
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
EP

2 
78

0 
74

0
B

1

(Cont. next page)

*EP002780740B1*
(11) EP 2 780 740 B1

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
30.12.2020 Bulletin 2020/53

(21) Application number: 12850147.5

(22) Date of filing: 15.11.2012

(51) Int Cl.:
G01V 1/38 (2006.01) G01V 1/36 (2006.01)

(86) International application number: 
PCT/US2012/065159

(87) International publication number: 
WO 2013/074720 (23.05.2013 Gazette 2013/21)

(54) NOISE REMOVAL FROM 3D SEISMIC REPRESENTATION

RAUSCHENTFERNUNG AUS EINER SEISMISCHEN 3D-DARSTELLUNG

RETRAIT DE BRUIT D’UNE REPRÉSENTATION SISMIQUE 3D

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR

(30) Priority: 18.11.2011 US 201161561596 P
12.09.2012 US 201213612369

(43) Date of publication of application: 
24.09.2014 Bulletin 2014/39

(73) Proprietors:  
• Geco Technology B.V.

2586 BJ  S’Gravenhage (NL)
• Westerngeco LLC

Houston, Texas 77042 (US)
Designated Contracting States: 
IS 

(72) Inventors:  
• VASSALLO, Massimiliano

Brighton
Sussex BN1 3HA (GB)

• EGGENBERGER, Kurt
Houston, Texas 77063 (US)

• VAN MANEN, Dirk-Jan
Sonneggstrasse 5
CH/ 8092 Zürich (CH)

• OZBEK, Ali
Milton
Cambridgeshire CB24 6EF (GB)

(74) Representative: Schlumberger Intellectual 
Property Department
Parkstraat 83
2514 JG Den Haag (NL)

(56) References cited:  
US-A1- 2009 180 351 US-A1- 2009 238 036
US-A1- 2009 296 523 US-A1- 2010 027 848
US-A1- 2010 299 069 US-A1- 2011 096 625
US-A1- 2011 276 274 US-A1- 2012 089 337
US-B2- 7 309 983 US-B2- 7 817 495

• S. Rajput ET AL: "Attenuating the seismic 
interference noise on three-dimensional seismic 
data by frequency - receiver - shot (f-x-y) 
prediction filters", Current Science, 25 August 
2008 (2008-08-25), pages 501-504, XP055208246, 
Retrieved from the Internet: 
URL:http://www.currentscience.ac.in/Downlo 
ads/article_id_095_04_0501_0504_0.pdf 
[retrieved on 2015-08-18]

• BRITTAN J ET AL: "Optimizing the removal of 
seismic interference noise", THE LEADING 
EDGE, SOCIETY OF EXPLORATION 
GEOPHYSICISTS, US, vol. 27, no. 2, 1 February 
2008 (2008-02-01), pages 166-172,175, 
XP001510179, ISSN: 1070-485X, DOI: 
10.1190/1.2840363

• M Vassallo ET AL: "Matching Pursuit Methods 
Applied to Multicomponent Marine Seismic 
Acquisition - The Issue of Crossline Aliasing 
Introduction", 73rd EAGE Conference & 
Exhibition, 23 May 2011 (2011-05-23), pages 1-5, 
XP055208266, Retrieved from the Internet: 
URL:http://www.earthdoc.org/publication/pu 
blicationdetails/?publication=50113 [retrieved 
on 2015-08-18]



2

EP 2 780 740 B1

• M Vassallo ET AL: "How Multicomponent Data 
Enable Effective Seismic Interference 
Elimination from Marine Acquisitions 
Introduction", 74 th EAGE Conference & 
Exhibition incorporating SPE EUROPEC 2012, 4 
June 2012 (2012-06-04), pages 1-5, XP055208255, 
Retrieved from the Internet: 
URL:https://www.slb.com/~/media/Files/tech 
nical_papers/eage/eage2012i020.pdf [retrieved 
on 2015-08-18]



EP 2 780 740 B1

3

5

10

15

20

25

30

35

40

45

50

55

Description

BACKGROUND

[0001] The following descriptions and examples do not constitute an admission as prior art by virtue of their inclusion
within this section.
[0002] In a seismic survey, a plurality of seismic sources, such as explosives, vibrators, airguns or the like, may be
sequentially activated near the surface of the earth to generate energy (i.e., seismic waves) which may propagate into
and through the earth. The seismic waves may be reflected back by geological formations within the earth, and the
resultant seismic wavefield may be sampled by a plurality of seismic receivers, such as geophones, hydrophones and
the like. Each receiver may be configured to acquire seismic data at the receiver’s location, normally in the form of a
seismogram representing the value of some characteristic of the seismic wavefield against time. The acquired seismo-
grams or seismic data may be transmitted wirelessly or over electrical or optical cables to a recorder system. The recorder
system may then store, analyze, and/or transmit the seismic data. This data may be used to generate an image of
subsurface formations in the earth and may also be used to detect the possible presence of hydrocarbons, changes in
the subsurface formations and the like.
[0003] The receivers may also detect noise generated from one or more seismic sources that are not part of the
seismic survey. These noises may distort the acquired seismic data by, for example, overlapping with a main reflected
seismic wavefield that is the aim of the survey’s measurement. The noises may also reach the receivers from directions
that are significantly different with respect to the main reflected seismic wavefield. For example, in a marine seismic
survey, the noises may be generated by one or more seismic vessels operating adjacently to the area of survey.
[0004] S Rajput et al., in "Attenuating the seismic interference noise on three-dimensional seismic data by frequency-
receiver-shot (f-x-y) prediction filters", Current Science, p501-504 (2008), discuss f-x-y filter techniques for removing
seismic interference (SI) from stacked seismic data. They also discuss a method that combines inline and crossline f-x
prediction filters in detecting and attenuating SI in 3D marine seismic data.
[0005] J Brittan et al., in "Optimizing the removal of seismic interference noise", The Leading Edge, p166-173 (2008),
give a general overview of problems involved in removing SI from seismic data.
[0006] US 2011/276274 describes an automatic and robust method to attenuate seismic interference noises in marine
seismic survey using multi-dimensional filters in the Tau-P domain to identify and isolate seismic interference noises as
anomalies.
[0007] US2009/180351 proposes methods and apparatus for removing noise from signal traces collected during a
seismic gather, particularly removing the aliased energy in the time- slowness (tau-P) domain so that aliasing noise does
not lead to high noise levels in the inverse transformed data are provided, ft proposes that removal of the aliasing noise
may provide for quieter seismic traces and may increase the likelihood for successful three-dimensional (3-D) tau- P
interpolation and detection of seismic events.
[0008] M Vassallo et al., in "Matching Pursuit Methods Applied to Multicomponent Marine Seismic Acquisition - The
Issue of Crossline Aliasing", 73rd EAGE Conference May 2011, pages 1-5, analyze the theoretical aspects of spatial
aliasing in the crossline direction in marine seismic acquisition. They explain the benefits of the additional measurements
acquired by a multicomponent towed streamer, able to measure the three components of the particle velocity vector in
addition to the pressure wavefield. They propose matching pursuit based techniques to reconstruct a 3D full bandwidth
seismic wavefield on a fine receiver grid. They describe techniques that process multicomponent seismic data; they
calculate the desired 3D wavefield with satisfactory quality despite the severe aliasing that affects each of the individual
input measurements in the crossline direction.

SUMMARY

[0009] Described herein are implementations of various technologies and techniques for removing seismic interference
noise from a three-dimensional representation of seismic data. In a first aspect, the present invention resides in a method
for removing noise from a three-dimensional representation of seismic data as defined in claim 1. Preferred embodiments
of the method are defined in claims 2 to 11.
[0010] In another aspect, the present invention resides in a computing system as defined in claim 12.
[0011] In another aspect, the invention resides in a computer readable storage medium as defined in claim 13.
[0012] Thus, the computing systems and methods disclosed herein may include faster, more efficient methods for
seismic interference removal. These computing systems and methods may increase seismic interference removal ef-
fectiveness, efficiency, and accuracy. Such methods and computing systems may complement or replace conventional
methods for seismic interference removal.
[0013] The present invention is further described below in the detailed description section.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Implementations of various techniques will hereafter be described with reference to the accompanying drawings.
It should be understood, however, that the accompanying drawings illustrate only the various implementations described
herein and are not meant to limit the scope of various techniques described herein.

Figure 1 illustrates a schematic diagram of a marine-based seismic acquisition system in accordance with imple-
mentations of various techniques described herein.

Figure 2 illustrates a flow diagram of a method for removing noise from a three-dimensional representation of seismic
data in accordance with implementations of various techniques described herein.

Figure 3 illustrates a flow diagram of a method for using a generalized matching pursuit technique in accordance
with implementations of various techniques described herein.

Figure 4 illustrates an example computing system in accordance with implementations of various techniques de-
scribed herein.

DETAILED DESCRIPTION

[0015] Reference will now be made in detail to various implementations, examples of which are illustrated in the
accompanying drawings and figures. In the following detailed description, numerous specific details are set forth in order
to provide a thorough understanding of the present disclosure. However, it will be apparent to one of ordinary skill in the
art that the present disclosure may be practiced without these specific details. In other instances, well-known methods,
procedures, components, circuits and networks have not been described in detail so as not to unnecessarily obscure
aspects of the embodiments.
[0016] It will also be understood that, although the terms first, second, etc. may be used herein to describe various
elements, these elements should not be limited by these terms. These terms are only used to distinguish one element
from another. For example, a first object or step could be termed a second object or step, and, similarly, a second object
or step could be termed a first object or step, without departing from the scope of the present disclosure. The first object
or step, and the second object or step, are both objects or steps, respectively, but they are not to be considered the
same object or step.
[0017] The terminology used in the description of the present disclosure herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the present disclosure. As used in the description of the present
disclosure and the appended claims, the singular forms "a," "an" and "the" are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will also be understood that the term "and/or" as used herein refers
to and encompasses any and all possible combinations of one or more of the associated listed items. It will be further
understood that the terms "includes," "including," "comprises" and/or "comprising," when used in this specification,
specify the presence of stated features, integers, steps, operations, elements, and/or components, but do not preclude
the presence or addition of one or more other features, integers, steps, operations, elements, components and/or groups
thereof.
[0018] As used herein, the term "if’ may be construed to mean "when" or "upon" or "in response to determining" or "in
response to detecting," depending on the context. Similarly, the phrase "if it is determined" or "if [a stated condition or
event] is detected" may be construed to mean "upon determining" or "in response to determining" or "upon detecting
[the stated condition or event]" or "in response to detecting [the stated condition or event]," depending on the context.
[0019] The following paragraphs provide a brief summary of various technologies and techniques directed at removing
noise from a three-dimensional representation of seismic data in accordance with one or more implementations described
herein.
[0020] In one implementation, a computer application may receive seismic data acquired by receivers in a seismic
survey. The computer application may organize the acquired seismic data into a three-dimensional (3D) representation
of the acquired seismic data. In one implementation, the 3D representation reflects the acquired seismic data with respect
to an inline (x) direction, a crossline (y) direction, and time.
[0021] An interpolation process may be used for the purpose of constructing the 3D representation of the acquired
seismic data, where the 3D representation may be substantially unaliased. In one implementation, the interpolation
process may include using a generalized matching pursuit (GMP) technique. In another implementation, the interpolation
process may include using a multichannel interpolation by matching pursuit (MIMAP) technique.
[0022] The computer application may then remove the noise from the 3D representation of the acquired seismic data
based on at least one criterion. In one implementation, the noise is removed using a 3D filter. In another implementation,
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the noise is removed using a frequency-wavenumber filter in the 3D frequency-wavenumber domain.
[0023] Sometimes, the noise may include seismic interference signals. As such, the at least one criterion may include
the direction of arrival of the seismic interference signals, the angle of arrival of the seismic interference signals, the
time of arrival of the seismic interference signals, or combinations thereof.
[0024] In a further implementation, the noise may be removed at each iteration of the interpolation process.
[0025] One or more implementations of various techniques for removing noise from a three-dimensional representation
of seismic data will now be described in more detail with reference to Figures 1-4 in the following paragraphs.

Seismic Acquisition

[0026] Figure 1 illustrates a schematic diagram of a marine-based seismic acquisition system 10 in accordance with
implementations of various techniques described herein. In system 10, survey vessel 20 tows one or more seismic
streamers 30 (one streamer 30 being depicted in Figure 1) behind the vessel 20. In one implementation, streamers 30
may be arranged in a spread in which multiple streamers 30 are towed in approximately the same plane at the same
depth. Although various techniques are described herein with reference to a marine-based seismic acquisition system
shown in Figure 1, it should be understood that other marine-based seismic acquisition system configurations may also
be used. For instance, the streamers may be towed at multiple planes and/or multiple depths, such as in an over/under
configuration. In one implementation, the streamers may be towed in a slanted configuration, where fronts of the streamers
are towed shallower than tail ends of the streamers.
[0027] Seismic streamers 30 may be several thousand meters long and may contain various support cables, as well
as wiring and/or circuitry that may be used to facilitate communication along the streamers 30. In general, each streamer
30 may include a primary cable where seismic sensors 58 that record seismic signals may be mounted. In one imple-
mentation, seismic sensors 58 may include hydrophones that acquire pressure data. In another implementation, seismic
sensors 58 may include multi-component sensors such that each sensor is capable of detecting a pressure wavefield
and at least one component of a particle motion that is associated with acoustic signals that are proximate to the sensor.
Examples of particle motions include one or more components of a particle displacement, one or more components (i.e.,
inline (x), crossline (y) and vertical (z) components (see axes 59)) of a particle velocity and one or more components of
a particle acceleration.
[0028] Depending on the particular survey need, the multi-component seismic receiver may include one or more
hydrophones, geophones, particle displacement sensors, particle velocity sensors, accelerometers, pressure gradient
sensors, or combinations thereof. In one implementation, the multi-component seismic sensor may be implemented as
a single device, as depicted in Figure 1, or may be implemented as a plurality of devices. In another implementation, a
particular multi-component seismic receiver may also include pressure gradient sensors, which constitute another type
of particle motion sensors. Each pressure gradient sensor measures the change in the pressure wavefield at a particular
point with respect to a particular direction. For example, one of the pressure gradient sensors may acquire seismic data
indicative of, at a particular point, the partial derivative of the pressure wavefield with respect to the crossline direction,
and another one of the pressure gradient sensors may acquire, at a particular point, seismic data indicative of the
pressure data with respect to the inline direction.
[0029] Marine-based seismic data acquisition system 10 may also include one or more seismic sources 40, such as
air guns and the like. In one implementation, seismic sources 40 may be coupled to, or towed by, the survey vessel 20.
Alternatively, seismic sources 40 may operate independently of the survey vessel 20 in that the sources 40 may be
coupled to other vessels or buoys.
[0030] As seismic streamers 30 are towed behind the survey vessel 20, acoustic signals 42, often referred to as
"shots," may be produced by seismic sources 40 and are directed down through a water column 44 into strata 62 and
68 beneath a water bottom surface 24. Acoustic signals 42 may be reflected from the various subterranean geological
formations, such as formation 65 depicted in Figure 1.
[0031] The incident acoustic signals 42 that are generated by the sources 40 produce corresponding reflected acoustic
signals, or pressure waves 60, which may be sensed by seismic sensors 58. In one implementation, pressure waves
received and sensed by seismic sensors 58 may include "up going" pressure waves that propagate to the sensors 58
without reflection, as well as "down going" pressure waves that are produced by reflections of the pressure waves 60
from air-water boundary 31.
[0032] Seismic sensors 58 generate signals, called "traces," which indicate the acquired measurements of the pressure
wavefield and particle motion. The traces (i.e., seismic data) may be recorded and may be processed by signal processing
unit 23 deployed on the survey vessel 20.
[0033] The goal of the seismic acquisition is to build up an image of a survey area for purposes of identifying subter-
ranean geological formations, such as the exemplary geological formation 65. Subsequent analysis of the image may
reveal probable locations of hydrocarbon deposits in subterranean geological formations. Analysis of the image may
also be used for other purposes, such as Carbon Capture and Sequestration (CCS), geotechnical applications, and the
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like. In one implementation, portions of the analysis of the image may be performed on the seismic survey vessel 20,
such as by the signal processing unit 23.
[0034] A particular seismic source 40 may be part of an array of seismic source elements (such as air guns, for
example) that may be arranged in strings (gun strings, for example) of the array. Regardless of the particular composition
of the seismic sources, the sources may be fired in a particular time sequence during the survey. Although Figure 1
illustrates a marine-based seismic acquisition system, the marine-based seismic acquisition system is provided as an
example of a seismic acquisition system that may correspond to the methods described herein. However, it should be
noted that the methods described herein may also be performed on a land-based seismic acquisition system, a seabed-
based seismic acquisition system, or a transition zone-based seismic acquisition system.
[0035] The seismic sensors 58 may also receive noise generated by one or more sources not illustrated in Figure 1.
Seismic sources coupled to competitor survey vessels, operating near or in an area of interest for survey vessel 20,
may generate seismic interference signals. The seismic interference signals may be sensed by the seismic sensors 58,
leading to seismic data containing measurements for both the seismic interference signals and the reflected acoustic
signals from sources 40. Removal of the seismic interference signals from the seismic data may allow for more accurate
imaging of a survey area for the identification of subterranean geological formations, such as the geological formation 65.
[0036] Sometimes, the seismic interference signals may reach the seismic sensors 58 from one or more directions.
As an example, the seismic interference signals may reach the seismic sensors 58 from a direction that is significantly
different with respect to the reflected acoustic signals from sources 40. Other times, seismic sensors may receive noise
associated with ships, rigs, the environment, or combinations thereof.

Removing Noise from a Three-Dimensional Representation of Seismic Data

[0037] Figure 2 illustrates a flow diagram of a method 200 for removing noise from a three-dimensional representation
of seismic data in accordance with implementations of various techniques described herein. In one implementation,
method 200 may be performed by a computer application. It should be understood that while method 200 indicates a
particular order of execution of operations, in some implementations, certain portions of the operations might be executed
in a different order.
[0038] At block 210, the computer application may receive seismic data acquired by receivers in a seismic survey. In
one implementation, the seismic survey may be performed in a manner as described above with reference to Figure 1.
The acquired seismic data may be single-component data or multi-component data.
[0039] At block 220, the computer application may organize the acquired seismic data into a three-dimensional (3D)
representation of the acquired seismic data. The 3D representation may reflect the acquired seismic data with respect
to an inline (x) direction, a crossline (y) direction, and time.
[0040] In one implementation, and with reference to Figure 1, a towed marine seismic survey may have a spread of
streamers 30 that are spaced apart in the crossline (y) direction, which means that the seismic sensors are rather sparsely
spaced apart in the crossline direction, as compared to the inline (x) spacing of the seismic sensors. As such, the seismic
wavefield may be relatively densely sampled in the inline (x) direction while being sparsely sampled in the crossline
direction to such a degree that the sampled seismic wavefield may be aliased in the crossline direction. In other words,
the data acquired from the seismic sensors may not, in general, contain sufficient information to produce a substantially
unaliased construction (i.e., a substantially unaliased continuous interpolation) of the seismic wavefield in the crossline
direction. As an example, the seismic spread may contain pressure and particle velocity sensors, which have an asso-
ciated sparse crossline spacing. Therefore, the seismic data that are acquired by each type of sensor individually may
not be sufficient to reconstruct the substantially unaliased seismic wavefield in the crossline direction. In such a scenario,
an interpolation process may be used to construct the 3D representation of the acquired seismic data, so that the 3D
representation may be substantially unaliased.
[0041] In one implementation, the interpolation process is applied to acquired single component seismic data. In
another implementation, the interpolation process may include using a multichannel interpolation by matching pursuit
(MIMAP) technique on acquired multi-component seismic data, as described in commonly assigned U.S. Patent Appli-
cation 2010/0211323 entitled METHOD OF REPRESENTING SEISMIC DATA . In yet another implementation described
in more detail in a later section, the interpolation process may include using a generalized matching pursuit (GMP)
technique on acquired multi-component seismic data.
[0042] In a further implementation, a seismic wavefield may be relatively densely sampled in more than one spatial
direction, including the inline (x) direction and the crossline (y) direction, to such a degree that the sampled seismic
wavefield is substantially unaliased when acquired. In other words, the seismic data acquired from the seismic sensors
may, in general, contain sufficient information to produce a substantially unaliased construction of the seismic wavefield.
In such a scenario, because the acquired seismic data is already substantially unaliased, interpolation may not be needed
to organize the seismic data into the 3D representation of the seismic data.
[0043] At block 230, the computer application may remove a noise from the 3D representation of the acquired seismic
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data based on at least one criterion, where the 3D representation may be substantially unaliased. In one implementation,
the noise is removed using a 3D filter. In another implementation, the noise is removed using a frequency-wavenumber
filter in the 3D frequency-wavenumber domain.
[0044] Sometimes, the noise may include seismic interference signals. As such, the at least one criterion may include
the direction of arrival of the seismic interference signals, the angle of arrival of the seismic interference signals, the
time of arrival of the seismic interference signals, or combinations thereof. In one implementation, the computer application
may have information associated with the at least one criterion, such as the direction of arrival of the seismic interference
signals, the angle of arrival of the seismic interference signals, the time of arrival of the seismic interference signals, or
combinations thereof.
[0045] In another implementation, the computer application may determine the at least one criterion. As described in
more detail in a later section, a method using spatio-temporal dip filters may be used to determine the at least one
criterion and remove the noise from the 3D representation.
[0046] In a further implementation of method 200, and as described in more detail in a later section, blocks 220 and
230 may be performed together, such that the noise may be removed at each iteration of an interpolation process.

Using an Interpolation Process to Construct a 3D Representation of the Seismic Data

[0047] Figure 3 illustrates a method for using an interpolation process to construct a 3D representation of acquired
seismic data that may be implemented in accordance with various techniques described herein.

Using a Generalized Matching Pursuit Technique

[0048] Referring back to step 220, an interpolation process may be used for the purpose of constructing a 3D repre-
sentation of the acquired seismic data, where the interpolation process includes using a generalized matching pursuit
(GMP) technique on acquired multi-component seismic data, as described in U.S. Patent No. 7,817,495.
[0049] Down going pressure waves create an interference known as "ghosts". Depending on the incidence angle of
the up going wavefield and the depth of the streamer 30 as shown in Figure 1, the interference between the up going
and down going wavefields creates nulls, or notches, in the recorded spectrum. These notches may reduce the useful
bandwidth of the spectrum and may limit the possibility of towing the streamers 30 in relatively deep water (water depth
greater than 20 meters (m), for example).
[0050] The technique of decomposing the recorded wavefield into up and down going components is often referred
to as wavefield separation, or "deghosting." The particle motion data that are provided by the multi-component seismic
sensors 58 allows the recovery of "ghost" free data, which means data that are indicative of the upgoing wavefield.
[0051] Accordingly, various techniques and systems are described herein that jointly interpolate and deghost acquired
seismic data. More specifically, based on the measurements that are acquired by the multi-component sensors, an
upgoing component of the pressure wavefield (herein called " pu(x, y; zs, f)") component is determined at the seismic
sensor locations, as well as at locations other than the sensor locations, without first interpolating the acquired seismic
data and then deghosting the interpolated data (or vice versa).
[0052] The upgoing pressure wave component pu(x, y; zs, f) at a temporal frequency f and cable depth zs may, in
general, be modeled as a continuous signal as the sum of J sinusoids that have complex amplitudes (called "Aj,"), as
set forth below: 

[0053] In Equation 1, "kx,j" represents the inline wavenumber for index j; "ky,j" represents the crossline wavenumber
for index j; "zs" represents the streamer tow depth; "f" represents the temporal frequency of the sinusoids; and "c"
represents the acoustic velocity in water. Additionally, "kz,j," the wavenumber in the vertical, or depth, direction may be
described as follows: 

[0054] Based on the representation of the upgoing pressure component pu(x, y; zs, f) in Equation 3, the pressure and
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particle motion measurements may be represented as continuous signals described below: 

where mP(x, y; zs, f)" represents a measurement vector, which includes the pressure and orthogonal components of the
particle velocity in the inline, crossline and vertical coordinates, respectively. Thus, the measurements of the vector
mP(x, y; zs, f) are contiguous. In one implementation, any subset of kx,j, ky,j, zs, and f may be used as input. In another
implementation, any subset of kx,j, ky,j, zs, and f may be used as models.
[0055] The measurement vector mP(x, y; zs, f) may be described as follows: 

 where "H(kx, ky; zs, f)" represents a ghosting operator, which is defined as follows: 

In Equation 5, "zs" represents the streamer depth; and "ξ" represents the reflection coefficient of the sea surface.
[0056] Due to the relationships set forth in Equations 1 and 3, the Aj parameters may be determined for purposes of
jointly interpolating the acquired seismic data and determining the upgoing pressure component pu(x, y; zs, f).
[0057] Equations 1 and 3 define the upgoing pressure component pu(x, y; zs, f) and measurement vector mP(x, y; zs,
f) as a combination of sinusoidal basis functions. However, it is noted that the component pu(x, y; zs, f) and the meas-
urement vector mP(x, y; zs, f) may be represented as a combination of other types of basis functions, in accordance with
other implementations of various techniques described herein.
[0058] If the sinusoids in Equation 3 were not subject to the ghosting operators, then a matching pursuit technique
could be used to identify the parameters of the sinusoids. The matching pursuit technique is generally described in S.
Mallat and Z. Zhang Mallat "Matching pursuits with time-frequency dictionaries" IEEE Transactions on Signal Processing,
vol. 41, no. 12, pp. 3397-3415 (1993). The matching pursuit algorithm may be regarded as an iterative algorithm, which
expands a particular signal in terms of a linear combination of basis functions. As described herein, the matching pursuit
algorithm is generalized to the cases where the signal is represented as a linear combination of basis functions that are
subject to some linear transformation, e.g., the deghosting operation. This generalized technique described herein is
referred to as the GMP algorithm.
[0059] Figure 3 illustrates a flow diagram of a method 300 for using a GMP technique in accordance with implemen-
tations of various techniques described herein. The method 300 may be used for purposes of determining the coefficients
of Equations 1 and 3. In this regard, the method 300 includes, pursuant to block 310, selecting a new basis function,
applying the ghosting operator H(kx, ky; zs, f) to the new basis function and adding the transformed basis function to an
existing measurement function to form a new measurement function. After the first basis function (which may be in the
simplest form a single sinusoidal function or even a constant) is added, a new exponential is added at each iteration to
the set of basis functions used, and the corresponding "ghosted" basis function is added to the representation; and then,
an error, or residual, is determined based on the actual seismic data that are acquired by the sensor measurements,
pursuant to block 320.
[0060] The residual energy is then minimized for purposes of determining the Aj parameters for the new basis function.
More specifically, a determination is made (diamond 330) whether the residual energy has been minimized with the
current parameters for the new basis function. If not, the parameters are adjusted and the residual energy is again
determined, pursuant to block 320. Thus, a loop is formed for purposes of minimizing some metric of the residual energy
until a minimum value is determined, which permits the coefficients for the next basis function to be determined. Therefore,
pursuant to diamond 350, if another basis function is to be added (based on a predetermined limit of basis functions,
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for example), the method 300 continues with block 310 to add the next basis function and calculate the corresponding
parameters. Otherwise, if no more basis functions are to be added, the upgoing component of the seismic event is
determined, pursuant to block 360.
[0061] As a more specific example, the Aj parameters for the newest basis function may be determined by minimizing
the energy of the residual. Therefore, if P-1 basis functions have been determined previously, the representation of the
component pu(x, y; zs, f) with the P-1 sinusoids may be as follows:

[0062] The corresponding measurement function for the P-1 basis functions may be obtained by applying the ghost
operators to the basis functions: 

[0063] The residual in the approximation, called "rP-1(x,y;zs,f)" may be defined as follows: 

[0064] If a new basis function  which has a corresponding coefficient called
"AP" is added to the existing representation of the upgoing wavefield, then the residual may be rewritten as follows: 

[0065] It is noted that for Equation 9, the parameters AP, kx,P, ky,P for the new basis function term are determined. In
one implementation, the new basis function term may be solved along a single spatial direction, where only a subset of
the parameters AP, kx,P, ky,P may be determined. For example, the new basis function term may be solved along the y-
direction, such that only the parameters AP and ky,P of the new basis function are determined.
[0066] As a specific example, the parameters of the new basis function may be found by minimizing some metric of
the residual, which is calculated over inline and crossline sensor locations, as described below: 

[0067] One such example metric may be described as follows: 
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where "C" represents a four by four positive definite matrix; "xm" represents the sensor locations in the inline direction;
and "yn" represents the sensor locations in the crossline direction.
[0068] Using a Method with Spatio-Temporal Dip Filters to Determine the Criterion and Remove the Noise from the
3D Representation
[0069] Referring back to block 230, a method using spatio-temporal dip filters may be used to determine the at least
one criterion and remove the noise from the 3D representation, as described in commonly assigned U.S. Patent Appli-
cation 2010/0211323 entitled METHODS TO PROCESS SEISMIC DATA CONTAMINATED BY COHERENT ENERGY
RADIATED FROM MORE THAN ONE SOURCE.
[0070] In an implementation where at least one criterion such as the direction of arrival of seismic interfering signals
is needed, i.e., incidence angles or slowness vector components and azimuths, various methods can be used to determine
the at least one criterion in a spatio-temporal variant manner. Further, using the direction of arrival, a spatio-temporal
dip-model of the seismic interfering signals can be derived and used in a spatio-temporal dip-filter.
[0071] In case mainly individual record gathers are taken into account, a guiding mask of expected directions of arrival
such as spatio-temporal propagation may be built using e.g., source and receiver geometry. This spatio-temporal mask
can then be used to filter the data, e.g., a spatio-temporal dip filter.
[0072] In one implementation, additional information from adjacent record gathers can be incorporated using the
following process.
[0073] First, incidence angle and azimuth maps of two or more consecutive records are compared, taking into account
at least the source times of reflected acoustic signals from one’s own sources by matching the maps according to one
source time or another. Coherent propagation directions present at similar time and space are associated with the source
used to align the acquired seismic data.
[0074] Second, spatio-temporal propagation directions that are present in the source-time-matched propagation di-
rection maps are identified and associated with the corresponding source. More specifically, the propagation directions
for each sample in a record with a window of samples in time and space around the matching sample in adjacent records
are compared. If the propagation direction of a sample (in space and the source specific aligned time) is consistent in
adjacent records, it is associated to the source used to match the maps and output a propagation direction map associated
with the individual source.
[0075] Third, information from adjacent records is used to fill gaps in the source associated propagation direction map.
Alternatively, interpolation techniques may be applied to fill the gaps.
[0076] Third, information from adjacent records is used to fill gaps in the source associated propagation direction map.
Alternatively, interpolation techniques may be applied to fill the gaps.
[0077] Fourth, the acquired seismic data is filtered using the source associated maps of propagation directions (e.g.,
spatio-temporal dip filters). Other filters which are based on a spatio-temporal variant directional propagation attribute,
such as azimuths and dips, may be used.

Removing Noise at Each Iteration of an Interpolation Process

[0078] As noted earlier, blocks 220 and 230 of Figure 2 may be performed together, such that noise may be removed
at each iteration of an interpolation process.
[0079] In certain implementations, an interpolation process may use an iterative sequence in constructing a three-
dimensional representation of acquired seismic data. For example, as described earlier and illustrated in Figure 3, an
interpolation process using a GMP technique may select a new basis function, apply a ghosting operator to the new
basis function, and add the transformed basis function to an existing measurement function to form a new combined
function.
[0080] In one implementation of an interpolation process using an iterative sequence, a seismic interference mask
may be checked against a wavenumber of a basis function that is to be added to a combined function. In one imple-
mentation of using a seismic interference mask, the wavenumber of the basis function to be added is compared with a
wavenumber associated with seismic interference signals with a known direction of arrival. If the wavenumber of the
basis function is not recognized as seismic interference, it is added to the combined function. If the wavenumber of the
basis function is recognized as seismic interference, the basis function is not added to the combined function. The
resulting combined function would be used to produce a reliable estimate of the seismic wavefield that would have been
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acquired in the absence of the seismic interference signals.
[0081] In a further implementation of the seismic interference mask, a scalar weighting is applied to the basis functions.
For example, a basis function that is associated with seismic interference would have a weight of 0 applied to it, and a
basis function not associated with seismic interference would have a weight of 1 applied to it. However, any numerical
values may be used as scalar weights.

Computing Systems

[0082] Figure 4 illustrates an example computing system 400 in accordance with implementations of various techniques
described herein. The computing system 400 can be an individual computer system 401A or an arrangement of distributed
computer systems. The computer system 401A includes one or more analysis modules 402 that are configured to perform
various tasks according to some embodiments, such as the methods and techniques disclosed herein. To perform these
various tasks, analysis module 402 executes independently, or in coordination with, one or more processors 404, which
is (or are) connected to one or more storage media 406. The processor(s) 404 is (or are) also connected to a network
interface 408 to allow the computer system 401A to communicate over a data network 410 with one or more additional
computer systems and/or computing systems, such as 401B, 401C, and/or 401D (note that computer systems 401B,
401C and/or 401D may or may not share the same architecture as computer system 401A, and may be located in
different physical locations, e.g., computer systems 401A and 401B may be on a ship underway on the ocean, while in
communication with one or more computer systems such as 401C and/or 401D that are located in one or more data
centers on shore, other ships, and/or located in varying countries on different continents).
[0083] A processor can include a microprocessor, microcontroller, processor module or subsystem, programmable
integrated circuit, programmable gate array, or another control or computing device.
[0084] The storage media 406 can be implemented as one or more computer-readable or machine-readable storage
media. Note that while in the exemplary embodiment of Figure 4 storage media 406 is depicted as within computer
system 401A, in some embodiments, storage media 406 may be distributed within and/or across multiple internal and/or
external enclosures of computing system 401A and/or additional computing systems. Storage media 406 may include
one or more different forms of memory including semiconductor memory devices such as dynamic or static random
access memories (DRAMs or SRAMs), erasable and programmable read-only memories (EPROMs), electrically erasable
and programmable read-only memories (EEPROMs) and flash memories; magnetic disks such as fixed, floppy and
removable disks; other magnetic media including tape; optical media such as compact disks (CDs) or digital video disks
(DVDs); or other types of storage devices. Note that the instructions discussed above can be provided on one computer-
readable or machine-readable storage medium, or alternatively, can be provided on multiple computer-readable or
machine-readable storage media distributed in a large system having possibly plural nodes. Such computer-readable
or machine-readable storage medium or media is (are) considered to be part of an article (or article of manufacture).
An article or article of manufacture can refer to any manufactured single component or multiple components. The storage
medium or media can be located either in the machine running the machine-readable instructions, or located at a remote
site from which machine-readable instructions can be downloaded over a network for execution.
[0085] It should be appreciated that computing system 400 is only one example of a computing system, and that
computing system 400 may have more or fewer components than shown, may combine additional components not
depicted in the exemplary embodiment of Figure 4, and/or computing system 400 may have a different configuration or
arrangement of the components depicted in Figure 4. The various components shown in Figure 4 may be implemented
in hardware, software, or a combination of both hardware and software, including one or more signal processing and/or
application specific integrated circuits.
[0086] Further, the processing methods described above may be implemented by running one or more functional
modules in information processing apparatus such as general purpose processors or application specific chips, such
as ASICs, FPGAs, PLDs, or other appropriate devices. These modules, combinations of these modules, and/or their
combination with general hardware are all included within the scope of protection of the invention. In one implementation
of the methods described herein, noise from different sources can be removed simultaneously. For example, more than
one direction of arrival can be addressed at once.
[0087] As those with skill in the art will appreciate, the techniques and methods of the disclosed embodiments provide
for the automation of seismic interference identification and/or removal, e.g., if competitor vessel positions (which are
routinely mapped) are available, use of the techniques and methods of the disclosed embodiments could be used to
reduce user interaction for seismic interference identification and removal.
[0088] Further, as those with skill in the art will appreciate, the techniques and methods of the disclosed embodiments,
particularly when used on a shot-by-shot basis, can be implemented on board a vessel that is underway while acquisition
is ongoing, and in a realtime or near-realtime fashion
[0089] While certain implementations have been disclosed in the context of seismic data collection and processing,
those with skill in the art will recognize that the disclosed methods can be applied in many fields and contexts where
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data involving structures arrayed in a three-dimensional space may be collected and processed, e.g., medical imaging
techniques such as tomography, ultrasound, MRI and the like, SONAR and LIDAR imaging techniques and the like.
[0090] The foregoing description, for purpose of explanation, has been described with reference to specific embodi-
ments. However, the illustrative discussions above are not intended to be exhaustive or to limit the invention to the
precise forms disclosed. Many modifications and variations are possible in view of the above teachings insofar as these
fall within the scope of the invention as defined in the claims. The embodiments were chosen and described in order to
best explain the principles of the invention and its practical applications, to thereby enable others skilled in the art to
best utilize the invention.

Claims

1. A computer-implemented method, comprising:

receiving (210) seismic data acquired in a seismic survey;
constructing a three-dimensional representation (220) of the acquired seismic data using an iterative interpolation
process wherein the iterative interpolation process comprises:

determining a measurement function representing the acquired seismic data, the measurement function
comprising basis functions;
selecting a new basis function;
applying a ghosting operator to the new basis function to generate a transformed basis function; and
adding the transformed basis function to the existing measurement function to form a new measurement
function; and

based on at least one criterion, removing (230) a noise from the three-dimensional representation of the acquired
seismic data, characterized in that the noise comprises seismic interference signals, and that the method
further comprises:

at each iteration of the interpolation process, comparing a wavenumber of the basis function to be added
to the measurement function to a wavenumber associated with the noise; and
adding the basis function to the measurement function if the wavenumber of the basis function is not
associated with the noise.

2. The method of claim 1, further comprising:

representing the seismic wavefield of the acquired seismic data in the measurement function as a combination
of the component of the seismic wavefield associated with a one-way direction of propagation and the ghost
operator; and
simultaneously determining interpolated and deghosted components of the seismic wavefield based at least in
part on the acquired seismic data and the representation.

3. The method of claim 2, wherein the measurement function comprises a linear combination of the basis functions.

4. The method of claim 3, wherein simultaneously determining interpolated and deghosted components comprises
determining parameters of the linear combination of basis functions in an iterative sequence of adding a basis
function to the existing linear combination of basis functions, and determining coefficients associated with the added
basis function.

5. The method of claim 2, wherein the component of the seismic wavefield associated with the one-way direction of
propagation comprises an upgoing component of the seismic wavefield.

6. The method of claim 2, wherein the component of the seismic wavefield associated with the one-way direction of
propagation comprises a downgoing component of the seismic wavefield.

7. The method of claim 1, wherein removing (230) the noise from the three-dimensional representation is performed
while constructing the three-dimensional representation of the acquired seismic data using the interpolation process.
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8. The method of claim 1, wherein the at least one criterion comprises a direction of arrival of the noise, an angle of
arrival of the noise, a time of arrival of the noise, or combinations thereof.

9. The method of claim 1, wherein removing (230) the noise from the three-dimensional representation of the acquired
seismic data comprises applying a spatio-temporal dip filter.

10. The method of claim 9, wherein applying the spatio-temporal dip filter comprises:

comparing the at least one criterion of two or more consecutive records; matching the two or more consecutive
records according to one or more source times;
using information from adjacent records to fill gaps in a source associated propagation direction map; and
filtering one or more responses using the source associated propagation direction map.

11. The method of claim 1, wherein adding the basis function to the measurement function if the wavenumber of the
basis function is not associated with the noise comprises applying scalar weights to the basis function.

12. A computer system (400), comprising:

a processor (404) configured to perform a method as defined in any one of claims 1 to 11;
and
a memory (406) comprising program instructions executable by the processor.

13. A computer readable storage medium comprising instructions which, when executed by a processor, cause the
processor to perform a method as defined in any one of claims 1 to 11.

Patentansprüche

1. Rechnerimplementiertes Verfahren, das umfasst:

Empfangen (210) von bei einer seismischen Erkundung erfassten seismischen Daten;
Konstruieren einer dreidimensionalen Darstellung (220) der erfassten seismischen Daten unter Verwendung
eines iterativen Interpolationsvorgangs, wobei der iterative Interpolationsvorgang umfasst:

Bestimmen einer die erfassten seismischen Daten darstellenden Messfunktion, wobei die Messfunktion
Basisfunktionen umfasst;
Auswählen einer neuen Basisfunktion;
Anwenden eines Ghosting-Operators auf die neue Basisfunktion, um eine transformierte Basisfunktion zu
generieren; und
Hinzufügen der transformierten Basisfunktion zur vorhandenen Messfunktion, um eine neue Messfunktion
auszubilden; und

basierend auf wenigstens einem Kriterium, Entfernen (230) eines Rauschens aus der dreidimensionalen Dar-
stellung der erfassten seismischen Daten, dadurch gekennzeichnet, dass das Rauschen seismische Störsi-
gnale umfasst, und dass das Verfahren ferner umfasst:

bei jeder Iteration des Interpolationsvorgangs, Vergleichen einer Wellenzahl der zur Messfunktion hinzu-
zufügenden Basisfunktion mit einer dem Rauschen zugeordneten Wellenzahl; und
Hinzufügen der Basisfunktion zur Messfunktion, falls die Wellenzahl der Basisfunktion nicht dem Rauschen
zugeordnet ist.

2. Verfahren nach Anspruch 1, ferner umfassend:

Darstellen des seismischen Wellenfeldes der erfassten seismischen Daten in der Messfunktion als Kombination
der Komponente des seismischen Wellenfelds, die einer Einweg-Ausbreitungsrichtung zugeordnet ist, und des
Ghost-Operators; und
gleichzeitig Bestimmen von interpolierten und deghosteten Komponenten des seismischen Wellenfeldes, we-
nigstens teilweise basierend auf den erfassten seismischen Daten und der Darstellung.
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3. Verfahren nach Anspruch 2, wobei die Messfunktion eine lineare Kombination der Basisfunktionen umfasst.

4. Verfahren nach Anspruch 3, wobei das gleichzeitige Bestimmen von interpolierten und deghosteten Komponenten
ein Bestimmen von Parametern der linearen Kombination von Basisfunktionen in einer iterativen Folge eines Hin-
zufügens einer Basisfunktion zur vorhanden linearen Kombination von Basisfunktionen und ein Bestimmen von der
hinzugefügten Basisfunktion zugeordneten Koeffizienten umfasst.

5. Verfahren nach Anspruch 2, wobei die der Einweg-Ausbreitungsrichtung zugeordnete Komponente des seismischen
Wellenfeldes eine herauflaufende Komponente des seismischen Wellenfeldes umfasst.

6. Verfahren nach Anspruch 2, wobei die der Einweg-Ausbreitungsrichtung zugeordnete Komponente des seismischen
Wellenfeldes eine herablaufende Komponente des seismischen Wellenfeldes umfasst.

7. Verfahren nach Anspruch 1, wobei das Entfernen (230) des Rauschens aus der dreidimensionalen Darstellung
während des Konstruierens der dreidimensionalen Darstellung der erfassten seismischen Daten unter Verwendung
des Interpolationsvorgangs durchgeführt wird.

8. Verfahren nach Anspruch 1, wobei das wenigstens eine Kriterium eine Einfallsrichtung des Rauschens, einen
Einfallswinkel des Rauschens, einen Einfallszeitpunkt des Rauschens oder Kombinationen davon umfasst.

9. Verfahren nach Anspruch 1, wobei das Entfernen (230) des Rauschens aus der dreidimensionalen Darstellung der
erfassten seismischen Daten ein Anwenden eines räumlich-zeitlichen Dip-Filters umfasst.

10. Verfahren nach Anspruch 9, wobei das Anwenden des räumlich-zeitlichen Dip-Filters umfasst:

Vergleichen des wenigstens einen Kriteriums zweier oder mehr aufeinanderfolgender Datensätze;
Matching der zwei oder mehr aufeinanderfolgenden Datensätze nach zwei oder mehr Quellenzeiten;
Verwenden von Informationen aus benachbarten Datensätzen, um Lücken in einer quellenzugeordneten Aus-
breitungsrichtungskarte zu füllen; und
Filtern einer oder mehr Antworten unter Verwendung der quellenzugeordneten Ausbreitungsrichtungskarte.

11. Verfahren nach Anspruch 1, wobei das Hinzufügen der Basisfunktion zur Messfunktion, falls die Wellenzahl der
Basisfunktion nicht dem Rauschen zugeordnet ist, ein Anwenden von Skalargewichten auf die Basisfunktion umfasst.

12. Rechnersystem (400), das umfasst:

einen Prozessor (404), der dazu ausgelegt ist, ein Verfahren gemäß einem der Ansprüche 1 bis 11 durchzu-
führen; und
einen Speicher (406), der vom Prozessor ausführbare Programmbefehle umfasst.

13. Computerlesbares Speichermedium, das Befehle umfasst, die bei deren Ausführung durch einen Prozessor bewir-
ken, dass der Prozessor ein Verfahren gemäß einem der Ansprüche 1 bis 11 durchführt.

Revendications

1. Procédé implémenté par ordinateur, comprenant ;
la réception (210) de données sismiques acquises lors d’une étude sismique ;
la construction d’une représentation tridimensionnelle des données sismiques acquises à l’aide d’un processus
d’interpolation itératif, le processus d’interpolation itératif comprenant :

la détermination d’une fonction de mesure représentant les données sismiques acquises, la fonction de mesure
comprenant des fonctions de base ;
la sélection d’une nouvelle fonction de base ;
l’application d’un opérateur d’images fantômes à la nouvelle fonction de base pour générer une fonction de
base transformée ; et
l’ajout de la fonction de base transformée à la fonction de mesure existante pour former une nouvelle fonction
de mesure ; et
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sur la base d’au moins un critère, la suppression (230) d’un bruit provenant de la représentation tridimensionnelle
des données sismiques acquises, caractérisé en ce que le bruit comprend des signaux d’interférence sismique et
que le procédé comprend en outre :

à chaque itération du processus d’interpolation, la comparaison d’un numéro d’onde de la fonction de base
devant être ajouté à la fonction de mesure à un numéro d’onde associé au bruit ; et
l’ajout de la fonction de base à la fonction de mesure si le numéro d’onde de la fonction de base n’est pas
associé au bruit.

2. Procédé selon la revendication 1, comprenant en outre :

la représentation du champ d’ondes sismiques des données sismiques acquises dans la fonction de mesure
comme une combinaison de la composante du champ d’ondes sismiques associée à une direction de propa-
gation unidirectionnelle et l’opérateur d’images fantômes ; et
la détermination simultanément des composantes interpolées et débarrassées des images fantômes du champ
d’ondes sismiques sur la base au moins en partie des données sismiques acquises et de la représentation.

3. Procédé selon la revendication 2, dans lequel la fonction de mesure comprend une combinaison linéaire des fonctions
de base.

4. Procédé selon la revendication 3, dans lequel la détermination simultanée des composantes interpolées et débar-
rassées des images fantômes comprend la détermination des paramètres de la combinaison linéaire des fonctions
de base dans une séquence itérative d’ajout d’une fonction de base à la combinaison linéaire existante des fonctions
de base et la détermination des coefficients associés à la fonction de base ajoutée.

5. Procédé selon la revendication 2, dans lequel la composante du champ d’ondes sismiques associée à la direction
de propagation unidirectionnelle comprend une composante montante du champ d’ondes sismiques.

6. Procédé selon la revendication 2, dans lequel la composante du champ d’ondes sismiques associée à la direction
de propagation unidirectionnelle comprend une composante descendante du champ d’ondes sismiques.

7. Procédé selon la revendication 1, dans lequel la suppression (230) du bruit provenant de la représentation tridi-
mensionnelle est effectuée tout en construisant la représentation tridimensionnelle des données sismiques acquises
à l’aide du processus d’interpolation.

8. Procédé selon la revendication 1, dans lequel ledit au moins un critère comprend une direction d’arrivée du bruit,
un angle d’arrivée du bruit, un temps d’arrivée du bruit, ou des combinaisons de ceux-ci.

9. Procédé selon la revendication 1, dans lequel la suppression (230) du bruit provenant de la représentation tridi-
mensionnelle des données sismiques acquises comprend l’application d’un filtre d’absorption spatiotemporel.

10. Procédé selon la revendication 9, dans lequel l’application du filtre d’absorption spatiotemporel comprend :

la comparaison d’au moins un critère de deux ou plusieurs enregistrements consécutifs ;
la mise en correspondance de deux ou plusieurs enregistrements consécutifs selon un ou plusieurs temps de
source ; l’utilisation d’informations provenant d’enregistrements adjacents pour combler les lacunes dans une
source associée
la carte des directions de propagation ; et
le filtrage d’une ou plusieurs réponses à l’aide de la carte des directions de propagation associée à la source.

11. Procédé selon la revendication 1, dans lequel l’ajout de la fonction de base à la fonction de mesure si le numéro
d’onde de la fonction de base n’est pas associé au bruit, comprend l’application de poids scalaires à la fonction de
base.

12. Système informatique (400) comprenant :

un processeur (404) configuré pour effectuer un procédé comme défini dans l’une quelconque des revendications
1 à 11 ;
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et
une mémoire (406) comprenant des instructions de programme informatique exécutables par le processeur.

13. Support de stockage lisible par ordinateur comprenant des instructions qui, lorsqu’elles sont exécutées par un
processeur, amènent le processeur à effectuer un procédé comme défini dans l’une quelconque des revendications
1 à 11.
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