
METHOD FOR RECONSTRUCTING SEISMIC WAVE FIELDS FIELD OF THE INVENTION This
invention relates generally to the field of seismic prospecting and, more
particularly, to seismic data acquisition and processing. Specifically, the
invention is a method for reconstructing the seismic wavefield at a
designated common midpoint and offset location from prestack seismic data
traces for other common midpoint and offset locations. BACKGROUND OF THE
INVENTION In the oil and gas industry, seismic prospecting techniques are
commonly used to aid in the search for and evaluation of subterranean
hydrocarbon deposits.  In seismic prospecting, a seismic source is used to
generate a seismic signal which propagates into the 



earth and is at least partially reflected by subsurface seismic reflectors
(i.e., interfaces between underground formations having different elastic
properties). The reflections are detected and measured by seismic receivers
located at or near the surface of the earth, in an overlying body of water,
or at known depths in boreholes, and the resulting seismic data may be
processed to yield information relating to the subsurface formations.
Seismic prospecting consists of three main stages: data acquisition, data
processing, and interpretation.  The success of a seismic prospecting
operation is dependent on satisfactory completion of all three stages. The
most widely used seismic data acquisition and processing technique is the
common midpoint (CMP) method. The midpoint is the point midway between the
source and 



the receiver. According to the CMP method, each seismic signal is recorded
at a number of different receiver locations and each receiver location is
used to record seismic signals from a number of different source locations.
This results in a number of different data traces having different
source-to-receiver offsets for each midpoint. The resulting data traces are
corrected for normal moveout (i.e., the variation of reflection arrival
time caused by variation of the source-to-receiver offset), and are then
sorted into common midpoint gathers and stacked to    2 



simulate the data trace that would have been recorded by a coincident
source and receiver at each midpoint location, but with improved
signal-to-noise ratio. The primary purposes of seismic data processing are
to remove or suppress unwanted noise components and to transform the data
into seismic sections or images which facilitate interpretation. Examples
of well known seismic data processing operations include applying
corrections for known perturbing causes, rearranging the data, filtering
the data according to a selected criteria, stacking the data, migrating the
stacked data to correctly position the reflectors, measuring attributes of
the data, and displaying the final result. The particular sequence of
processing operations used to process seismic data is dependent on a number
of factors such as the field acquisition parameters, the quality of the
data, and the desired output. 



As.is well known in the art, modern seismic data processing operations are
performed on digitized data. A digitized seismic data trace is a uniformly
sampled time series of discrete measurements of the seismic signal at the
receiver in question. A problem known as "aliasing," which is defined as
the introduction of frequency ambiguities as a result of the sampling
process, can occur in processing digitized data. Where there are fewer than
two data samples per cycle, an input signal at one frequency can appear to
be another frequency at output. Hence, this problem is best described in
the frequency domain where aliased frequencies can be folded (or wrapped)
onto other frequencies. To avoid aliasing, frequencies above the folding or
Nyquist frequency (which is one-half of the frequency of sampling) must be
removed by an anti-alias filter before sampling. For example, for seismic
data having a 4 



millisecond sampling rate (i.e., a sampling frequency of 250 samples per
second), all frequencies above 125 Hertz must be removed in order to avoid
aliasing. Aliasing is an inherent property of all sampling systems. It
applies to sampling at discrete time intervals in digital seismic
recording, as described above. It can also apply to the spatial distance
between individual CMP locations (i.e., spatial sampling). If the spatial
sampling interval is too large, certain data processing operations
performed in the spatial frequency domain (e.g., dip moveout or DMO) can
become spatially aliased. If this happens, events with steep dips can be
perceived as different from what they actually are and acquisition noises
can be introduced into the processed data.  



3 The problem  of spatial aliasing can be particularly acute with respect
to a three-dimensional (3-D) marine seismic survey in which multiple
sources and/or multiple receivers are used to generate multiple CMP lines
on each pass of the seismic vessel resulting in fewer passes (and,
consequently, lower cost) to complete the survey. Each of these CMP lines,
however, typically has a number of missing shots relative to normal
two-dimensional (2-D) data acquisition. These missing shots can cause
spatial aliasing during subsequent data processing operations which will
degrade the final image. 



Spatial aliasing can be avoided by using a sufficiently small trace
spacing. This requires either (a) modification of the field recording
geometry to include additional sources and/or receivers or (b) use of a
data-dependent interpolation scheme to generate extra traces. Modification
of the field recording geometry to generate additional data traces is
undesirable because of the added expense that this entails. Therefore, past
efforts to avoid spatial aliasing have focused on statistical interpolation
techniques to generate additional data traces. One such technique is
FX-Wiener interpolation. See, e.g., Spitz, S., "Seismic trace interpolation
in the F-X domain," Geophysics, Vol. 56, No. 6, June 1991, pp. 785-794.
However, this technique has proven to be too unstable for routine use. It
is based on least squares matching of the data using a spatially invariant
filter. The least squares criterion 



tends to ignore primary data when a higher amplitude coherent noise is
present. The spatial invariance of the filter favors constant dipping
reflectors over curved ones, since only constant dipping reflectors are
truly predictable using a spatially invariant filter. Also, extrapolation
of an event into a gap using FX-Wiener interpolation can produce very high
amplitudes if the amplitude of the event is increasing in the direction of
the gap. Many of the flaws of FX-Wiener interpolation are also present in
any statistical interpolation technique. The source of the difficulties is
relying entirely on the recorded data to predict the missing data. Recorded
data are contaminated with coherent and incoherent noises which make signal
interpolation or extrapolation difficult. Another potential method for
solving the aliasing problem is based on the work of 



Vermeer. This method assumes that all data in a common midpoint gather have
positive moveout. Hence, in k-space, any data which appear at negative k
values were wrapped around from the positive values. If the data are only
aliased once, the negative k values can    4 be mapped to their
corresponding positive values, effectively halving the spacing in the CMP
domain and doubling the aliasing frequency. This approach works well so
long as the data are aliased, or wrapped, no more than once. However, this
method cannot be used to unwrap 



data which are aliased (wrapped) more than once. What is needed is a
deterministic interpolation technique which uses knowledge about the
underlying wave-propagation theory to interpolate or extrapolate data. The
present invention satisfies this need. SUMMARY OF THE INVENTION The present
invention is a method for reconstructing a seismic wavefield at a
designated common midpoint and offset location from a set of prestack
seismic data traces obtained from a seismic survey, each of the prestack
seismic data traces being a time series of discrete samples of the seismic
signal received by a seismic receiver. In one embodiment, the method
comprises the steps of (a) selecting the seismic wavefield to be
reconstructed; 



(b) determining the normal moveout velocity of the selected seismic
wavefield; (c) selecting a set of input data traces from the prestack
common midpoint seismic data traces, the input data traces having common
midpoint and offset locations proximate to the designated reconstruction
location; (d) performing a normal moveout correction of the input data
traces using the normal moveout velocity of the selected seismic wavefield;
and (e) generating a reconstructed data trace representative of the
selected seismic wavefield at the designated location by mapping each data
sample on each of the normal moveout corrected input data traces onto its
corresponding location on the reconstructed data trace. The mapping is
performed using a reflection point mapping algorithm which transforms data
from one offset into any other offset. 



In one embodiment of the invention, the set of input data traces comprises
data traces that lie horizontally between two diagonal lines in
midpoint-offset space defined by the equation [err]midpoint =
[err]offset/2, where [err]midpoint and Aoffset are, respectively, the
differences between the midpoint locations and the offsets of the input
data trace in question and the reconstruction location. The set of input
data traces may be further limited by a    5 predetermined maximum Aoffset
which must be at least equal to the pattern number times the 



receiver interval and, preferably, is an integer multiple of the pattern
number times the receiver interval. In another embodiment of the invention,
the set of input data traces is limited to the two actual data traces which
(i) fall on the same common midpoint line as the reconstruction location
and (ii) are located adjacent to (i.e., on either side of) the
reconstruction location. In this embodiment, the reconstructed data trace
is generated by copying weighted versions of the two input data traces to
the reconstruction location and summing them. Preferably, the weighting is
done using cosine weights based on the separations between the input data
traces and the reconstruction location. Other weighting methods may be used
if desired. The inventive method may be used to reconstruct both primary
wavefields and 



secondary wavefields, and results in true amplitude reconstructed data
traces. If the wavefield being reconstructed is a secondary wavefield, the
result may be subtracted from the actual data traces to eliminate
interference between wavefields. In this manner, coherent noises (such as
water-bottom multiples and peg-leg multiples) may be removed from a data
set. The method may be used to reconstruct data from missing shots in order
to prevent spatial aliasing problems during other data processing
operations. BRIEF DESCRIPTION OF THE DRAWINGS The present invention and its
advantages will be better understood by referring to the following detailed
description and the attached drawings in which: 



FIGS. 1A through 1C are schematic elevation views which illustrate three
successive shots from a two-dimensional (2-D) marine seismic survey; FIG. 2
is a stacking chart for the 2-D marine seismic survey illustrated in FIGS.
1A through 1C;    6 FIGS. 3A through 3C are schematic plan views which
illustrate three successive shots from a three-dimensinoal (3-D) marine
seismic survey having dual sources and a single 



receiver cable; FIG. 4 is a stacking chart for one of the two CMP lines
generated by the 3-D marine seismic survey illustrated in FIGS. 3A through
3C; FIG. 5 is a flowchart illustrating the various steps used in
implementing one embodiment of the present invention; FIG. 6 illustrates
application of one embodiment of the present invention in connection with a
dual source, single receiver cable 3-D marine seismic survey; FIGS. 7A, 7B,
and 7C illustrate use of the present invention to remove water-bottom
multiples from a model data set; FIGS. 8A and 8B illustrate a CMP gather
from a marine seismic survey before and 



after, respectively, application of the present invention; FIG. 9 is a
brute stack of data from one CMP line of a marine seismic survey; FIG. 10
illustrates the results obtained when one-third of the data for the CMP
line of FIG. 9 is processed using offset-borrowing reconstruction; and FIG.
11 illustrates the results obtained when one-third of the data for the CMP
line of FIG. 9 is processed using wavefield reconstruction. The invention
will be described in connection with its preferred embodiments. However, to
the extent that the following detailed description is specific to a
particular embodiment or a particular use of the invention, this is
intended to be illustrative only, and is not to be construed as limiting
the scope of the invention. On the contrary, it is intended to 



cover all alternatives, modifications, and equivalents which may be
included within the spirit and scope of the invention, as defined by the
appended claims. DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
Introduction Before proceeding with the detailed description, a brief
discussion of certain seismic data acquisition and processing concepts will
be presented to aid the reader in understanding the invention.    



7 FIGS. 1A through 1C illustrate a typical 2-D marine seismic survey in
which a seismic vessel 100 tows a single seismic source 102 and an in-line
seismic streamer cable 104 containing a plurality of seismic receivers
R[err] through R[err]. Although only ten receivers are shown for purposes
of clarity, persons skilled in the art will understand that actual marine
seismic streamer cables may contain hundreds or even thousands of
individual receivers. In FIG. 1A, a first shot S[err] is fired by seismic
source 102. The resulting seismic signal is received by seismic receivers
R[err] through R[err] after being reflected by subsurface seismic reflector
106 which, for purposes of illustration, will be assumed to be a single,
horizontal reflector. The seismic signals received by receivers R[err]
through R[err] are recorded resulting in a 



total of ten prestack seismic data traces. According to the CMP method,
each of these data traces is assigned to the relevant midpoint location
which, for a horizontal reflector, is the reflection point on reflector
106. In other words, the data trace recorded by receiver R[err] is assigned
to midpoint location 1 (the midpoint between shot S[err] and receiver
R[err]), the data trace recorded by receiver R[err] is assigned to midpoint
location 2 (the midpoint between shot S[err] and receiver R[err]), and so
on. In FIG. 1B, seismic vessel 100 has advanced a distance equal to the
receiver spacing, and a second shot S2 is fired by seismic source 102. The
seismic signal is again received by seismic receivers R[err] through R[err]
and recorded. In this case, the data trace recorded by receiver R[err] is
assigned to midpoint location 3 (the midpoint between shot S2 and receiver 



R[err]), the data trace recorded by receiver R[err] is assigned to midpoint
location 4 (the midpoint between shot S[err] and receiver R[err]), and so
on. In FIG. 1C, the seismic vessel 100 has again advanced a distance equal
to the receiver spacing, and a third shot S[err] is fired by seismic source
102. In this case the data trace recorded by receiver R[err] is assigned to
midpoint 5 (the midpoint between shot S3 and receiver R[err]), the data
trace recorded by receiver R[err] is assigned to midpoint 6 (the midpoint
between shot S3 and receiver R9), and so on. Note that the midpoint
locations do not move in FIGS. 1A through 1C. This is because these
locations represent fixed, geographic locations. FIG. 2 is a stacking chart
for the 2-D marine seismic survey illustrated in FIGS 1A 



through 1C. Midpoint locations (which correspond to the midpoint locations
shown in FIGS    1A through 1C) are plotted along the abscissa while the
source-receiver offsets are plotted on the ordinate. Source-receiver offset
SR[err]  represents the distance between seismic source 102 and receiver
R[err], offset SR[err] represents the distance between seismic source 102
and receiver R2, and so on. In the stacking chart, X's represent
offset-midpoint locations that contain a data trace while O's represent
offset-midpoint locations without a data trace. All data traces which
result from shot S[err] are located along diagonal line 108. Similarly,
data traces resulting 



from shots S2 and S3 are located, respectively, along diagonal lines 110
and 112. Data traces from other shots (both before shot S[err] and after
shot S[err]) are included in order to fill in the stacking chart. As will
be well known to persons skilled in seismic data processing operations,
data traces having the same midpoint location are typically "binned"
together for stacking purposes. Therefore, the interval between consecutive
midpoints may also be referred to as the "CMP-bin interval." FIG. 2
illustrates an important quantity of a seismic survey, the "pattern
number." The pattern number is defined as the shot interval divided by the
CMP-bin interval. Nominally, the CMP-bin interval is half of the receiver
interval. If this is true, then 



[err] where n[err] is the pattern number, [err]x[err] is the shot interval,
[err]x[err] is the CMP-bin interval, and [err]x[err] is the receiver
interval. The pattern number is seen in common offset sections or CMP
gathers as the period of occurrence of live traces where the period is
measured in traces including any missing traces due to the acquisition
geometry. A trace is considered missing if within a CMP there is no trace
corresponding to one of the nominal offsets recorded with each shot. In
FIGS. 1A through 1C, the shot interval was equal to the receiver interval.
Therefore, from the above formula, the pattern number is two. This can also
be seen in FIG. 2 where the distance between live traces along any common
offset (horizontal) line or along any CMP (vertical) line is two traces. 



Referring again to FIG. 2, note that the stacking chart (also known as the
stack array) is not full. As noted above, the pattern number is 2;
therefore, only half of the data required    9 for a full stacking chart is
present. This is not necessarily a disaster. These data will alias during
stack for wavelengths less than 4[err]X[err]  (the Nyquist thereon applied
to a CMP gather with trace spacing 2[err]x[err]). However, if after normal
moveout (NMO) correction there are no data with wavelengths less than the
above  value, then no effects of aliasing will be seen on 



the stacked section. The pattern number is a key concept in seismic data
acquisition and processing. Three reasons for this are: 1. The pattern
number is a guide to data processors for predicting fold and offset
distribution of stacked sections. Even when prestack migration is
performed, the pattern number is used to determine the number of offsets to
bin together to produce single-fold common offset bins. 2. The pattern
number is a measure of deviation from a full stack array (i.e., where
n[err]= 1 and [err]x[err]=[err]x[err]/2). 3. The pattern number is the
minimum number of aliased offsets required to 



reconstruct a de-aliased offset using the present invention. FIGS. 3A
through 3C are plan views of a simple 3-D marine seismic survey in which
the seismic vessel 114 tows two laterally-offset seismic sources 116a and
116b and one in-line seismic receiver cable 118 containing a plurality of
seismic receivers R[err] through R[err]. This data acquisition geometry
results in acquisition of data traces for two CMP lines 120a and 120b. As
is well known in the art, seismic sources 116a and 116b cannot be fired
simultaneously as it would be virtually impossible to separate the data
generated by source 116a from the data generated by source 116b. Therefore,
the dual sources are typically fired at alternating source locations. In
FIG. 3A, source 116a fires a first shot S[err] which is received by seismic
receivers R[err] 



through R[err] resulting in a total of ten data traces. These data traces
are assigned to midpoint locations on CMP line 120a. In other words, the
data trace recorded by receiver R[err] is assigned to midpoint location 10
on CMP line 120a; the data trace recorded by receiver R[err] is assigned to
midpoint location 9 on CMP line 120a; and so on. In FIG. 3B, the seismic
vessel 114 has advanced a distance equal to the receiver spacing and a
second shot S2 is fired by the second seismic source 116b. The signal is
again    10 



received by receivers R[err] through R[err] resulting in ten data traces.
In this case, however, these data traces are assigned to midpoint locations
on CMP line 120b. In FIG. 3C, the seismic vessel 114 has again advanced a
distance equal to the receiver spacing and a third shot S[err] is fired by
the first seismic source 116a. The resulting data traces are assigned to
midpoint locations falling on CMP line 120a. From the point of view of
imaging, using dual sources doubles the number of CMP lines acquired per
pass of the seismic vessel, but halves the fold on each of these CMP lines.
For 3-D acquisition, this is considered necessary in order to reduce the
time (and, consequently, the cost) required for the survey. FIG. 4 is a
stacking chart for CMP line 120a. The impact of the dual-source 



acquisition geometry can be clearly seen in that the chart is only one
quarter full. This is because the data generated by the second seismic
source 116b are on a different stacking chart (i.e., the one for CMP line
120b) (not shown). Only data from shot S[err] (diagonal line 122), data
from shot S[err] (diagonal line 124), and data from other shots (before
S[err] and after S[err]) by seismic source 116a are included in FIG. 4.
Also, a given common-offset section or CMP gather in FIG. 4 has a trace
every fourth position, since the pattern number for the dual-source
acquisition is 4. This low sampling of CMP's can cause problems during
stacking operations, and the low sampling of common offsets can cause
problems for DMO or prestack migration. Wavefield Reconstruction The
present invention is a method for reconstructing seismic wavefields. As
used 



herein, a "wavefield" is a component of seismic data which can be
represented by a single velocity field with vertical and lateral
variations. Typically, seismic data consist of several wavefields (e.g.,
primary reflections, water-bottom multiples, peg-leg multiples, shear
waves, ground roll, etc.) which are described by different velocity fields.
Basically, wavefield reconstruction is spatial interpolation of prestack
seismic data using deterministic, wave-equation-based techniques. Spatial
interpolation is a way of preventing spatial aliasing during stacking
caused by under sampling of data in the imaging domain. As is well known to
persons skilled in the art, spatial aliasing occurs when a higher frequency
wraps around the folding frequency to a lower frequency due to violation of
the This is the replacement sheet 



Nyquist sampling condition. When a signal is under sampled, one input
frequency yields the same output samples as a similar signal at another
frequency, (i.e., the frequencies are "aliases" of each other). In
wavefield reconstruction, a single designated wavefield is reconstructed
from the input data. The designated wavefield can be reconstructed for
recorded trace locations, as well as for trace locations which were not
recorded. Recorded data from other offsets and CMPs are used in the
reconstruction. If the reconstructed wavefield is a secondary wavefield 



(i.e., not the primary wavefield of interest), it can be subtracted from
the recorded traces in order to remove interference between wavefields.
Wavefield reconstruction may be used to reconstruct missing data in both
2-D and 3-D seismic data. Wavefield reconstruction has been found to be
particularly effective for attenuation of high amplitude water-bottom or
peg-leg multiples which obscure primary reflections of interest. First, the
multiple wavefield is reconstructed and subtracted from the recorded data.
Then, the primary wavefield is reconstructed from these almost
multiple-free input data. The. primary reconstruction further attenuates
the contribution of multiples and other unwanted wavefields. Wavefield
reconstruction is deterministic, so it is robust in the presence of high 



amplitude coherent noise. It is based on wave propagation theory and
properly handles dipping reflectors, curved reflectors, and diffractions.
Moreover, wavefield reconstruction can de-alias data that are severely
aliased (i.e., wrapped more than once). The deterministic nature of
wavefield reconstruction also leads to computational efficiency since the
operator that interpolates the data is predetermined. The wavefield
reconstruction technique is based in part on a 1987 paper by Ronen (Ronen,
J., "Wave-equation trace interpolation," Geophysics, Vol. 52, No. 7, July
1987, pp. 973-974). Ronen demonstrated that DMO could be used to connect
data collected at different offsets with sampling theory to unravel
aliasing due to under sampling of the individual offsets. Ronen's theory,
however, deals only with de-aliasing of the final stacked 



image, and it uses a DMO operator that does not preserve amplitudes.
Further, Ronen made an erroneous assumption concerning how seismic data are
collected. The wavefield    12 reconstruction technique extends Ronen's
theory by deriving an operator that preserves amplitudes and applying the
technique to prestack data. The wavefield reconstruction technique is also
based in part on a 1993 paper by Black et al. (Black, J. L., Schleicher,
KL., and Zhang, L., "True-amplitude imaging and dip 



moveout," presented at the 58th Annual International Meeting of the Society
of Exploration Geophysicists, 1993). Black et al. discuss a theory for true
amplitude DMO. This theory was developed assuming that each of the offsets
is perfectly sampled, and Black et al. do not address any aliasing which
can result from sparse sampling. The wavefield reconstruction technique
expands on the Black et al. theory by converting data from any offset into
any other offset. It will be immediately apparent to persons skilled in the
art that the present invention should preferably be practiced using a
digital computer. Any such person could readily develop computer software
for performing the wavefield reconstruction method based on the teachings
set forth herein. 



The following detailed description will illustrate application of wavefield
reconstruction in the context of a marine 3-D seismic survey. It should be
understood, however, that wavefield reconstruction may be used to
reconstruct seismic wavefields in any type of seismic data. For example,
wavefield reconstruction could be used to reconstruct missing data traces
in a land-based seismic survey caused by faulty receivers or topographic
obstructions. Accordingly, to the extent that the following detailed
description is specific to a particular embodiment or a particular use of
the invention, this is intended to be illustrative and is not to be
construed as limiting the scope of the invention. FIG. 5 is a flowchart
illustrating one embodiment of the wavefield reconstruction invention. The
inventive method begins with a prestack seismic data set 126. As noted 



above, this data set may be any type of seismic data. The first step of the
method is to select the seismic wavefield to be reconstructed (reference
numeral 128). This wavefield may be either a primary wavefield or a
secondary wavefield such as a water-bottom multiple wavefield. If more than
one wavefield is to be reconstructed, then the method should be repeated
for each selected wavefield.    13 The normal moveout (NMO) velocity of the
selected wavefield is then determined 



(reference numral 130). Techniques for determining the NMO velocity of the
selected wavefield are well known in the art and will not be further
described herein. The wavefield reconstruction method operates in
midpoint-offset space. In other words, the method will reconstruct the
selected wavefield at a specific common midpoint and offset location.
Therefore, the next step of the method is to select the midpoint-offset
location to be reconstructed (reference numeral 132). Persons skilled in
the art will understand that step 132 could be performed prior to the
selection of the wavefield to be reconstructed (step 128) without adversely
affecting the results obtained. Accordingly, such reversed order will be
deemed to be within the scope of the invention. The input data traces to be
used in the reconstruction are selected at step 134. As the 



input traces become more and more remote from the reconstruction location,
their effect on the reconstructed trace becomes smaller and smaller.
Therefore, the selected traces preferably should be reasonably proximate to
the midpoint-offset location to be reconstructed. If possible, the selected
data traces should be located within a window of midpoint-offset locations
centered at the reconstruction location. Ideally, the midpoint-offset
location to be reconstructed should be surrounded by actual data traces
that are used for the reconstruction. As noted above, the minimum number of
midpoints and offsets needed for the reconstruction is equal to the pattern
number. If larger windows are used, the reconstructed trace should be
scaled by the pattern number divided by the number of offsets used for the
reconstruction. In general, it is preferable to use 



an integer multiple of the pattern number for the number of input offsets.
In other words, preferably [err] where [err]  is the maximum difference in
offsets between any input data trace and the reconstruction location, C is
a positive integer, n[err] is the pattern number, and [err]x[err] is the
receiver interval. Once the range of midpoints and offsets to be used in
the reconstruction has been selected, only a restricted portion of the data
in the window contribute to the reconstruction.   



14 With the origin at the reconstruction location, the equation
[err]midpoint=[err]offset/2 defines two diagonal lines in the
midpoint-offset space. Only data traces that lie horizontally between these
two diagonal lines contribute to the reconstruction. In other words, the
input data traces to be used for the reconstruction will satisfy the
following equation: [err] where |[err]midpoint| is the difference in
midpoint locations between the input data trace in question and the
reconstruction location and |[err]offset| is the difference in offsets
between the input data trace in question and the reconstruction location. 



These concepts are illustrated in FIG. 6 which is a stacking chart for a
dual source, single receiver cable marine 3-D seismic survey. As described
above, the pattern number for this type of survey is 4. For purposes of
illustrating the invention, a total of 25 midpoints and 25 offsets are
shown in the stacking chart, although persons skilled in the art will
understand that a 3-D marine seismic survey typically contains many more
midpoints and offsets than are shown in FIG. 6. The midpoints and offsets
are numbered from I to 25 for convenience. The X's indicate midpoint-offset
locations that contain actual data traces. Assume that it is desired to
reconstruct a selected wavefield at the (15,10) midpoint-offset location
(reference numeral 140). The input traces for this reconstruction are the
traces which fall into the hourglass-shaped area 142 centered at
reconstruction 



location 140. Thus, the input data set for the reconstruction will consist
of the ten data traces having midpoint-offset locations of (12,6), (16,6),
(15,7), (14,8), (15,11), (14,12), (13,13), (17,13), (12,14), and (16,14).
Hourglass-shaped area 142 is defined by (i) a preselected maximum
[err]offset which, as noted above, must be at least equal to the pattern
number times the receiver interval and, preferably, is an integer multiple
of the pattern number times the receiver interval and (ii) the two diagonal
lines 144 and 146  which satisfy the [err]midpoint=[err]offset/2 equation.
In FIG. 6, the pattern number is 4 and the integer multiplier is 1. In
actual data processing operations, the integer multiplier typically falls
between 3 and 10, although larger or smaller multipliers may be used if
desired. If the integer multiplier 



15 is greater than 1, then the output of the reconstruction should be
divided by the multiplier in order to preserve the amplitudes of the data.
The wavefield reconstruction technique may be used to reconstruct both
missing data traces and actual data traces. Assume that it is desired to
reconstruct the water-bottom multiple wavefield for the actual data trace
at the (5,5) midpoint-offset location (reference numeral 148). In this
case, data traces falling in the hourglass-shaped area 150 would be used 



to reconstruct the desired wavefield, except that the actual data trace at
the reconstruction location (5,5) should not be used. Area 150 would be
defined in the same manner as described above for area 142. If desired,
traces falling on diagonal lines 152 and 154 can be ignored. At the
extremes of offset or midpoint it is not possible to symmetrically surround
the reconstruction location with actual data traces. For example, when
reconstructing a wavefield at the (3,25) midpoint-offset location
(reference numeral 156) or the (25,20) midpoint-offset location (reference
numeral 158), it is not possible to use a full hourglass-shaped area since
it would extend beyond the edges of the stacking chart. For this reason,
the accuracy of the reconstruction near the edges of the stacking chart is
less than ideal. Nevertheless, the results 



obtained near the survey edges appear to be quite acceptable. Returning now
to FIG. 5, after the input data traces have been selected (step 130), they
must be normal moveout (NMO) corrected (step 136) using the NMO velocity of
the wavefield to be reconstructed (step 130). The NMO-corrected input
traces are then used to generate a reconstructed data trace at the
reconstruction location (step 138), using a reflection point mapping
technique which will be described below. The reconstructed data trace
represents the selected wavefield at the reconstruction location. In many
cases, it may be desired to reconstruct a wavefield at all or a large
portion of the trace locations in the survey. For example, assume that it
is desired to remove water-bottom multiples from the data shown in FIG. 6
and to generate reconstructed traces at 



all of the vacant midpoint-offset locations so that subsequent data
processing operations will not be subject to spatial aliasing. The first
step would be to reconstruct the water-bottom multiple wavefield (using the
NMO velocity of the water-bottom multiples) at all of the actual trace
locations (X's) in FIG. 6. The resulting water-bottom multiple traces are
then    16 subtracted from the actual traces to obtain nearly multiple-free
data traces. Next, the primary wavefield is reconstucted (using the NMO
velocity of the primary refrections) at all of the 



vacant midpoint-offset locations using the multiple-free data traces as
inputs to the reconstruction. It may be desirable to use a median filter
(or other signal processing technique) to suppress any residual primary
reflections after the multiples reconstruction so that no primary
reflections are deleted when the multiples are subtracted from the actual
data traces. This process results in an almost multiple-free data set with
a full stack array. Mapping Algorithm The reconstructed data trace is
generated by mapping each data sample on each of the NMO-corrected input
data traces onto its corresponding location on the reconstructed data
trace. Initial development of the wavefield reconstruction theory led to
the following mapping algorithm: 



[err] where P(t[err],y[err],h[err]) is the data sample at a given time,
midpoint, and half offset on the reconstructed data trace (half offsets are
preferably used in order to make the equation symmetric),
P(t[err],y[err],h[err]) is the input data sample at a given time, midpoint,
and half offset being mapped onto the reconstructed data trace, [err] [err]



17 g is a constant multiplier empirically determined from model data which
is used to scale the amplitude of the data sample on the reconstructed data
trace, [err] [err] [err] angular frequency conjugate to t[err], [err] The
time of the input data sample t[err] may be related to the time of the
reconstructed data 



sample t[err] according to the following equation: [err] Alternatively, the
time of the input data sample t[err] may be related to the time of the
reconstructed data sample t[err] according to the following equations:
[err] if h[err]> h[err], then t[err] = t[err]        or if h[err] > h[err],
then t[err] = [err] where   



18 U =h[err] + h[err] - (y[err] - y[err])[err] and [err] The above
algorithm is applied to each data sample on the input data trace, and then
to each data sample on all of the other input data traces. The results are
scaled (by the "G" factor of the mapping algorithm) and then summed to
generate the reconstructed data trace. Modified Mapping Algorithm
Subsequent mathematical development of the wavefield reconstruction theory
has led to a slightly modified mapping algorithm. The following equation
represents the Fourier 



transform over time and midpoint of the data sample
W(t[err],x[err],h[err]): [err] where [err] In the above equations, D is the
time dip on a zero offset section given by D = 2 sina/V,    19 



where [err] is the dip angle in the plane of the section and V is the
medium velocity. By inverse Fourier transforming, we obtain the wavefield
at offset h[err] in terms of the wavefield at offset h[err] as follows:
[err] To derive a Kirchhoff implementation, we will apply the method of
stationary phase to the f-k integrals in the above equation. In particular
we will first approximate the k integral, since the dependence on k does
not involve singularities and the transformation is offset invariant. The
choice of the k integral for approximation is not arbitrary. The frequency
integral involves singularities due to the presence of 1/f in the A
factors. The t[err] integral involves singularities due to the presence of
l/t[err] in A[err]. The integral over x[err] is just a 



Fourier transform and needs no approximation. The stationary phase
approximation requires the phase to vary rapidly as k varies as follows:
[err] Application of these equations leads to the following modified
mapping algorithm: [err] where W(t[err],x[err],h[err]) is the data sample
at a given time, midpoint, and half offset on the reconstructed data trace,
g is a constant multiplier empirically determined from model data which is
used to 



scale the amplitude of the data sample on the reconstructed data trace,
20 W[err] (sign(h[err] - h[err]) [err]t[err],x[err],h[err]) is the input
data sample after application of a square-root derivative operator, [err]



21 [err] and The square-root-derivative operator (also known as a rho
filter) which is applied to the input data sample is defined by the
following equation:    22 



[err] Use of either the original mapping algorithm or the modified mapping
algorithm produces acceptable results. Persons skilled in the art may be
able to generate other modified algorithms which also produce acceptable
results. Such algorithms shall be deemed to be within the scope of the
present invention to the extent that they generate a reconstructed data
trace by mapping each data sample on each of the NMO-corrected input data
traces onto its corresponding location on the reconstructed data trace.
Offset-Borrowing Reconstruction Offset-borrowing reconstruction is an
inexpensive approximation to wavefield reconstruction which may be used
with either 2-D or 3-D seismic data. In offset-borrowing 



reconstruction, only two input data traces are used in the reconstruction.
These two input traces are (i) the trace having the same midpoint and the
nearest offset greater than the reconstruction location and (ii) the trace
having the same midpoint and the nearest offset less than the
reconstruction location. In other words, the two input traces and the
reconstruction location all fall on the same midpoint (vertical) line in a
stacking chart (e.g., FIG. 6), and the input traces used in the
reconstruction are the nearest traces above and below the reconstruction
location. In offset-borrowing reconstruction, the reconstructed trace is
generated by simply copying weighted versions of the two input traces
(after NMO correction) to the reconstruction location and summing them.
Preferably, differences in offset distribution are 



handled by tapering the interpolation using cosine weights based on the
separation between the input traces. The weight starts at a value of one at
the input trace location in question and tapers down to a value of zero at
the other input trace location. Following the reconstruction, the NMO
correction is removed and the reconstructed data trace may then be used
just like an actual data trace in subsequent data processing operations.
Offset-borrowing reconstruction is preferably used in conjunction with DMO
to remove secondary wavefields (e.g., water-bottom multiples) and eliminate
aliasing problems. First, offset-borrowing reconstruction is used to
reconstruct the secondary wavefield. Then,   



23 DMO is applied to reconstruct the primary wavefield. This procedure
produces a nearly continuous secondary wavefield which does not alias
during stack. In this procedure, stack is the process which attenuates the
secondary wavefield. The offset-borrowing reconstruction process, however,
can have an adverse impact on the primary reflections, especially those
with higher frequencies. This occurs because the NMO process causes time
shift errors which distort the primaries. The high frequencies are affected
most, since a time shift error corresponds to a larger fraction of the
wavelength for higher frequencies.  The primary reflections can be
protected by using a muting process based 



on the following equation: [err] where t[err] is the arrival time after
NMO, C[err] is a constant typically equal to 8, f[err] is the maximum
frequency which is still in phase (i.e., within half a cycle) after NMO, h
is the offset of the input data trace, Ah is the change in offset between
the input data trace and the reconstruction location, a is the angle of
reflector dip, V is the primary root-mean-square (RMS) velocity, and V[err]
is the normal moveout velocity of the selected wavefield. The above
equation yields a minimum arrival time for given f[err], x[err],
[err]x[err], dip, and velocities which will still have primary energy in
phase during the reconstruction. Times earlier than this time will add
primary energy out of phase. This can only be prevented by turning off the 



interpolation for these earlier times, which leaves the reconstructed trace
muted down to the time given by the above equation. Example 1 This example
illustrates the use of wavefield reconstruction to remove water-bottom
multiples from a model data set. FIG. 7A shows a CMP gather for the model
before wavefield reconstruction. The model data set had 135 traces per
record, a station spacing of 25 meters, a shot spacing of 25 meters, and
the near trace at 335 meters. Shots were consecutively numbered to be
consistent with 25 meter spacing and can be selected on input to simulate a
larger shot spacing. There are three primaries at one, two, and three
seconds  



24 with a peak amplitude of unity. The velocities for these primaries are
1700, 2000, and 25CC meters per second, respectively. Each of these
primaries is covered by water-bottom multiples having an identical velocity
of 1480 meters per second. The first primary is covered by multiples
starting at 0.8, 0.9, and 1.0 seconds; the second primary has interference
from multiples starting at 1.5, 1.6, 1.7, 1.8, 1.9, and 2.0 seconds; and
the third primary is covered by multiples starting at 2.5, 2.6, 2.7, 2.8,
2.9, and 3.0 seconds. The model has a multiple-to-primary amplitude ratio
of two-to-one. 



FIG. 7B shows the same gather after wavefield reconstruction to remove the
water-bottom multiples. The wavefield reconstruction processing was
accomplished using a shot spacing of 75 meters (i.e., three times the shot
spacing of the original model) while 49 offsets and CMP's were used for the
reconstruction. The model was processed first to reconstruct the multiples
(starting with shot 1). When the multiples were reconstructed a median
filter was applied to smooth the multiple estimate and further eliminate
any residual primary. This reconstruction and median filter procedure was
then repeated two more times starting on shot 2 and shot 3, respectively,
so that all shots were included in the reconstruction. Then the three
output data sets were averaged together. This average result was then
subtracted from the input data, and the resulting data set was used as the
input for 



primary reconstruction. The primaries were also reconstructed three times
so that all the data were used. No median filter was used after
reconstruction of the primaries. These results were averaged to give the
results seen in FIG. 7B.  It can be clearly seen that the water-bottom
multiples have been virtually eliminated from the model data set. A small
amount of residual energy from the multiples is visible at the near
offsets. This is the result of a lack of moveout differences at small
offsets. The wavefield reconstruction technique preserves the amplitudes of
the reconstructed data. This is illustrated in FIG. 7C which is a plot of
amplitude with offset for the reflector at 3.0 seconds in FIGS. 7A and 7B.
The solid line shows the true peak primary amplitudes and the dotted line
shows the reconstructed primary amplitudes. Little error can be seen except
at 



near offsets where the NMO correction is less effective in separating the
primary energy from the multiple energy.    25 Example 2 This example
illustrates the use of both wavefield reconstruction and offset-borrowing
reconstruction on an actual marine seismic data set. FIG. 8A shows an
original CMP gather from a marine seismic survey. The first water-bottom
multiple is seen at just below 



3.6 seconds, and a subsequent water-bottom multiple is also apparent in the
gather, as indicated by the arrows. The water-bottom multiples and peg-leg
multiples were very apparent during velocity analysis, and two
reconstructions were necessary to remove them from the data. Two
reconstructions were needed because the water-bottom multiples and peg-leg
multiples have different NMO velocities, and wavefield reconstruction
reconstructs a single wavefield having a specified NMO velocity. One
reconstruction was made for the slower water-bottom multiples, and one for
the faster peg-leg multiples. Only one-third of the data were used for the
reconstruction (to simulate sparse sampling), and the results of these two
reconstructions were subtracted from the input data prior to the primary
reconstruction. These data had 120 channels, 25 meter station separation,
and a near trace at 



106 meters. The shot spacing was 25 meters, but 75 meter shot spacing was
used when reconstructing both the multiples and the primaries (again, to
simulate sparse sampling). In addition, 49 offsets and CMP's were used in
all the reconstructions. FIG. 8B shows the reconstructed CMP gather.  There
has been a dramatic improvement compared with the original CMP gather (FIG.
8A). Note that the reconstructed gather has more traces in the gather since
all the shots are present in the reconstructed gather. This improvement is
so dramatic that stacked results were obtained for this data set. FIGS. 9
through 11 show how effectively the stacked image has been improved via
wavefield reconstruction. FIG. 9 shows the brute stack with a 25 meter shot
spacing. The residual water-bottom multiples can be seen as dipping events
running across the section, as 



indicated by the arrows. FIGS. 10 and 11 show stacks using offset-borrowing
reconstruction and wavefield reconstruction, respectively. The
offset-borrowing reconstruction (using a 75 meter shot interval) did
exactly what it is supposed to do - it provided a stack that looks like the
brute stack in FIG. 9 which had a 25 meter shot interval. Offset-borrowing
reconstruction does not remove the multiples which can be clearly seen in
FIG. 10. The wavefield reconstruction stack (FIG. 11) appears to be almost
multiple free. Thus, it is clear that    26 



wavefield reconstruction is an effective way to remove multiples from
sparsely sampled input data. Persons skilled in the art will understand
that wavefield reconstruction and offset-borrowing reconstruction are
extremely versatile and may be used in a variety of ways and for a variety
of purposes. Further, it should be understood that the invention is not to
be unduly limited to the foregoing which has been set forth for
illustrative purposes.  Various modifications and alternatives will be
apparent to those skilled in the art without departing from the true scope
of the invention, as defined in the appended claims.   



27 We claim: 1.    A method for reconstructing a seismic wavefield at a
designated common midpoint and offset location from a set of prestack
seismic data traces obtained from a seismic survey, each of said seismic
data traces being a time series of discrete samples of the seismic signal
received by a seismic receiver, said method comprising the steps of:
selecting the seismic wavefield to be reconstructed; determining the normal
moveout velocity of said seismic wavefield; selecting a set of input data
traces from said set of common midpoint seismic data 



traces, said input data traces having common midpoint and offset locations
proximate to said designated location; performing a normal moveout
correction of said input data traces using said normal moveout velocity of
said selected seismic wavefield; and generating a reconstructed data trace
representative of said seismic wavefield at said designated location by
mapping each data sample on each of said normal moveout corrected input
data traces onto its corresponding location on said reconstructed data
trace. 2.    The method of claim 1, wherein said seismic wavefield to be
reconstructed is a primary wavefield. 



3.    The method of claim 1, wherein said seismic wavefield to be
reconstructed is a secondary wavefield. 4.    The method of claim 1,
wherein said common midpoint and offset location of each input data trace
differs from that of said designated location according to the following:
[err] where [err]midpoint is the change in common midpoint location from
said input data trace to said designated location and [err]offset is the
change in offset from said input data trace to said designated location.   



28 5.    The  method   of  claim   4,  wherein  the  maximum   value  of
|([err]offset)/(2[err]midpoint)| is equal to an integer multiple of the
pattern number for said seismic survey. 6.    The method of claim 1,
wherein said reconstructed data trace is generated according to the
following: [err] where P(t[err],y[err],h[err]) is the data sample at a
given time, midpoint, and half offset on the 



reconstructed data trace, P(t[err],y[err],h[err]) is the input data sample
at a given time, midpoint, and half offset being mapped onto the
reconstructed data trace, [err] [err] g is a constant multiplier
empirically determined from model data which is used to scale the amplitude
of the data sample on the reconstructed data trace, [err] [err] [err]
angular frequency conjugate to t[err], 



29 [err] 7.    The method of claim 6, wherein the time of the input data
sample t[err] is related to the time of reconstructed data sample t[err]
according to the following: [err] 8.    The method of claim 6, wherein the
time of the input data sample t[err] is related to the time of
reconstructed data sample t[err] according to the following: 



[err] where [err]    30 9.    The method of claim  1, wherein said
reconstructed data trace is generated according to the following: [err] 



where g is a constant multiplier empirically determined from model data
which is used to scale the amplitude of the data sample on the
reconstructed data trace, W(t2,x2,h2) is the data sample at a given time,
midpoint, and half offset on the reconstructed data trace, [err]
square-root derivative operator, [err]   



31 [err]    32 10.   The method of claim 1, wherein said set of input data
traces comprises (i) the data trace having the same midpoint and the
nearest offset greater than said designated location and (ii) the data
trace having the same midpoint and the nearest offset less than said 



designated location, and wherein said reconstructed data trace is generated
by copying weighted versions of said two input data traces to said
designated location and summing them. 11.   The method of claim 10, wherein
said two input data traces are weighted using cosine weights based on the
separations between said input data traces and said designated location.
12.   The method of claim 10, wherein said method further comprises the
step of using a muting process to preserve the primary reflections in said
set of input data traces, said muting process being based on the following
equation: [err] 



where t[err] is the arrival time after NMO, C[err] is a constant typically
equal to 8, f[err] is the maximum frequency which is still in phase after
NMO, h is the offset of the input data trace, [err]h is the change in
offset between the input data trace and the reconstruction location, [err]
is the angle of reflector dip, V is the primary root-mean-square (RMS)
velocity, and V[err] is the normal moveout velocity of the selected
wavefield.    










