordinate and a depth coordinate (block 210), and locating a selected one of the plurality of



spatial locations at a point where the depth level coordinate of the selected one of the plurality of

spatial locations is equal to a depth level coordinate of the recording surface and the transverse

coordinate of the selected one of the plurality of spatial locations is equal to a transverse

coordinate of a first transverse boundary of the two-dimensional surface wave propagation zone

(block 215).

[000102] As is perhaps illustrated best in FIG. 8, such a computer implemented according to

an exemplary embodiment of the present invention can further include the steps of:

(a) determining, for the selected one of the plurality of spatial locations within the two-

dimensional, unsorted, unfiltered pressure wavefield, a space-variant velocity (indicated or

represented by v(x)) (block 310) based on the transverse coordinate (block 215, 330) of the

selected one of the plurality of spatial locations (indicated or represented by xy,

(b) determining, responsive to determining the space- variant velocity (y(x)) (block 310),

for the selected one of the plurality of spatial locations within the two-dimensional, unsorted,

unfiltered pressure wavefield, a quotient of a temporal frequency of the selected one of the

plurality of spatial locations (indicated or represented by ω) (block 300) and the space-variant

velocity of the selected one of the plurality of spatial locations (y(x)) (block 310) to thereby

define a mathematical function indicated or represented by k(x) (equation 2);

(c) determining responsive to determining k(x) (equation 2), for the selected one of the

plurality of spatial locations within the two-dimensional, unsorted, unfiltered pressure wavefield,

an exponential function of a product of (i) a square root of negative one (indicated or represented

by the imaginary number, i), (ii) a preselected wavefield depth increment (indicated or

represented by ∆z) (block 325), and (iii) a square root of (1) a square of a transverse wavenurnber

of the selected one of the plurality of spatial locations(indicated or represented by Icx) (block 305)

subtracted from (2) a square of k(x) ( ψ c(x) 2 - Icx
2 ), to thereby define a multi-variable

mathematical function indicated or represented by ( x, k(x), ∆z) (equation 4);

(d) determining responsive to determining , k(x), ∆z) (equation 4), for the selected

one of the plurality of spatial locations within the two-dimensional, unsorted, unfiltered pressure

wavefield , a product of (i) a quotient of one and a product of two and pi (indicated or



represented by π) ( -— ), and (ii) an integral over a set of real numbers, (indicated or represented

by ), with respect to the transverse wavenumber of the selected one of the of the plurality of

spatial locations (Icx) (block 305), of a product of W(kχ k(x), ∆z) (equation 4) and an exponential

function of: (1) a produet of negative square root of negative one (indicated or represented by

the imaginary number, i), (2) the transverse wavenumber of the selected one of the plurality of

spatial locations (kx) (block 305), and (3) a difference between the transverse coordinate of the

selected one of the plurality of spatial locations (indicated or represented by " (block 215,330)

and a transverse coordinate of a second one of the plurality of spatial locations (indicated or

represented by x) (block 220, 335) where the second one of the plurality of spatial locations is

located at a point closer to a second transverse boundary of the two-dimensional surface wave

propagation zone than the selected one of the plurality of spatial locations

), to thereby define a multi-variable mathematical function

indicated or represented by W(x-x', k(x), ∆z) (equation 3);

(e) determining responsive to determining W(x-x\ k(x), ∆z) (equation 3), a complex

conjugate of W(x-x', k(x), ∆z) (equation 3) to thereby define a multi-variable mathematical

function indicated or represented by W (x-x\ k(x), ∆z) (equation 6);

(f) building responsive to determining W(x-x', k(x), ∆z) (equation 3) and determining

W*(x-x', k(x), ∆z) (equation 6), a nonstationary convolution operator for the selected one of the

plurality of spatial locations within the two-dimensional, unsorted, unfiltered pressure wavefield

by taking an integral over a set of real numbers ( ), with respect to the transverse coordinate of

the selected one of the plurality of spatial locations (x 1) (block 215, 330), of a product of

W(x-x k(x), ∆z) (equation 3) and W*(x-x', k(x), ∆z) (equation 6) to thereby define a multi-variable

mathematical function indicated or represented by P(x-x', k(x), ∆z) (equation 8);

(g) extrapolating the two-dimensional, unsorted, unfiltered pressure wavefield at the

selected one of the plurality of spatial locations within the two-dimensional, unsorted, unfiltered

pressure wavefield (block 215, 330) using the nonstationary convolution operator for the selected

one of the plurality of spatial locations built by the computer (equation 8) by talcing an integral



over a set of real numbers ( 9 ) of a product of P(x-x', k(x), ∆z) (equation S) and the two-

dimensional, unsorted, unfiltered pressure wavefield (indicated or represented by Ψ(x, z+ ∆z, ω)

( - xi,k(x),Az)ώcl) (block 35), to thereby perform localized filtering of the

selected one of the plurality of spatial locations;

(h) setting the transverse coordinate of the selected one of the plurality of spatial

locations (x 1) equal to the transverse coordinate of the second one of the plurality of spatial

locations (*) (block 235);

(i) repeating steps (a) through (h) until the transverse coordinate of the second one of the

plurality of spatial locations (x) equals or exceeds the transverse coordinate of the second

transverse boundary of the two-dimensional surface wave propagation zone (block 235);

(j) increasing the depth level coordinate (z) by the preselected wavefield depth increment

(∆z) (block 240);

(k) setting the transverse coordinate of the selected one of the plurality of spatial

locations (Icx) equal to the transverse coordinate of the first boundary of the two-dimensional

surface wave propagation zone (block 215, 330); and

(1) repeating steps (a) through (k) until the depth level coordinate (z) is equal to a depth

below the two-dimensional surface wave propagation zone of the plurality of seismic energy

signals (block 240) to thereby generate filtered seismic image data (block 65) that when

processed further by the computer can create a filtered seismic image to be displayed on a

display adapted to be in communication with the computer, each repetition of steps (a) through

(Ic) being defined as an iteration.

[000103] Furthermore, step of building the nonstationary convolution operator for the selected

one of the plurality of spatial locations within the two-dimensional, unsorted, unfiltered pressure

wavefield can further include, for example, the step of stabilizing the nonstationary convolution

operator using a weighted least squares with a transition band approach as is known and

understood by those skilled in the art. Furthermore, the step of constructing a two-dimensional

unfiltered pressure wavefield can further include, for example, the step of performing a Fourier



transformation of the two-dimensional unfiltered pressure wavefϊeld over a temporal coordinate.

Additionally, according to an embodiment of the present invention, the computer implemented

method can further include the steps of generating at each iteration, filtered seismic image data

responsive to extrapolating the two-dimensional unfiltered pressure wavefϊeld at the selected one

of the plurality of spatial locations within the two-dimensional unfiltered pressure wavefield, and

processing the filtered seismic image data generated at each iteration to thereby create a human-

readable filtered seismic image to be transmitted to an output device adapted to be in

communication with the computer.

[000104] Moreover, such a computer implemented method according to an embodiment of the

present invention can further include the steps of storing the unfiltered, unsorted seismic image

data in a first database positioned to be in communication with the computer, storing the two-

dimensional unfiltered pressure wavefield in a second database positioned to be in

communication with the computer, storing, at each iteration, the filtered seismic image data in a

third database positioned to be in communication with the computer, storing the filtered seismic

image in a fourth database positioned to be in communication with the computer; processing the

filtered seismic image data to create a human-readable filtered seismic image; and transmitting

the filtered seismic image to an output device positioned to be in communicated with the

computer. Each aforementioned step of any method according to an embodiment of the present

invention can be performed by a computer in one or more computer processes, and the steps of

any particular method according to an exemplary embodiment of the present invention can all be

performed by the computer in a one computer process or can each be performed by the computer

in one or more separate computer processes.

[000105] As is perhaps best illustrated in FIG. 9, various embodiments of the present invention

can also provide a seismic image filtering machine to create a filtered seismic image responsive

to filtered seismic image data generated by attenuating coherent seismic noise from surface

waves of an unfiltered wavefield constructed from unfiltered seismic image data through a single

downward extrapolation of the unfiltered wavefield using a plurality of nonstationary

convolution operators to perform localized filtering at each of a plurality of spatial locations of

the unfiltered wavefield. Particularly, FIG. 9 illustrates, using a high-level schematic block flow

diagram, the use of such a seismic image filtering machine according to various exemplary



embodiments of the present invention. Generally, a seismic energy source (block 10) can be

positioned to propagate seismic energy signals into a propagation zone (block 80). Such seismic

energy can include any seismic or acoustic energy whether from an explosive, implosive, swept-

frequency, or random sources. Furthermore, a seismic energy receiver (block 20) can be

positioned to receive and record seismic energy data or seismic field records in any form,

including but not limited to, a geographical time series recording of the acoustic reflection and

refraction of waveforms that travel from the seismic energy source (block 10) to the seismic

energy receiver (block 20). Variations in the travel times of reflection and refraction events in

one or more field records in seismic data processing can produce a seismic image, defined by

unfiltered seismic image data, that demonstrates subsurface structure according to an exemplary

embodiment of the present invention. Beneficially, such a seismic image can be used to aid in

the search for, and exploitation of, subsurface mineral deposits; however, in order for the seismic

image to be of the greatest functionality, it must first be filtered.

[000106] Accordingly, according to various embodiments of the present invention, such a

seismic image can be beneficially filtered, for example, using a seismic image filtering machine

(block 400), According to an exemplary embodiment of the present invention, a seismic filtering

machine (block 400) can use a nonstationary seismic image filter that is implemented in the

space-frequency domain and includes nonstationary convolution operator designed using a

weighted least squares with a transition band approach. Such a seismic image filtering machine

(block 400) ean be configured according to an exemplary embodiment of the present invention,

for example, to attenuate coherent seismic energy, or noise, from seismic images. Particularly,

such a seismic image filtering machine (block 400), according to an exemplary embodiment of

the present invention, can apply a nonstationary convolution operator to downwardly continue

unfiltered seismic image data that defines an unfiltered seismic image to a depth level below the

propagation zone to generate new filtered seismic image data that, when processed by the

computer and transmitted to a display adapted to be in communication with the computer, creates

a filtered seismic image.

[000107] As is perhaps best illustrated in FIG 9, such a seismic image filtering machine 400

according to various exemplary embodiments of the present invention can include, for example,

a first database 422 storing unfiltered, unsorted seismic image data derived from a plurality of



seismie energy signals received from a seismic energy receiver at a recording surface after

propagating throughout a surface wave propagation zone, and a computer 410 adapted Io be in

communication with the first database 422 and having at least a processor 416 and memory 412.

A seismic image filtering machine 400 can also include, for example, an unfiltered wavefield

constructor computer readable program product 430 stored in a tangible computer readable

storage medium and including instructions that, when executed by the computer 410, cause the

computer 410 to perform the operation of constructing an unfiltered wavefield delineated by a

plurality of spatial locations from the unfiltered, unsorted seismic image data stored in the first

database 422. Moreover such a seismic image filtering machine can further include, for

example, a nonstationary convolution operator builder computer readable program product 431

stored in a tangible computer readable storage medium and including instructions that9 when

executed by the computer 410, cause the computer 410 to perform the operation of building,

responsive to the unfiltered wavefield constructer computer readable program product 430, a

plurality of nonstationary convolution operators, one for each of the plurality of spatial locations

of the unfiltered wavefield, each of the nonstationary convolution operators being based on the

coordinate location of each of the plurality of spatial locations of the unfiltered wavefield and a

space-variant velocity, temporal frequency, transverse wavenumber, and wavelength of the

unfiltered wavefield at each spatial location.

[000108] Also according to various exemplary embodiments of the present invention, a

seismic image filtering machine 400 can also include a nonstationary convolution operator

stabilizer computer readable program product 432 stored in a tangible computer readable storage

medium and including instructions that, when executed by the computer 410, cause the computer

410 to perform the operation of stabilizing each of the nonstationary convolution operators using

a weighted least squares with a transition band approach as is known and understood by those

skilled in the art. Beneficially, such a seismic image filtering machine can further include, for

example, a localized filter computer readable program product 434 stored in a tangible computer

readable storage medium and including instructions that, when executed by the computer 410,

cause the computer 410 to perform the operation of locally filtering each of the plurality of

spatial locations of the unfiltered wavefield using, at each spatial locations, at least one of the

plurality of nonstationary convolutions operators associated with that one of the plurality of

spatial locations to thereby effectuate a single downward extrapolation of the unfiltered



wavefleld. Furthermore, a seismic image filtering machine can include, for example, a filtered

seismic image creator computer readable program product 436 stored in a tangible computer

readable storage medium and including instructions that, when executed by the computer 410,

cause the computer 410 to perform the operation of creating a filtered seismic image responsive

to filtered seismic image data generated by filtering, in the localized filter computer readable

program product 434, the unfiltered wavefϊeld at each of the plurality of spatial locations of the

unfiltered wavefield.

[000109] Beneficially, a seismic image filtering machine 400, according to various

embodiments of the present invention can also include, by way of example, a display 414, a

second database 424, a third database 428, and a fourth database 426, each adapted to be in

communication with the computer. Additionally, the unfiltered wavefield constructor computer

readable program product 430 can, for example, further include instructions that, when executed

by the computer 410, cause the computer 410 to perform the operation of storing the unfiltered

wavefield in the second database 424. Similarly, the localized filter computer readable program

product 434 can further include, for example, instructions that, when executed by the computer

410, cause the computer 410 to perform the operation of storing the filtered seismic image data

in the third database 428. The filtered seismic image creator computer readable program

product 436 can also include, for example, instructions that, when executed by the computer 410,

cause the computer 410 to perform the operation of storing the filtered seismic image in the

fourth database 426. Furthermore, a seismic image filtering machine 400, according to an

exemplary embodiment of the present invention can further include a filtered image displayer

computer readable program product 438 stored in a tangible computer readable storage medium

and including instructions that, when executed by the computer 410, cause the computer 410 to

perform the operation of displaying the filtered seismic image on the display 414 responsive to

converting the filtered seismic image data into a graphic image capable of being displayed on the

display in human-readable form.

[000110] Also according to exemplary embodiments of the present invention, each of the of

the plurality of nonstationary convolution operators built by the nonstationary convolution

operator builder computer readable program product 431 can be beneficially different from each

of the others of the plurality of nonstationary convolution operators and can be, for example,



uniquely associated with one of the plurality of spatial locations of the unfiltered wavefield.

Moreover, the operation of filtering by the localized filter computer readable program product

434 can be implemented, for example, in one of, or both, a seismic energy source domain or a

seismic energy receiver domain. Additionally, the propagation zone, as is known and understood

by those skilled in the art, can include complex geology and rugged topography, and the

unfiltered wavefield can include coherent seismic noise in the form of evanescent waves that

have propagated throughout the surface wave proposition zone in complicated wave paths due to

the complex geology and rugged topography within the propagation zone.

[000111] Beneficially, the nonstationary convolution operator builder computer readable

program product 431 further includes instructions that, when executed by the computer 410,

cause the computer 410 to perform the operations of determining, for a selected one of the

plurality of spatial locations within the unfiltered wavefield, a space-variant velocity (indicated

or represented by v(x)), determining, for the selected one of the plurality of spatial locations

within the unfiltered wavefield, a quotient of a temporal frequency (indicated or represented

by ω) and the space-variant velocity of the selected one of the plurality of spatial locations to

thereby define a mathematical function indicated or represented by k(x), and determining, for the

selected one of the plurality of spatial locations within the unfiltered wavefield, an exponential

function of a product of (i) a square root of negative one (indicated or represented by the

imaginary number, i), (ii) a preselected wavefield depth increment (indicated or represented

by ∆z), and (iii) a square root of (1) a square of a transverse wavenumber (indicated or

represented by kx) of the selected one of the plurality of spatial locations subtracted from (2) a

square of k(x) ψ c(x) 2 ~ k x
2 ), to thereby define a multi-variable mathematical function

indicated or represented by W(kx, k(χ) , ∆z). The nonstationary convolution operator builder

computer readable program product 431 can also include instructions that, when executed by the

computer 410, cause the computer 410 to perform the operation of determining, for the selected

one of the plurality of spatial locations within the unfiltered wavefield, a product of (i) a quotient

of one and a product of two and pi (indicated or represented by π) ( — ), and (ii) an integral over

a set of real numbers (indicated or represented by ) with respect to a transverse wavenumber

of the selected one of the of the plurality of spatial locations (Icx), of a product of W(kx, k(x), ∆z)



and ail exponential function of: (1) a product of negative square root of negative one (indicated

or represented by the imaginary number, i), (2) the transverse wavenumber of the selected one of

the plurality of spatial locations (Jcx), and (3) a difference between the coordinate location of the

selected one of the plurality of spatial locations (indicated or represented by x 1) and a coordinate

location of a second one of the plurality of spatial locations (indicated or represented by x), to

thereby define a multi-variable mathematical function indicated or represented by

W(x~x ', k(x), ∆z). Furthermore, such a nonstationary convolution operator builder computer

readable program product 431 according to an exemplary embodiment of the present invention

can further include, for example, instructions that, when executed by the computer 410, cause the

computer to perform the operation of determining an integral over a set of real numbers ( ),

with respect to the coordinate location of the selected one of the plurality of spatial location

(indicated or represented by x ), of a product of W(x-x', k(x), ∆z) and a complex conjugate of

W(x-x', k(x), ∆z) to thereby build a nonstationary convolution operator.

[000112] Moreover, a localized filter computer readable program product 434, can further

include, for example, instructions that, when executed by the computer 710, cause the computer

710 to perform the operation of downward continuing the unflltered wavefield at each of the

plurality of spatial locations of the unfiltered wavefield to a depth level below the surface wave

propagation zone of the seismic energy signals. Additionally, according to various exemplary

embodiments of the present invention, the unfiltered wavefield constructed by the unfiltered

wavefield constructor computer readable program product 430 can be Fourier transformed over a

temporal coordinate prior to its use by a seismic image filtering machine 400. Furthermore, the

localized filter computer readable program product 434 can further include, for example,

instructions that when executed by the computer 410 cause the computer 410 to perform the

operation of generating, for each of the plurality of spatial locations of the unflltered wavefield,

filtered seismic image data responsive to filtering each of the plurality of spatial locations.

Accordingly, the filtered seismic image created by filtered seismic image creator computer

readable program product 436 can be based, for example, on the filtered seismic image data.

[000113] As is perhaps best illustrated in FIG. 11, various exemplary embodiments of the

present invention also provide a system to generate a filtered seismic image responsive to

seismic image data filtered by attenuating coherent seismic noise from surface waves of an



unfiltered wavefield constructed from the seismic image data using a plurality of nonstatioirary

convolution operators to perform localized filtering at each of a plurality of spatial locations of

the unfiltered wavefield. Such a system can include, for example, a tangible computer readable

medium storing unfiltered seismic image data 35 and a computer 405 including at least a

memory 412, a display 414, a processor 416, and a computer readable storage medium 420, The

memory can further include, for example, a first database 422 to store unfiltered seismic image

data, a second database 424 to store an unfiltered wavefield, a third database 428 to store filtered

seismic image data, and a fourth database 426 to store a filtered seismic image capable of being

displayed in human-readable form on the display 414 adapted to be in communication with the

computer 405. The memory of the eomputer can further include, for example, an unfiltered

wavefield constructor 440, a nonstationary convolution operator builder 441, a nonstationary

convolution operator stabilizer 442, a localized filter 444, a filtered seismic image generator 446,

and a filtered image displayer 448, Generally, such a system, according to various embodiments

of the present invention, receives as input unfiltered seismic image data 35 and returns as output

to a display a filtered seismic image 70.

[000114] More particularly, the unfiltered wavefield constructor 440 can be configured, for

example, to construct an unfiltered wavefield delineated by a plurality of spatial locations from

the unfiltered, unsorted seismic image data stored in the first database 442. Additionally, the

nonstationary convolution operator builder 441 can, for example, be configured to build,

responsive to the unfiltered wavefield constructor 440, a plurality of nonstationary convolution

operators, one for each of the plurality of spatial locations of the unfiltered wavefield, each of the

nonstationary convolution operators being based on a coordinate location of each of the plurality

of spatial locations of the unfiltered wavefield and the space-variant velocity, temporal

frequency, transverse wavenumber, and wavelength of the unfiltered wavefield at each spatial

location. By way of example, the nonstationary convolution operator stabilizer 442 can be

configured to stabilize each of the nonstationary convolution operators using a weighted least

squares with a transition band approach. Also according to various exemplary embodiments of

the present invention, the localized filter 444 can be, for example, configured to locally filter

each of the plurality of spatial locations of the unfiltered wavefield using, at each spatial

locations, at least one of the plurality of nonstationary convolutions operators associated with

that one of the plurality of spatial locations to thereby effectuate a single downward extrapolation



of the unfiltered wavefield. Moreover, the filtered seismic image generator 446 can, for

example, be configured to generate a filtered seismic image responsive to filtered seismic image

data generated by the localized filter at each of the plurality of spatial locations of the unflltered

wavefield, and the filtered image displayer 448 can be, for example, configured to display the

filtered seismic image on the display 414.

[000115] As is perhaps best illustrated by FIGS. 11 through 21, various exemplary

embodiments of the present invention can filter unfiltered seismic images to produce high-

quality filtered seismic images. For example, FIG. 12 shows an unfiltered seismic image,

specifically, a shot gather, produced using a synthetic dataset modeled over complex geology

and rough topography, according to an embodiment of the present invention. In FIG. 12, for

example, the receiver spacing is eight (8) meters and the depth step is eight (8) meters. FIG. 13

shows a seismic image, specifically, a shot gather, filtered according to an embodiment of this

invention, In this example produced using a synthetic dataset according to an exemplary

embodiment of the present invention, the correct velocity model was used, and the unflltered

seismic data 35 was extrapolated to a depth three-hundred (300) meters below the propagation

zone. The filtered seismic image in FIG. 13 illustrates that most of the coherent seismic energy

has been attenuated by the nonstationary seismic image data filter 40 according to an exemplary

embodiment of the present invention. The noise removed by the filter, calculated by subtracting

the filtered seismic image data 65 from the unfiltered seismic image data 35, is shown in FIG.

14. Beneficially, FIG. 14 shows that the removed seismic energy, or coherent seismic noise,

excludes desired seismic reflection events thus demonstrating the effectiveness of a seismic filter

according to an various embodiments of the present invention.

[000116] Various embodiments of the present invention also achieve beneficial results, for

example, when applied to real, as opposed to synthetic, datasets. For example, FIG. 15 shows a

near surface velocity model of a real dataset, where refraction tomography was used, acquired

from an irregular surface with near surface velocity variations, according to an embodiment of

the present invention. The dashed line 500 indicates the datum to which the data are

extrapolated. Furthermore, FIG. 16 shows an unfiltered seismic image, specifically, a shot

gather, produced using a real dataset acquired from an irregular surface with near surface

velocity variations. FlG. 17 shows the same seismic image as shown in FIG, 16 after it is



filtered according to an embodiment of the present invention. The noise removed by the filter,

calculated by subtracting the filtered seismic image data from the unfiltered seismic image data,

is shown in FIG. 18. FIG. 18 demonstrates that various embodiments of the present invention

are effective in attenuating most of the unwanted seismic energy, including, for example, direct

arrival and ground roll, without removing the desired seismic reflection energy.

[000117] Beneficially, for example, the present invention results in improved image quality for

both shallow and deep geological formations. For instance, FIGS. 18 and 19, respectively, show

a seismic image, specifically, a seismic stack result, produced using real dataset acquired from a

complex, shallow geological formation with and without filtering according to embodiments of

the present invention. The elevation profile SlO, in meters, showing rough topography, is

displayed at the top each of FIGS. 18 and 19. Arrows in FIG. 20 520 indicate areas of improved

image quality and illustrate that the image in FIG. 20 has more visible details and focused

reflection events than the result illustrated in FIG. 19. Various embodiments of the present

invention also produce, for example, enhanced image quality results for deep geological

formations. FIGS. 20 and 21, respectively, show a seismic image, specifically, a seismic stack

result, produced using a real dataset acquired from a complex, deep geological formation with

and without filtering according to the present invention. The elevation profile 530, in meters,

showing rough topography, is displayed at the top each of FIGS. 20 and 21. Arrows in FIG. 22

540 indicate areas of improved image quality and show that the image illustrated in FIG. 22 has

more visible details and focused reflection events than the result illustrated in FIG. 21.

[000118] It is important to note that while embodiments of the present invention have been

described in the context of a fully functional system, those skilled in the art will appreciate that

the mechanism of at least portions of the present invention or aspects thereof are capable of

being distributed in the form of a computer readable program product stored in a tangible

computer readable storage medium and a computer readable medium of instructions in a variety

of forms for execution on a processor, processors, or the like, and that the present invention

applies equally regardless of the particular type of signal bearing media used to actually carry out

the distribution. Note, the computer readable program product can be in the form of microcode,

programs, routines, and symbolic languages that provide a specific set or sets of ordered



operations that control the functioning of the hardware and direct its operation, as known and

understood by those skilled in the art.

[000119] Note, the computer 405, 410, shown schematically in FIG. 10 and FIG. 11,

represents a computer or computer cluster or computer farm and are not limited to any individual

physical computers. The number of computers along with associated storage capacity and their

architecture and configuration can be increased based on usage, demand, and capacity

requirements for the system. Also note, the memory 412 can include volatile and nonvolatile

memory known to those skilled in the art including, for example, RAM, ROM, and magnetic or

optical disks, just to name a few. Additionally, examples of tangible computer readable storage

medium include but are not limited to: nonvolatile hard-coded type media such as read only

memories (ROMs), CD-ROMs, and DVD-ROMs, or erasable, electrically programmable read

only memories (EEPROMs), recordable type media such as floppy disks, hard disk drives, solid

state disk drives, hard disk RAIDs, direct attached storage devices, CD-R/RWs, DVD-RAMs,

DVD-RZRWs, DVD+R/RWs, flash drives, memory sticks, HD-DVDs, mini disks, laser disks,

Blu-ray disks, and other newer types of memories, and transmission type media such as digital

and analog communication links as are known and understood by those skilled in the art. Note

additionally, the processor 416 is not limited to any single processor or processor type and can

include any number of central processing units, microprocessors, graphics processing units,

digital signal processors, network processors, coprocessors, data processors, audio processors,

and any other electronic circuits that can evaluate computer readable instructions as is lαiown

and understood to those skilled in the ait.

[000120] Embodiments of the present invention include several advantages, For example,

embodiments of the present invention can be sufficiently robust to handle strong lateral velocity

variation of seismic surface waves thereby making the present invention an effective tool to

attenuate complicated coherent seismic noise. Additionally, embodiments of the present

invention, for example, can effectively attenuate coherent seismic noise even over rough

topography or complex near surface geology. Moreover a coherent seismic noise filter,

according to various embodiments of the present invention, for example, can be implemented in

either the seismic source or seismic receiver domains, and the coherent seismic noise filter, for

example, can attenuate complicated coherent seismic noise more quickly and efficiently than



current systems and methods. Unlike current seismic filtering systems and methods which

require multiple data extrapolation processes and a sorted data set, embodiments of the present

invention can, for example, enhance the speed and efficiency of current seismic filters by

reducing the process steps necessary to filter a seismic image.

[000121] In the drawings and specification, there have been disclosed a typical preferred

embodiment of the invention, and although specific terms are employed, the terms are used in a

descriptive sense only and not for purposes of limitation. Various embodiments of the invention

have been described in considerable detail with specific reference to these various illustrated

embodiments. It will be apparent, however, that various modifications and changes can be made

within the spirit and scope of the invention as described in the foregoing specification and as

defined in the appended claims.



CLAIMS

A computer implemented method to generate a filtered seismic image on a display

responsive to seismic image data filtered by attenuating coherent seismic noise from

surface waves of an unfiltered wavefield through a single downward extrapolation using

specially-constructed nonstationary convolution operators to perform localized filtering at

each of a plurality of spatial locations of the unfiltered wavefleld, the computer

implemented method comprising the steps of:

constructing, by a computer in a first computer process, an unfiltered wavefield

delineated by a plurality of spatial locations from unfiltered, unsorted seismic

image data generated responsive to a plurality of seismic energy signals

propagated through a surface wave propagation zone and received from a seismic

image receiver;

building, by the computer in a second computer process, a plurality of

nonstationary convolution operators, one for each of the plurality of spatial

locations of the unfiltered wavefield, responsive to constructing the unfiltered

wavefield in the first computer process for each of the plurality of spatial

locations of the unfiltered wavefield, each of the plurality of nonstationary

convolution operators being based on a coordinate location of each of the plurality

of spatial locations of the unfiltered wavefield within the unfiltered wavefield, and

a space-variant velocity, temporal frequency, transverse wavenumber, and

wavelength of the unfiltered wavefield at each of the plurality of spatial locations;

extrapolating, by the computer in a third computer process, responsive to building

each of the plurality of nonstationary convolution operators, the unfiltered

wavefield at each of the plurality of spatial locations of the unfiltered wavefield to

a depth level below the surface wave propagation zone of the seismic energy

signals using, at each of the plurality of spatial locations, at least one of the

plurality of nonstationary convolution operators built by the computer in the

second computer process associated with that one of the plurality of spatial



locations, to thereby locally filter each of the plurality of spatial locations of the

unflltered wavefield; and

generating, by the computer in a fourth computer process, a filtered seismic image

on a display, adapted to be in communication with the computer, responsive to

each of the plurality of spatial locations of the unfiltered wavefield locally filtered

by the computer in the third computer process.

A computer implemented method as defined in Claim 1, wherein each of the of the

plurality of nonstationary convolution operators is different from others of the plurality of

nonstationary convolution operators and is uniquely associated with one of the plurality

of spatial locations of the unfiltered wavefield.

A computer implemented method as defined in Claim 2,

wherein each of the plurality of nonstationary convolution operators, one for each

of the plurality of spatial locations of the unfiltered wavefield, are built by

performing an inverse Fourier transformation over the transverse wavenumber

coordinate of a power of a phase shift operator at each of the plurality of spatial

locations of the unfiltered wavefield; and

wherein the step of extrapolating, by the computer in the third computer process

responsive to building each of the plurality of nonstationary convolution operators

is implemented in one of, or both, a seismic energy source domain or a seismic

energy receiver domain.



A computer implemented method as defined in Claim 2, wherein the step building, by the

computer in a second computer process, a plurality of nonstationary convolution

operators, one for each of the plurality of spatial locations of the unfiltered wavefield,

responsive to constructing the unfiltered wavefield in the first computer process for each

of the plurality of spatial locations of the unfiltered wavefield, further includes the steps

of:

determining, by the computer in a fifth computer process, for a selected one of the

plurality of spatial locations within the unfiltered wavefield, a space-variant

velocity based on the coordinate location of the selected one of the plurality of

spatial locations within the unfiltered wavefield;

determining, by the computer in a sixth computer process, responsive to the

space-variant velocity determined in the fifth computer process, for the selected

one of the plurality of spatial locations within the unfiltered wavefield, a quotient

of the temporal frequency and the space-variant velocity of the selected one of the

plurality of spatial locations, to thereby define a function k(x);

determining, by the computer in a seventh computer process, responsive to

determining the function k(x) in the sixth computer process, for the selected one

of the plurality of spatial locations within the unfiltered wavefield, ail exponential

function of a product of (i) a square root of negative one, (ii) a preselected

wavefield depth increment, and (iii) a square root of (1) a square of the transverse

wavenumber of the selected one of the plurality of spatial locations subtracted

from (2) a square of the function k(x), to thereby define a multi-variable function

(kx, k(x), ∆z);

determining, by the computer in an eighth computer process, responsive to

determining the multi-variable function W(Icx, k(x), ∆z) in the seventh computer

process, for the selected one of the plurality of spatial locations within the

unfiltered wavefield, a product of (i) a quotient of one and a product of two and

pi, and (ii) an integral over a set of real numbers, with respect to the transverse

wavenumber of the selected one of the of the plurality of spatial locations, of a



product of the muiti- variable function W(Ic , k(x), ∆z) and an exponential function

of: (1) a product of negative square root of negative one, (2) the transverse

wavenumber of the selected one of the plurality of spatial locations, and (3) a

difference between the coordinate location of the selected one of the plurality of

spatial locations and a coordinate location of a second one of the plurality of

spatial locations where the second one of the plurality of spatial locations is

located at a point closer to a boundary of the surface wave propagation zone than

the selected one of the plurality of spatial locations, to thereby define a multi-

variable function W(x-x', k(x), ∆z);

determining, by the computer in a ninth computer process, responsive to

determining the multi-variable function W(x-x', k(x), ∆z) by the eighth computer

process, a complex conjugate of the multi-variable function W(x-x', k(x), ∆z) to

thereby define a multi-variable function W (x-x 1, Ic(X), ∆z); and

determining, by the computer in a tenth computer process, responsive to

determining the multi-variable function W(x-x', k(x), ∆z) in the eighth computer

process and determining the multi-variable function W*(x-x', k(x), ∆z) in the

ninth computer process, an integral over a set of real numbers, with respect to the

coordinate location of the selected one of the plurality of spatial location, of a

product of W(x-x', k(x), ∆z) and W*(x-x', k(x), ∆z) to thereby build a

nonstationary convolution operator defined by a multi-variable function

P(X x 1, k(x), ∆z).

A computer implemented method as defined in Claim 4, wherein the step of

extrapolating, by the computer in the third computer process the unfiltered wavefield at

each of the plurality of spatial locations of the unfiltered wavefield to a depth level below

the surface wave propagation zone of the seismic energy signals to thereby locally filter

each of the plurality of spatial locations of the unfiltered wavefield further includes the

step of talcing an integral over a set of real numbers of a product of the multi-variable

function P(x-x', k(x), ∆z) and the unfiltered wavefield to thereby perform localized

filtering of the selected one of the plurality of spatial locations.



A computer implemented method as defined in Claim 5, wherein the computer

implemented method further includes the steps of:

receiving from a seismic image receiver at a recording surface a plurality of

seismic energy signals that have propagated throughout a surface wave

propagation zone; and

converting the plurality of seismic energy signals received from the seismic

energy receiver into unfiltered, unsorted seismic image data.

A computer implemented method as defined in Claim 3,

wherein the step of constructing, by the computer in the first computer process the

unfiltered pressure wavefield further includes the step of performing a Fourier

transformation of the unfiltered wavefield over a temporal coordinate;

wherein the computer implemented method further includes the step of

generating, by the computer in an eleventh computer process, filtered seismic

image data for each of the plurality of spatial locations of the unfiltered wavefield

responsive to extrapolating, by the computer in the third computer process the

unfiltered wavefield at each of the plurality of spatial locations of the unfiltered

wavefield; and

wherein the computer implemented method further includes the step of

converting, by the computer in a twelfth computer process, the filtered seismic

image data into a graphic image capable of being displayed on the display adapted

to be in communication with the computer.

A computer implemented method as defined in Claim 8 wherein the computer

implemented method further includes the step of stabilizing, in a thirteenth computer

process by the computer, each of the nonstationary convolution operators built by the

computer in the second computer process for each of the plurality of spatial locations of

the unfiltered wavefield using a weighted least squares with a transition band approach.



A seismic image filtering machine to create a filtered seismic image on a display

responsive to filtered seismic image data generated by attenuating coherent seismic noise

from surface waves of an unfiltered wavefield constructed from unfiltered seismic image

data through a single downward extrapolation of the unfiltered wavefield using a plurality

of nonstationary convolution operators to perform localized filtering at each of a plurality

of spatial locations of an unfiltered wavefield, the seismic image filtering machine

comprising:

a first database storing unfiltered, unsorted seismic image data derived from a

plurality of seismic energy signals received from a seismic energy receiver at a

recording surface after propagating throughout a surface wave propagation zone;

a computer adapted to be in communication with the first database and having at

least a processor, memory, and a display;

an unfiltered wavefield constructor computer readable program product stored in

a tangible computer readable storage medium and including instructions that,

when executed by the computer, cause the computer to perform the operation of

constructing an unfiltered wavefield delineated by a plurality of spatial locations

from the unfiltered, unsorted seismic image data stored in the first database;

a nonstationary convolution operator builder computer readable program product

stored in a tangible computer readable storage medium and including instructions

that, when executed by the computer, cause the computer to perform the operation

of building, responsive to the unfiltered wavefield constructer computer readable

program product, a plurality of nonstationary convolution operators, one for each

of the plurality of spatial locations of the unfiltered wavefield, each of the

nonstationary convolution operators being based on a coordinate location of each

of the plurality of spatial locations of the unfiltered wavefield and the space-

variant velocity, temporal frequency, transverse wavenumber, and wavelength of

the unfiltered wavefield at each spatial location;



a localized filter computer readable program product stored in a tangible

computer readable storage medium and including instructions that, when executed

by the computer, cause the computer to perform the operation of locally filtering

each of the plurality of spatial locations of the unfiltered wavefleld using, at each

spatial locations, at least one of the plurality of nonstationary convolutions

operators associated with that one of the plurality of spatial locations to thereby

effectuate a single downward extrapolation of the unfiltered wavefield; and

a filtered seismic image creator computer readable program product stored in a

tangible computer readable storage medium and including instructions that, when

executed by the computer, cause the computer to perform the operation of

creating, on the display, a filtered seismic image responsive to converting filtered

seismic image data into a graphic image form capable of being displayed on the

display, the filtered seismic image data being generated responsive to filtering in

the localized filter computer readable program product the unfiltered wavefield at

each of the plurality of spatial locations of the unfiltered wavefield.



A seismic image filtering machine as defined in Claim 9,

wherein each of the of the plurality of nonstationary convolution operators built

by the nonstationary convolution operator builder computer readable program

product is different from others of the plurality of nonstationary convolution

operators and is uniquely associated with one of the plurality of spatial locations

of the unflltered wavefield;

wherein the operation of filtering by the localized filter computer program

product responsive to the nonstationary convolution operator builder computer

readable program product is implemented in one of, or both, a seismic energy

source domain or a seismic energy receiver domain;

wherein the propagation zone includes complex geology and rugged topography;

and

wherein the unflltered wavefield includes coherent seismic noise in the form of

evanescent waves that have propagated throughout the surface wave proposition

zone in complicated wave paths due to the complex geology and rugged

topography within the propagation zone.

A seismic image filtering machine as defined in Claim 10, wherein the nonstationary

convolution operator builder computer readable program product further includes

instructions that when executed by the computer cause the computer to perform the

operations of:

determining, for a selected one of the plurality of spatial locations within the

unflltered wavefield, a space-variant velocity;

determining, for the selected one of the plurality of spatial locations within the

unflltered wavefield, a quotient of a temporal frequency and the space-variant

velocity of the selected one of the plurality of spatial locations to thereby define a

function k(x);



determining, for the selected one of the plurality of spatial locations within the

unfiltered wavefield, an exponential function of a product of (i) a square root of

negative one, (ii) a preselected wavefield depth increment, and (iii) a square root

of (1) a square of the transverse wavenumber of the selected one of the plurality

of spatial locations subtracted from (2) a square of the function k(x), to thereby

define a multi-variable function W(kx, k(x), ∆z);

determining, for the selected one of the plurality of spatial locations within the

unfiltered wavefield, a product of (i) a quotient of one and a product of two and

pi, and (ii) an integral over a set of real numbers, with respect to the transverse

wavenumber of the selected one of the of the plurality of spatial locations, of a

product of the multi-variable function W(Icx, k(x), ∆z) and an exponential function

of: (1) a product of negative square root of negative one, (2) the transverse

wavenumber of the selected one of the plurality of spatial locations, and (3) a

difference between the coordinate location of the selected one of the plurality of

spatial locations and a coordinate location of a second one of the plurality of

spatial locations, to thereby define a multi-variable function W(x-x', k(x), ∆z);

and

determining an integral over a set of real numbers, with respect to the coordinate

location of the selected one of the plurality of spatial location, of a product of the

multi-variable function W(x-x', k(x), ∆z) and a complex conjugate of the multi-

variable function W(x-x', k(x), ∆z) to thereby build a nonstationary convolution

operator.

A seismic image filtering machine as defined in Claim 11, wherein the localized filter

computer readable program product further includes instructions that when executed by

the computer cause the computer to perform the operation of downward continuing the

unfiltered wavefield at each of the plurality of spatial locations of the unfiltered

wavefield to a depth level below the surface wave propagation zone of the seismic energy

signals.



A seismic image filtering machine as defined in Claim 12,

wherein the imfiltered wavefield constructed by the unfiltered wavefield

constructor computer readable program product has been Fourier transformed

over a temporal coordinate; and

wherein the localized filter computer readable program product further includes

instructions that when executed by the computer cause the computer to perform

the operation of generating, for each of the plurality of spatial locations of the

unfiltered wavefield, filtered seismic image data responsive to filtering each of the

plurality of spatial locations.

A seismic image filtering machine as defined in Claim 13, wherein the seismic image

filtering machine further includes a nonstationary convolution operator stabilizer

computer readable program product stored in a tangible computer readable storage

medium and including instructions that, when executed by the computer, cause the

computer to perform the operation of stabilizing each of the nonstationary convolution

operators using a weighted least squares with a transition band approach.



A computer readable program produel stored in a tangible computer readable storage

medium and including instructions that when executed by a computer cause the computer

to perform the operations of:

constructing an unfiltered wavefield delineated by a plurality of spatial locations

from unfiltered, unsorted seismic image data generated responsive to a plurality of

seismic energy signals propagated through a surface wave propagation zone and

received from a seismic image receiver;

building, for each of the plurality of spatial locations of the unfiltered wavefield, a

plurality of nonstationary convolution operators, one for each of the plurality of

spatial locations of the unfiltered wavefield, each of the nonstationary convolution

operators being based on a coordinate location of each of the plurality of spatial

locations of the unfiltered wavefield and a space-variant velocity, temporal

frequency, transverse wavenumber, and wavelength of the unfiltered wavefield at

each of the plurality of spatial locations;

filtering, in a space-frequency domain,, each of the plurality of spatial locations of

the unfiltered wavefield using, at each of the plurality of spatial locations, at least

one of the plurality of nonstationary convolution operators associated with that

one of the plurality of spatial locations; and

generating a filtered seismic image on one or more output devices, each adapted

to be in communication with the computer, responsive to each of the plurality of

spatial locations of the unfiltered wavefield filtered in the space-frequency

domain,

A computer readable program product as defined in Claim 15, wherein the operation of

filtering in the space-frequency domain each of the plurality of spatial locations of the

unfiltered wavefield is performed through a single downward extrapolation where the

unfiltered wavefield at each of the plurality of spatial locations of the unfiltered

wavefield is extrapolated to a depth level below the surface wave propagation zone of the



seismic energy signals using the associated one of the plurality of nonstationary

convolution operators.

A computer readable program product as defined in Claim 15,

wherein each of the of the plurality of nonstationary convolution operators is

different from others of the plurality of nonstationary convolution operators and is

uniquely associated with one of the plurality of spatial locations of the unfiltered

wavefield;

wherein the operation of filtering, in the space-frequency domain, is implemented

in one of, or both, a seismic energy source domain or a seismic energy receiver

domain;

wherein the propagation zone includes complex geology and rugged topography;

and

wherein the unfiltered wavefield includes coherent seismic noise in the form of

evanescent waves that have propagated throughout the surface wave proposition

zone in complicated wave paths due to the complex geology and rugged

topography within the propagation zone,

A computer readable program product as defined in Claim 17, wherein the computer

readable program product further including instructions that, when executed by the

computer, cause the computer to perform the operations of:

performing a Fourier transformation of the unfiltered wavefield over a temporal

coordinate;

stabilizing each of the nonstationary convolution operators using a weighted least

squares with a transition band approach; and

generating filtered seismic image data for each of the plurality of spatial locations

of the unfiltered wavefield responsive to filtering, in the space-frequency domain,

each of the plurality of spatial locations of the unfiltered wavefield.



A computer readable program product as defined in Claim 18,

wherein the computer readable program product further including instructions

that, when executed by the computer, cause the computer to perform the operation

of converting the filtered seismic image data into a graphic image capable of

being transmitted by the computer to the one or more output devices adapted to be

in communication with the computer; and

wherein the one or more output devices adapted to be in communication with the

computer include one or more of: a printer, a brail printer, a television, a monitor,

a CRT monitor, an LCD monitor, plasma monitor, an OLED screen, a DLP

monitor, a video projection, and a three-dimensional projection, a touch screen.

A computer readable program product as defined in Claim 19, wherein the operation of

filtering, in a space-frequency domain, each of the plurality of spatial locations of the

unfiltered wavefieid further includes instructions that, when executed by the computer,

cause the computer to perform the operations of:

determining, for a selected one of the plurality of spatial locations within the

unfiltered wavefieid, a space-variant velocity;

determining, for the selected one of the plurality of spatial locations within the

unfiltered wavefieid, a quotient of a temporal frequency and the space-variant

velocity of the selected one of the plurality of spatial locations to thereby define a

function k(x);

determining, for the selected one of the plurality of spatial locations within the

unfiltered wavefieid, an exponential function of a product of (i) a square root of

negative one, (Ii) a preselected wavefieid depth increment, and (iii) a square root

of (1) a square of the transverse wavenumber of the selected one of the plurality

of spatial locations subtracted from (2) a square of the function k(x), to thereby

define a multi-variable function (kx, k(x), ∆z);



determining, for the selected one of tlie plurality of spatial locations within the

unfiltered wavefleld, a product of (i) a quotient of one and a product of two and

pi, and (ii) an integral over a set of real numbers, with respect to a transverse

wavenurnber of the selected one of the of the plurality of spatial locations, of a

product of the multi-variable function (kx, k(x), ∆z) and an exponential function

of: (1) a product of negative square root of negative one, (2) the transverse

wavenumber of the selected one of the plurality of spatial locations, and (3) a

difference between the coordinate location of the selected one of the plurality of

spatial locations and a coordinate location of a second one of the plurality of

spatial locations, to thereby define a multi-variable function W(x-x', k(x), ∆z);

and

determining an integral over a set of real numbers, with respect to the coordinate

location of the selected one of the plurality of spatial location, of a product of the

multi-variable function W(x-x', k(x), ∆z) and a complex conjugate of the multi-

variable function W(x-x', k(x), ∆z) to thereby build a nonstationary convolution

operator.
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