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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.

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
eafth and is at least partially reflected by subsurface seismic reflectors (i.e., interfaces
between underground formations having different elastic properties). The reﬂectiéns are
detected and measured by seismic receiveré located at or near the surface of the earth, in an
ov&lying 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 sighal 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
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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 séismic data processing operations include applying
corrections for known perturbing causes, rearranging the data, filtering the data according to a
selécted criteria, stacking the data, migratiﬁg 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 nuxhber 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 freqxiency 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 intgrval 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.
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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 iﬁfelpolation scheme to generate extra traces.

Modification of the field recording geometry to generate additional data traces is
undesirablel 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 6n 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
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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 (wi'apped) 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 compﬁseé the steps of (a) selecting the seismic wavefield to be reconstructed;
(b) determining the normal moveout velocity of the selected seismic wavefield; (c) selécting 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 inpuf 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 Amidpoint = tAoffset/2, where Amidpoint 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
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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 multipleé 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 lC 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;

'-5-
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FIGS. 3A through 3C are schematic plan views which illustrate t.hreé successive shots

from a three-dimensional (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 illﬁstrates 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
muitiples 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.

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.
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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; through R;. 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, is fired by seismic source 102. The resulting seismic signal
is received by seismic receivers R, through R,, 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, through R,, are recorded resulting in a
total of ten prestack seismic data traces. Accoriiing 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 Ryp is
assigned to midpoint location 1 (the midpoint between shot S; and receiver R,(), the data
trace recorded by receiver R, is assigned to midpoint location 2 (the midpoint between shot
S, and receiver Ry), and so on.

In FIG. 1B, seismic vessel 100 has advanced a distance equal to the receiver spacing,
and a second shot S, is fired by seismic source 102. The seismic signal is again received by
seismic receivers R, through R,, and recorded. In this case, the data trace recorded by
receiver R,y is assigned to midpoint location 3 (the midpoint between shot S, and receiver
Ry), the data trace recorded by receiver R, is assigned to midpoint location 4 (the midpoint
between shot S, and receiver Ry), 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, is fired by seismic source 102. In this case the dé.ta trace recorded
by receiver Ry, is assigned to midpoint 5 (the midpoint between shot S, and receiver Ryy), the
data trace recorded by receiver R, is assigned to .midpoint- 6 (the midpoint between shot S,
and receiver Ry), 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

7- I
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1A through 1C) are plotted along the abscissa while the source-receiver offsets are plotted on .
the ordinate. Source-receiver offset SR, represents the distance between seismic source 102
and recei\fer R,, offset SR, represents the distance between seismic source 102 and receiver
R,, 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, are located along diagonal line 108. Similarly, data traces resulting
from shots S, and S, are located, respectively, along diagonal lines 110 and 112. Data traces
from other shots (both before shot S, and after shot S;) 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.
Nofninally, the CMP-bin interval is half of the receiver interval. If this is true, then |
ax,

Ax

2Ax,

Ax,

Dpaten = = ’

m

where Ny is the pattern number, Ax, is the shot interval, Ax,, is the CMP-bin interval, and
Ax, 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 tracés 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
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for a full stacking chart is present. This is not necessarily a disaster. These data will alias
during stack for wavelengths less than 4Ax; (the Nyquist theorem applied to a CMP gather
with trace spacing 2Ax,). 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

Doatem™1 and Ax=Ax,/2). _

3. The pattern number is the minimum number of aliased offsets required to

reconstruct a de-aliased offset usiﬂg the present invention.

FIGS. 3A through 3C are plan views of a simple 3-D marine seismic survey m which -
the seismic vessel 114 towé two laterally-offset seismic sources 116a and 116b and one-
in-line seismic receiver cable 118 containing a plurality of seismic receivers R, through R,.
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 dafa 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; which is received by seismic receivers R,
through R,, 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, is
assigned to midpoint location 10 .on CMP line 120a; the data trace recorded by receiver R, 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 S, is fired by the second seismic source 116b. The signal is again
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received by receivers R, through R,  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, 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, (diagonal line
122), data from shot S, (diagonal line 124), and data from.other shots (before S, and after S;)
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 duai-source
acquisition is 4. This low sampling of CMP's can céuse 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

-_—
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Nyquist sampling condition. When a signal is under sampled, one input frequency yields the
same output sémplés 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 rnultiple-free input data. The
primary reconstruction further attenuates the contribution of multiples and other unwanted
wavefields. | |

Wavefield reconstruction is detenmmstlc, 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., wraf»ped moi_'e 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
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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, K.L., 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. | ' g

It will be inunediatel_y 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 déscription will illustrate application of wavefield
reconstruction in the context of a marine 3-D seismic survey. It should be undérstood,
however, that wavefield reconstrucfion-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 ,ilhistrating 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 stef) of the méthod 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.
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The normal moveout (NMO) velocity of the selected wavefield is then determined

(reference numeral 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 scépe 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
|Aoffset]  =Cn e AX,,

where |Aoffset| _ is the maximum difference in offsets between any input data trace and the

‘reconstruction location, C is a positive integer, N, is the pattern number, and Ax, 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.
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With the origin at the reconstruction location, the equation Amidpoint=tAoffset/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:

| Aoffset]

|Amidpo int| <

where |Amidpo int| is the difference in midpoint locations between the input data trace in

' ~ question and the reconstruction location and |Aoffset| 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,
siﬁgle 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 1 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) 2 preselected
maximum Aoffset 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
Amidpoint=tAoffset/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
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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 reconstru_ct'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 (refei'ence 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
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subtracted from the actual traces to obtain nearly multiple-free data traces. Next, the primary
wavefield is reconstructed (using the NMO velocity of the primary reflections) 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 (_dr 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: ' |

Pty :Ymshp) = G[duz (Sign(hm - hn)tn)P(tn '¥n rhn)] ’

- where

P(tm,ym,h'm) 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(tn,yn ,h,) is the input data sample at a given time, midpoint, and half offset being
mapped onto thie reconstructed data trace,

24%(k,)-1 ALK) 2

Aj(k,) 2A%(k,)-1 e
y4mhy (b, -hm)l.l-m]

: 1 . . »
dm(ﬂgn(hm -hn)tn) = Idmm(sxgn(hn ~hy)jom 12 ~jonty ,
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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,

J=AA,

ks =££(_D_m_‘/ (Ym _yn)z

(hm - hn)2 - (Ym - Yn)z

®,, = angular frequehcy conjugate to t,,
' . 12 .
n2 (k) '
An(ks) =|1+—5=2 ( . ) ,and
m( S) I: A.z..(ks)txzn On :|

A, (k)= tllAm(ks).

m

The time of the input data sample t, rhay be related to the time of the reconstructed data
sample t, according to the following equation:

2
hm hn hn"hm

Alternatively, the time of the input data sample t, inay be related to the time of the

reconstructed data sample t,, according to the following equations:

| .’U+V
if by, > by, then t, =t ~—2—

[

, OI

V

where ThlS Sheet Has Been Replac

(R lIII

-17-



95.014B

U=hf, +hf,,—(ym—y,,)2 and

V=U?-(2b,h,)" .

The above algorithm is appliéd 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"
5 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,,x;,h,):

A h* b
10 W(Ekh,)= [|dt,dx,J,, exp(—th{ ??tl -k[x, —D(R—l‘t—l-E"t—z)]})W(t,,x,,h,),

where
Oy oy |0y
at ox ot ot
I =Tn @ty byt k) = (21 =01 (=22
21 =¥ (Dity.hy,t,hy) = ox, |
|3t1 oxy| | ot

2
=A,(D,t;,h)= 1+(3th-1-) , and

2
Az =A2(D,t23h2)= 1+[2t-}1_2) i
. 2

15  Inthe above equations, D is the time dip on a zero offset section given by

D=2sina/V,
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where o 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, in terms of the

wavefield at offset h; as follows:

W, x,.h,)= dedkﬂdtldxljn @q{—ﬂn{{% t —tzj _k[x ':th' _Al_ljt_) -xz]}JW(tl’xl ’hl). .

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 imtegral for approximation is not arbitrary. The
frequency integral involves singularities due to the presence of 1/f in the A factors. The t,
integral involves singularities due to the presence of 1/t; in A;. The integral over x, is just a
Fourier transform and needs no approximation.

The stationary phase approximation requires the phase to vary rapidly as k varies as

follows:
o
IEI = |fA,(A,t, -A,t)-k(x, - xz)l >>1.

Application of these equations leads to the following modified mapping algorithm:

| 1 J
e o i l> Ly, 0.)
™I

where

W(t,,x,,h,) 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,
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W (sign(h, -—h,) tz,xl,h ) is the input data sample after application of a

square-root denvatlve operator,

"iz'(Ag _Af)tl
=B
: X=X ’

Zm A - —2 — ZA 2 A 1 ’
E {Al(zaKz ox o’ ™ o

oA, , . Al 1 (h,T
aK (KS)—A; 2A§—1 tl Ks,

2 2
§.2ﬁz_(|< )=_‘£__1._[111) -l L, 4 AZ/A? (_h_z) ”
aKZ s A; 2A§—1 tl A: (2A§—1)2 2A§_1 tl s {2

‘( )= ( )21 Ll Al (h]
K"" — K s
A AL AlAZS\L)

azA 2
B = (tl) A AT (K.,
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H(x,)=4|1

\2 . 2,2
(o34

t A?
1 1 2 KZ

A2 (h h 2 ]
1 1443
A2 t2 )

2 L K4

AlAJ(2AL-)) :

A}AlQ2A}-D

| 2 [ - (h,)* A* AZ(nn, )

)] (o) o 5]

T2 3-~— VI R TV IR

A2(2A2 "'l) Al A2(2A2 “1) AIAZ(ZAZ - 1)
U+V-2h) .

Al:thW lfh2<hl,

—. 2
A= }.;.E’L\_:Tlh_l ifh, >h,,

2 —_ "2 _
A2=\[EZLU+‘</_ 21 ifh, <h,
2
5 A,= U+V-2h, ifh, >h,,
o V{U+V)

U=h? +h%-(x, -x,)%,

V=.U? —4h?hZ,

and

T

_2A1-1_ Aj

oF|
a, |

10

$o2A%2-17

input data sample is defined by the following equation:

21-
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312(£t)G(t)= GUA (1) = [af e JEZREG(E) .

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 recohsﬁ'uction
ldcation all fall on the same midpoint (vertical) line in a stacking chart (e.g., FIG. 6), and the
input trﬁces 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 proceésing 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,

Sheet Has Been Replaced

Hll\lﬂ LUl B



10

15

20

25

95.014B

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:

/ 2
cosa 1
fnax DA ( ) -
\\ V J

tamo = Crute V2
NMO

where tyyg is the arrival time after NMO, C,,.. is a constant typically equal to 8, f,, 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, « is the angle of reflector dip, V is the primary root-meari-square
(RMS) velocity, and Vo is the normal moveout velocity of the selected wavefield. The
above equation yields a minimum arrival time for given f .., x,, Ax,, 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 fof 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

conseéutively 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
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with a peak amplitude of unity. The velocities for these primaries are 1700, 2000, and
2500 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
pnmary 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.
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. Example 2

This example illustrates the use of both wavefield reconstruction and offset-borrowing
reconstruction on an actual marine séismic data set. FIG. 8A shows an original CMP gather
from a marine seismic survey. The first wafer-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
inglicated by ﬁ1e arrows. FIGS. 10 aﬁd 11 show st#cks 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

This Sheet Has Been Reﬁaced

25-




95.014B

wavefield reconstruction is an effective way to remove multiples from sparsely sampled input
data. |

Persons skilled in the art will understand that wavefield reconstructibn and
oﬁ'set—borrowihg 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.
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We claim: ‘ ‘“ll“ |I““ mI lI‘ ﬂ
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 samp'les 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 moveoui: 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 ha\&ng 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 corrésponding location on said

reconstructed data trace.
2.. The method of claim 1, wherein said seismic wavefield to be recohstructed isa
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:

|Amidpo int| < léo_f;s:e_tl_

where Amidpoint is the change in common midpoint location from said input data trace to
said designated location and Aoffset is the change in offset from said input data trace to said
designated location. ' '
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T
5. The method of claim 4, wherein the maximum value of

|(Aoffset)/(2Aamidpoint)| is equal to an integer multiple of the pattern number for said '

seismic survey.

5 .
6. The method of claim 1, wherein said reconstructed data trace is generated
according to the following: |
P(t s Yms B} = Gl (sign(bip = By )ta JB(ts, Y ba)]
where _
10 P(tm,ym,hm) is the data sample at a given time, midpoint, and half offset on the
reconstructed data trace,
P(t,, ,¥n»-hy,) is the input data sample at a given time, midpoint, and half offset being
mapped onto the reconstructed data trace,
Gog 2220)-1_AL(K) 1
Al(k,) 2A2(k,)-1 r - ¥ -3.) 34
Janh (b, - hm)ll —m el
| ) (hm - hn) |
. 1 . . vz _;
15 dy(sign(hy ~ by )t,) = o jdmm(mgn(h,, ~hy)joy) €Ot
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,
j=v-1,
s = 2 y -
th (hm_hn) —(Ym_}'n)z
20_ ' o, = angular frequency conjugate to t,_,
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7. The method of claim 6, wherein the time of the input data sample t; is related
5 to the time of reconstructed data sample t,,, according to the following:

' 2
-t =t _11.‘1. l_hn—hm l_[Ym_Yn)
n- *m ‘
hm hn hn'—hm

8. The method of claim 6, wherein the time of the input data sample t, is related

to the time of reconstructed data sample t, according to the following:

U+V

v

10 ifh,>h,thent =t, , OF

L

. 2
ifh, > h,,, then t, = tmlhn' m s

where

U=h; +b% ~(Ym—¥,) and

V=4U?-(2h,h,)’ .
15
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9. The method of claim 1, wherein said reconstructed data trace is generated

according to the following:

where

' 1 Jn(x A,
-W(tzsxz,hz)zgfdxl : (k) Wﬂm( gn(hz -hl)A t2’xl’hl)

|a*w
EX

|o®(x,)| VA,
N

(<,

———

g is a constant mulﬁplier empirically determined from model data which is used to

scale the amplitude of the data sample on the reconstructed data trace,

W(t,,x,,h,) is the data sample at a given time, midpoint, and half offset on the
reconstructed data trace, |

W@ (sign(h, h,) tz,xl,h,) is the input data sample afier application of a

square-root derivative operator,

A
—Z(A: - Af )tl

A
K, = .
X; =X
azlp(K) ot 1p A2 A, A, +(_aﬁ)’ _(a’A Lo OB A, 6’A1]
x> TA U e \a o> o, x|’
oA, A? 1 (h,)’
o K0T A32A2—1 t )

62A,( yoAL 1 (gz_)’ a4 A*/Az(_g,_)’nz'
A;2A§—1 t, Al (2A2_1) 2A2-1\t 1
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2 2
2A, (h,) 11 A? (th
—_— (g )= -] ———| K - —| K
o 7\ A AT ARy,

2 42
_]).l.(E.Z_) é;_
ty/ Ay ,
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2
ﬁ(h_.hz)
A2 2 .

t
H(x)=4|1- Ks + s [T
( s) ) AfA%(ZAg-l) s AZA (2A2 )
{8 i
B L) (b)) h,)” A Al (nn) |
Af(-l) K? (..l) (ZA%—I)Z +4( 2) 2(3A2~-1) —;(.__1_2)
4 320 b/ A K2 422 s |t
ALAZ 1) ATAJ(2AZ-1)? ©AlAZAL-D T
i i
U+V-2n |
Al:J;l'z——\f_([—J_-{:\—f).l lfhz <h1-,

2
5 A, -1%9-1‘3'\-,—21‘— ifh,>h,,

A =\[y_y_:\_f_-_2h_
2 2 \'A

U+V=~-2n® ...
A = f______l ifh
=\ Voev) b

and

ifh, <h,,

Ty _2A1-1 A] .
Al 2A%-1
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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
designafed 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:

fmhAh((co‘ja)z L )

VNMO

»

tamo = Crute

where tyyo is the arrival time after NMO, C,,,,. is a constant typically equal to 8, £, is the
maximum frequency which is still in phase 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 Vo is

the normal moveout velocity of the selected wavefield.
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