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5 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.
10 ' 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

15 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.

20 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

25  thereceiver. 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

30 - source-to-receiver offset), and are then sorted into common midpoint gathers and stacked to
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earth an®508Bt | east partially reflected by subsurface seisnmic reflectors
(i.e., interfaces between underground formations having different elastic
properties). The reflections are detected and neasured by seisnic receivers
|l ocated at or near the surface of the earth, in an overlying body of water,
or at known depths in boreholes, and the resultl ng seismc data may be
processed to yield information relating to the subsurface formations.

Sei sm-c pro [ consists of three main s i on, data

ectin ui'si
processi A %ﬁéﬁq ﬁ%#ﬂ%ﬂ*&ft YVBHld ha’?‘ﬁge%‘h"&E%‘é‘E& gg aef’°§§’i‘ 60"3[? eI at
operatio f all three stages. The
' mF))st V\AI dg ﬂggﬁ?%ﬁggﬁ?@% ata acg‘%ﬁ'g‘? %ligcﬁjﬂqg-n s%?%éd;sm ng techni quegl s the

common m d poi The ()ﬁhﬁi'y pRbbsed of Séismiv diwdprocessingtdre tprnitive D Sugressainwaatedt he
source and
noise components and to transform the data into seismic sections or images which facilitate -

5 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
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

10  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

15 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

20  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

25  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 receds.614BAccording to the CVWP nethod, each seismc signal is recorded
at a nunber of different receiver |ocations and each receiver location is
used to record seismc signals froma nunmber of different source |ocations.
This results in a nunber of different data traces having different
"source-to-recei ver offsets for each m dpoint. The resulting data traces are
corrected for normal noveout (i.e., the variation of reflection arrival
time caused by variation of the source-to-receiver offset), and are then
sorted into cé'hwowomegpcﬁfnspagak ebiesing neans bgc Rerticularly acmte ‘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
.5 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
10 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
15 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
20 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
25 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

30 around from the positive values. If the data are only aliased once, the negative k values can
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si mul at e 95lpa4Bat a trace that woul d have been recorded by a coinci dent
source and receiver at each m dpoint |ocation, but with inproved

signal -to-noise ratio. The primary purposes of seisnic data processing are
to renmove or suppress unwanted noi se conponents and to transformthe data
Into seism-c sections or inmages which facilitate interpretation. Exanples
of well known seism c data processing operations include applying
corrections for known perturbing causes, rearranging the data, filtering

t he dat a beanapped tatheir carrespoading positive aalues, eﬁpm?ma ving thtospacingiiy thet CME t he

the. dat =, doain RS AP he REasine Bpajeach fhis ARBNZEh MOGE HFD SO AT pLogdat
o 1 act ore SRBEE I iappéArhy hRnPOSK Bice ORI B rietha] LARSOOr el ity "
dat a, andiatdwhidh aie didsed (wrtiped) more than once.
5 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
10

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
15 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
20 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

25 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
30 and the reconstruction location. The set of input data traces may be further limited by 2
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As.is weldsffygn in the art, nodern seismc data processing operations are
performed on digitized data. A digitized seismc data trace is a uniformy
sanpled tine series of discrete neasurenents of the seismic signal at the
recei ver in question. A problemknown as "aliasing," which is defined as
the introduction of frequency anbiguities as a result of the sanpling
process, can occur in processing digitized data. Were there are fewer than
two data sanples per cycle, an input signal at one frequency can appear to

be anot heprefictemmiaed shagimumn pffbet WwidtiC@usttbeias least@quslto itlie pattein sianisr itipeed the
t he frequency donmain where aliased frequencies can be folded (or w apped) .
ont o ot hereceiver;imtervaloand, mefgrablyy is anainteggr multiple ofcthe pattem, Bumber times|ithe) or
Nyqui st f %gﬁg ich is one-half of the frequency of sanpling) nust be
rermved-b{f anti-alias filter before sanpling. For exanple, for seismc

data having a th another embodiment of the invention, the set of input data traces is limited to the
5 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
10  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

15 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.
20 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
25  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; .
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mllisec®@l4Bnpling rate (i..e., a sanpling frequency of 250 sanples per
second), all frequencies above 125 Hertz nust be renoved in order to avoid
aliasing. Aliasing is an inherent property of all sanpling systenms. It
applies to sanpling at discrete tine intervals in digital seismc
recordi ng, as described . above. It can al so apply to the spatial distance
between i ndividual CW locations (i.e., spatial sanmpling). If the spatial
sanpl i ng |nterval is too large, certain data proce55| oper ati ons

perforned in sﬁ@thr@ughf%eﬁ;@nhgmmrmmhvwsgv ichyillystrate thaer swesave)shetan

per oot vl dee R - ieRE JERAR, %&?@n“%t@aiéﬁu.%ﬁ A HeeC

can be i pleREMGHE: i nto the processed data.

. FIG. 4 is a stacking chart for one of the two CMP lines generated by the 3-D marine
5 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;
10 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;
15 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.
20 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.

25

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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3 The prB850e4B of spatial aliasing can be particularly acute with respect
to a three-dinensional (3-D) marine seismc survey in which nmultiple
sources and/or multiple receivers are used to generate nmultiple CWP |lines
on each pass of the seismc vessel resulting in fewer passes (and,
consequently, |ower cost) to-conplete the survey. Each of these CWP lines,
however, typically has a nunber of m ssing shots relative to nornal

t wo- di nensi onal éZ-'D) data acquisition. These m ssing _shots can_cause

spatial al i asFHaSdLAi thgoughbLC jllustratel a: typjsab2da gnarineo prismaici Siecyvin othich i)
degrade tsqumfci vré%sl,el '1861 fwsa 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

5 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

10 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

15 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

20 Ryy), the data trace recorded by receiver Ry 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

25  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

30 through 1C. Midpoint locations (which correspond to the midpoint locations shown in FIGS
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Spatial 85.084Bng can be avoided by using a sufficiently snall trace
spacing. This requires either (a) nodification of the field recording
geonetry to include additional sources and/or receivers or (b) use of a

dat a- dependent interpol ation schene to generate extra traces. Modification
of the field recording geonetry to generate additional data traces is
undesirabl e because of the added expense that this entails. Therefore, past
efforts to avoid spatial aliasing have focused on statistical interpolation
t echni quéA throughAE) atecplottid alpugthe abisaissa whilsdhe saunee-rsoeiveraffsgtsi ageiplotted on .

el b a” Sl SE8 o b, Sy in B P Bt Toagea ' o
e PR 88 SR80 h0ubaalondes sk’ Gl 0 e v
filter. Rjearddestson.sduihiecstacking eliartyX's represent offset-midpoint locations that contain a
5 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. |
10 | 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."

15 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

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

20  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.

.25 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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tends to958§ikéBe primary data when a higher anplitude 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. Al so, extrapolation
of an event into a gap using FX-Wener interpolation can produce very high
anplitudes if the anplitude of the event is increasing in the direction of

the gap. Many of the flaws of FX-Wener interpqlation are_al so present in
any st at ifer 3 &l stpeking pearhisi RIpsenb c Fhisde 8ot necessaply; ¢ disaster, nEhege #Pf;c‘aﬁm@é i s

lyi y t i | S . ded
it 5 oo Ttk Sk SR EERRRE AR Ry, ARG nplienaelo dici SR6E (0
i nt er pol gfiiORacRspaeihg 288} atHoWevel, fif AftdtinormAiNAbvidnt QWD) tdoprectiti theft 4r8no

solving the aliasing problemis based on the work of o )
data with wavelengths less than the above value, then no effects of aliasing will be seen on

.5 the stacked section.

—t

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
10 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
15 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

20 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,

25  through R,q 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 .

30  spacing and a second shot S, is fired by the second seismic source 116b. The signal is again
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Ver meer . 95lg1gBnet hod assunmes that all data in a conmon m dpoi nt gather have
positive noveout. Hence, in k-space, any data which appear at negative k
val ues were w apped around fromthe positive values. If the data are only
al i ased once, the negative k val ues can 4 be mapped to their
correspondi ng positive values, -effectively halving the spacing in the CW
domai n and doubling the aliasing frequency. This approach works well so

|l ong as the data are aliased, or wapped, no nore than once. However, this
met hod caeceineddxy necsivers &, thronglpR, 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
5 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. |
10 - 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;)
15 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

20 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. '

25 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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data whi 95,0848 al i ased (wrapped) nore than once. Wiat is needed is a
determ nistic interpolation techni que which uses know edge about the
under|yi ng wave- propagation theory to interpolate or extrapol ate data. The
present invention satisfies this need. SUMWARY OF THE | NVENTI ON The present
invention is a nethod for reconstructing a seisnmic wavefield at a

desi gnat ed comon nmidpoint and offset location froma set of prestack
seismc data traces obtained froma seismc survey, each of the prestack
sei sm c Wymuist saun;dmgtmhdigioa Whan ssighalds wided smnpled,eomdnpntéieqmncwhéeldeﬂsm c
signal received by -a seismc.receiver. In one nbodi rrea d-{" g&rreth od

conpri se$§ameOuiput e5(35) a Simiar; siggal; ﬂea@%l?? BAURAGKH £ -6 e JTeglencies are

reconst r ugt Rt of each other).

In waveﬁeld reconstruction, a single designated wavefield is reconstructed from the
5 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

10  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

15 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

20  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,

25 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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(b) det e®5i01d4Bg t he nornmal noveout velocity of the selected seismc
wavefield; (c) selecting a set of input data traces fromthe prestack
comon m dpoi nt seismc data traces, the input data traces havi ng common

m dpoi nt and of fset |ocations proxinate to the designated reconstruction

| ocation; (d) performng a normal noveout correction of the input data
traces using the nornmal noveout velocity of the selected seismc wavefield;
and (e) generating a reconstructed data trace representative of the

sel ect ed reeonstpctionateeliniaye] extends Ronerss dheory by deriving enhoperaiopitha) preserverat a

SaPLe O e HBh T sG] L P 905, L eces onto s
P meC L e Rty A e M . & 99 g i
Black et al. (Black, J. L., Schleicher, K.L., and Zhang, L., "True-amplitude imaging and dip
5 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
10  offset. | ' :

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. |

15 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

20 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

25  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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I n one efBOB4BeNt of the invention, the set of input data traces conprises
data traces that lie horizontally between two diagonal lines in

m dpoi nt - of f set space defined by the equation [err]mdpoint =
[err]offset/2, where [err]mdpoint and Aoffset are, respectively, the

di fferences between the midpoint |ocations and the of fsets of the input
data trace in question and the reconstruction |ocation. The set of input

data traces nmay be further |limted by a 5 predet erm ned. maxi mum Aof f set
whi ch nust be The nogmak meyemt (NMQh@elp%t ef thenselgstad wayafisld fgcthen 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
5 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

10  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

15 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

20 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,,

25  where [Aoffset| _ is the maximum difference in offsets between any input data trace and the
reconstruction location, C is a positive integer, n,,,mem 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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recei ver 96:101dBval and, preferably, is an integer nmultiple of the pattern
nunber tines the receiver interval. |In another enbodi nent of the invention,
the set of input data traces is |limted to the two actual data traces which
(i) fall on the sane conmon mdpoint |ine as the reconstruction |ocation
and (ii) are located adjacent to (i.e., on either side of) the _
reconstruction location. In this enbodi nent, the reconstructed data trace
is generated by copying weighted versions of the two i nput data traces to

t he r ecorWith thetarigin tgberaconstanstion losationy thereguation AmidpaintyrAoffst/ddefresithg i s

d ' s i ghts.b th ' the. | dat

[ aces afGPePRD) IS GRAER RPN TBELETAR, AIRGAA ERgh P de R vone AR 2o
|1 desi ¥ Qfiese WG i@yl ik ciRiIRE! 1Y rRBniRREoh OTd SIBEIWoidGhe RPUDAME By

wavefi el ds an
to be used for the reconstruction will satisfy the following equation:

Aoffset
5 |Amidpoing <! °25 3

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,
10 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
15 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

20  having midpoint-offset 1ocations. 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

25  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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secondar 95.024Bf i el ds, and results in true anplitude reconstructed data
traces. If the wavefield being reconstructed is a secondary wavefield, the
result may be subtracted fromthe actual data traces to elimnate

i nterference between wavefields. In this manner, coherent noises (such as
wat er-bottom nul ti pl es and peg-leg nultiples) nmay be renoved froma data
set. The nethod nay be used to reconstruct data from nissing shots in order
to prevent spatial aliasing problens during other data processin

oper at i oifsgre®ey than prtheritieroutpityd tigrecopstimciiersshawld pe divi bm%ﬁ?qéﬁhﬁh‘é its
advantage beb tter by referring to the follow ng detailed
descri pt| %Hef g@nggéhg g‘ I n whi ch: ,

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
.5 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) ehould 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
10  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

15 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

20 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

25 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

30 actual trace locations (X's) in FIG. 6. The resulting water-bottom multiple traces are then
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FI GS. 1A 9501aBgh 1C are schematic el evation views which illustrate three
successive shots froma two-di nensional (2-D) marine seismc survey, FIG 2
i-s a stacking chart for the 2-D marine seismc survey illustrated in FIGS.
1A through 1C, = 6 FIGS. 3A through 3Care schematic plan views which

il lustrate three successive shots froma three-dinensinoal (3-D) marine

sei sm c survey having dual sources and a single

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

5 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

10 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[dllz(Sign(hm - hn)tn)P(tn-Yn rhn)]’
- where

15 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 T YR zA
) e e

20 G=g

dypp (sign(tg — o)ty ) = 51; Idmm(sign(hn - hm)jmm)me"j‘”""" ,
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recei ver 9s8b4B; FIG 4 is a stacking chart for one of the two CWP |ines

generated by the 3-D marine seismc survey illustrated in FIGS. 3A through
3C, FIG 5 is a flowhart illustrating the various steps used in
i mpl enenti ng one enbodi nent of the present invention; .FIG 6 illustrates

application of one enbodi nent of the present .invention in connection with a
dual source, single receiver cable 3-D marine seisnic survey; FIGS. 7A 7B,
and 7Cillustrate use of the present invention to renove water-bottom

mul tipl es frodia aneanstantimmltiplier empirgally glatenmined Hrom mpsie} date whichis yegdnter
froma narine sei S Stale te'ahy 't\lljcﬁfocfrtﬁe &Qgsample on the reconstructed data trace,

J=AA,

g, = im®n J (Vm=Ya)"

© 2 V(b -ba) -Oa-va)

5 oim = angular frequehcy conjugate to t,,

Am(ks)=[1+Al2n'(%s)tg (;‘;) ] ,anci
A, (k)= %:Am(ks) :

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
10 t,=t, 'I'll'\,l———hn—hm\ﬁ—(—-———ym_yn) .
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—

Iy
'ifh; >hy, then t, =t |h IJ——?‘—
| > nT ity u+v?
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éfter, r8S.0p4Bi vel y, application of the present invention;

FIG 9is a

brute stack of data fromone CVMP line of a marine seismc survey; FIG 10
I lustrates the results obtai ned when one-third of the data for the CW

line of FIG 9 is processed using offset-borrowi ng reconstruction;

and FI G

11 illustrates the results obtained when one-third of the data for the CW

line of FIG 9 is processed using wavefield reconstruction.

The invention

wi |l be described in connection with its preferred enbodi ments. However, to
t he extent thq;_thﬁe,.ﬁ?oLl I)%igﬁdu | ed description is specific to a.
particul ar enbodi fent™ or a particul ar use of the invention, this is

intended to be illustrative only,

and is not to be construed as limting

t he scope of R'Pg IEI e?ﬁ% .)'201 the contrary, it is“intended to
: = - n*m/ - : _

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,):

10  W(f,k,h )=”dtde exp| —i2® ﬁt —klx _D[_lllz__ h;
sy iia 1 19 21 Al 1 1 Alt] At
where
% 2l |2
o, & ot ot
J _J Dt’h 'tih 1 1= 1 -_—.—l,
21 =121 (D.tg,hy,t,hy) = o A
|at, ax,| |at
Dh, )’
_AI(D,tl,h1)= +(_t.!.) ,and
1
Dh, )’
A, =A,(D,t,,h,)= 1+[_t_2) .
: 2
15 Inthe above equations, D is the time dip on a zero offset section given by

) -

D=2sina/V,
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cover al 1954014Br nati ves, nodifications, and equival ents which may be

I ncl uded within the spirit and scope of the invention, as defined by the
appended cl ai ns. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS

I ntroduction Before proceeding with the detail ed description, a brief

di scussion of certain seismc data acquisition and processing concepts wl|
be presented to aid the reader in understanding the invention.

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 —tz] _k[xl —I{':Tft' _::‘i_) -xz]}JW(tl’xl ’hl). .

5 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,

10  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:

)
IEI =[fA, (A, — Agt,)—k(X, —x,)| >>1.

15 Application of these equations leads to the following modified mapping algorithm:
| 1 I (Ks) A1 ), A
W(t,,x5,h,)~ g |dx, 205 I Lw(D (sign(h, ~h,) =+ t,,%,,hy)
el T e v
“aﬁz ) | a |

where

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

20 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,

-19-
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7 FIGS. 980d4Bough 1C illustrate a typical 2-D nmarine seismc survey in
whi ch a seismic vessel 100 tows a single seismc source 102 and an in-line
sei smic streaner cable 104 containing a plurality of seismc receivers
Rlerr] through R err]. Athough only ten receivers are shown for purposes
of clarity, persons skilled in the art will understand that actual marine
seism c streaner cables may contain hundreds or even thousands of

i ndi vi dual receivers. In FI G 1A a first shot S[err] is fired by seismc
source 102. TheaResul i nal i S, rec ved b ism ¢ receiyvers
Rl err] through I(Q[g t B_ gxll’ Iésc oyt i-/?céﬁ ﬁ‘?inqne?{éct or
106 which, for purposes of Pustration, will be assumed to be a single,

hori-zont aI ref | ect gquardpéotRrivative @emal s received by receivers Rerr]
through Rlerr] are recorded resulting in a

A
‘i‘ (A; - Af )4

X=X

2 2A 2 2 2
a\?( - Zm{zé_(Aa (a_Az_)J_(aAzA L9 0 0A, +A6A‘)}’

A, ax: \ ok A’ & & o’
A? 1 h)z
5 2 =2
(=2 2A§—l(t, e

\
62A2 AL 1 (m)Y, |1 4 |A2/A(n,) ,
Lreryeat vw i b breaseyewd Dyt by A E
2 8% 1 X2 (2A2—1)J 2 =1\t
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total of gsg4Brestack seismc data traces. According.to the CVP nethod,
each of these data traces is assigned to the relevant m dpoint |ocation
which, for a horizontal reflector, is the reflection point on reflector
106. In other words, the data trace recorded by receiver Rerr] is assigned
to mdpoint location 1 (the m dpoint between shot S[err] and receiver
Rlerr]), the data trace recorded by receiver R err] is assigned to m dpoi nt
| ocation 2 (the m dpoi nt between shot S[err] and receiver Rerr]), and so.
on. In FIG 1B, seis' eszel 100h cedaq 2 eqyal to the
recei ver .spacing, an ilzls ured b iéﬂ_gﬂnic sofrce 102. The
seismc signal is ag ﬁl veEI b eﬂl

m,s;ﬂgceuﬁ tR[ rr] Jqhrough Rierr]
and recorded. Hifx}) =+ caee—t—@—;ﬂat—q—h—acrr Kydr Rlerr] is
assj gned to m dpoint |{{l ocati orf\GA( I@eTﬁ)dpm nt b %hot S2 land recei ver

\

[ 2 ; ' A4 ' A%{hh 2
2(h2) K: [h]) (2 A % _1)2 +4(h2) (3& 2 _1) ; ( 122)
t t : t A2 A t
L 31 1 2 «? 2\ b <

+
A3QAZ-D AlAI(2A} -1 T A[AQAI-D

p— }

. . -)

U+V-2h] .
Al =th—-\7([7+—‘7)—2- lfhz <hl’

2
’_;_U+V 2h ifh, >h,,

| 2 — 2
A2=\[hl LJ_-_I-_\_/’__Z_I_I,_ ifh, <h,,

U+V-2K

5 A,=
o 2 V(U+V)

ifh, >h,,

U=h? +h2-(x, -xl)z,

,{ 2 _4ninl,

and

Ju 2A}-1 A2
a¥|  A? 2A}-1
at,|

10 - The square-root-derivative operator (also known as a rho filter) which is applied to the -
input data sample is defined by the following equatlon: '
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Rlerr]), 96844Bat a trace recorded by receiver Rerr] is assigned to n dpoint
| ocation 4 (the m dpoint between shot S[err] and receiver Rerr]), and so
on. In FIG 1C, the seismc vessel 100 has agai n advanced a di stance equal
to the receiver spacing, and a.third shot S[err] is fired by seismc source
102. In this case the data trace recorded by receiver Rerr] is assigned to
m dpoint 5 (the m dpoint between shot S3 and receiver Rerr]), the data
trace recorded b i ver err ssigned to mdpoint 6 (the m dpoint
bet ween HG(xa( ﬁncﬁ&gcfﬂ)‘ae dfRSY™ JaizhfG{fn. Note that the midpoint .

| ocations do not nmove in FIGS. 1A through 1C. This is because these

| ocations represent fixed, geographic locations. FIG 2 is a stacking chart
for the 2-D nmilifsensf eithes thet osiginak yhappingsdlgarithoh omn thel faSdified 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

5  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
10  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
15 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
20  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
25  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,
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t hrough 98014Bdpoi nt | ocations (which correspond to the midpoint |ocations
showmn 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 seism c source 102 and receiver
Rlerr], offset SRlerr] represents the distance between seismc source 102
and receiver R2, and so on. In the stacking chart, X s represent

of f set - m_dpoi nt |ocations that contain a data trace while O s_represent

of f set - nDMQi istappliehte sreonsiruchdhn pumart wavefidd . This prpsedure preduges,ai negrly

result T ESMON s Shati) waldsd@ Aotk A5t ASAP LY 1 b rocShll! Ahdiis
the process which attenuates the secondary wavefield.

The offset-borrowing reconstruction process, however, can have an adverse impact on

5 . 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 waveiength for

higher frequencies. The primary réﬂections can be protected by using a muting process based

on the following equation:

e

10 tymo =Crmte

T2
Vimo

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
15 (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

20 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 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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from sh®@5014B and S3 are | ocated, respectively, along diagonal |ines 110
and 112. Data traces fromother shots (both before shot S[err] and after
shot S[err]) are included in order to fill in the stacking chart. As w ||
be well known to persons skilled in seismic data processing operations,
data traces having the sanme m dpoint |ocation are typically "binned" :
toget her for stacking purposes. Therefore, the interval between consecutive

e Soovae <  Fosreais T 8 s B 17803005, ane
T 2SO S Pyl B oSy o B8 9y
i nt erval myjiipidsThavihg ah'identical &8locity 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
5 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
10  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
15 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
20 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
25 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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[err] whe5@14Berr] is the pattern nunber, [err]x[err] is the shot interval,
[err]x[err] is the CMP-bin interval, and [err]x[err] is the receiver
Fnterval. The pattern nunber is seen in comon offset sections or CWP
gathers as the period of occurrence of live traces where the period is
measured in traces including any mssing traces due to the acquisition
geonetry. Atrace is considered mssing if within a CMP there is no trace
corresponding to one of the nom nal offsets recorded with each shot. In

FI GS. 1AExhmpleyh 1C, the shot interval was equal to the receiver interval.
Therefore, fromthe above formula, the pattern nunber is two. This can al so

of faet " (hor | 2 eampleansh B GGt oA ield e ek B O
reconstruction on an actual marine seismic data set. FIG. 8A shows an original CMP gather
from a marine seismic survey. The first wafer-bottom multiple is seen at just below

5 3.6seconds, 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

10 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

15 106 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

20  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

25 indicated 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

30  reconstruction stack (FIG. 11) appears to be almost multiple free. Thus, it is clear that
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Referrin®®5@tdB to FIG 2, note that the stacking chart (also known as the
stack array) is not full. As noted above, the pattern nunber is 2;
t-herefore, 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 | ess than 4[err]Xerr] (the Nyquist thereon applied
to a CWP gather with trace spacing 2[err]x[err]). However, if after nornal
nmoveout (NMO) correction there are no data with wavel engths | ess than the
above vawaxefieidweconstruetidnds ag effectivieiwayi togembve muliplesdrom 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
5 andfora 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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the stacR8814Bction. The pattern nunber is a key concept in seismic data
acquisition and processing. Three reasons for this are: 1. The pattern
Aunber is a guide to data processors for predicting fold and of f set

di stribution of stacked secti ons——Eveﬁ—wheﬂTr-ers‘t‘a'Ck mgration is
performed, the pattern nunber is t L Mg the nunber of offsets to
bin together to produce single- fo %I ns. 2. The pattern
nunber is a neasure of deV|at|onfr mf k array (i.e., where
nferr]= W%ﬁamferr]x[err]—[err]x[er pattern nunber is the

m ni mum nunber of aliased offsets required to

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
5 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
10 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
15 designated location by mapping each data sample on each of said normal
moveout corrected input data traces onto its corrésponding location 6n said

reconstructed data trace.

2.. The method of claim 1, wherein said seismic wavefield to be recohstructed_is a

20 primary wavefield.

3. The method of claim 1, wherein said seismic wavefield to be reconstructed is a
secondary wavefield.
25 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
30  designated location. ' '
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reconst r 951014Bde- al i ased of fset usi ng the present invention. FIGS. 3A
through 3C are plan views of a sinple 3-Dmarime sersntc—strvey in which

t-he seism c vessel 114 tows two Iateral'ly-ofhf.s Letﬁaes.i. m oyrces 1ll6a and
116b and one in-line seismc receiver cable ce
seismc receivers Rerr] through Rerr]. Thi

plurality of
tion geonetry .

results in acquisition of data traces for t Oa and 120b. As

is.well known in the art, seismc sources 116a and 116b cannot ‘be fired

simul taneously as it would be virtually inpossible to separate the data

gener ated by urce,l16a fraomthe data generated by,.source. 116b._ Therefpre,
t he dual sources ar etnye&ﬂ%lyQ?ir §It 1?ngthgouf’}‘%’q“ﬂ%at iv%lﬁg. ?ﬁ

t
FIG 3A AR (ARRd AP if chidit 2 Hrogd hikipll"oF nd Babih SRSk or S ™ ©

receiver

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 2A8(E)-1_AL(k) Y
Aj(k,) 2A%(k,)-1 [ n-v.) 34
Janh (b, - hm)ll —m el
| ) (hm - hn) |
. 1 . . vz _;
15 - dyys (s1gn(hm - h,,)t,,) = jdmm(mgn(h,, ~h,) _](Dm) ¢ 0mta |
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=+-1,
2
H 2 L I
th (hm_hn) —(Ym_}'n)z
20_ ' o, = angular frequency conjugate to t,_,
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through MS@EB resul ti ng' in atotal of ten data traces. These data traces
are assigned to mdpoint |ocations on CMP line 120a. In other words, the
data trace recorded by receiver R err] is assigned to mdpoint rocatiom 10

on CMP line 120a; the data trace recorded by receiver. Riffshes fas338] IEL4t O
m dpoi nt |location 9 on CWP line 120a; and so on. In FIG C
vessel 114 has advanced a di stance equal to the receiver &lm

second shot S2 is fired by the second seismc source 116b s

again 10 2 ) 12
An(ky)=[1+—72 ( ’] , and
Al (k) \o,

A, (k)= %‘—Am(ks).

m

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, =tm|hn' m,

where

U=h; +b% ~(Ym—¥,) and

V=yU?-(2h,h,)* .
15
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recei ved 95014Bcei vers Rlerr] through Rerr] resulting in ten data traces.
In this case, however, t ITeisShediadBtehRefsed € aSsi gned to m dpoint |ocations
on CWP line 120b. In FIG | ' c vessel 114 has again advanced a
di stance equal to the recqi , ﬂﬂ!gmm a third shot S[err] is fired by
the first seismc source llba. ting data traces are assigned to

m dpoi nt | ocations falling on CWP |ine 120a. Fromthe poi nt of view of

i magi ng, using dual _sources doubl es the nunber of CWP |ines acquired per
pass of the s& sni dbhgametbpd of plaimm |, sherein said| rgcanstracted dgta tragesis gomeratedhes.
For 3-D accbuisitiﬁ%, flhis i s considered necessary in order to reduce the
tinme (an&?c(fgl%éﬁ r‘f? ?/Whe cost) required for the survey. FIG 4 is a
stacking chart for CVWP line 120a. .The inpact of the dual -source

1 Ia(xs) A W2 (s A

_ —_— sienfh, —-h,)—t »X ,h
l*w | |o®(x)| VA, Gigplh, 1)A2 2:%1:h1)
Ia:z

N

- W(tz,%;,h,) = gj.dxl

(<,

———

where

5 . 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, |

. A . . .
W@ (sign(h, —h,)—A—‘tz,xl,hl) is the input data sample after application of a
) .

10 square-root derivative operator,

A az-A%y,
K = A,

X; =X

oy A A, (oA)) (3*A OA, DA °A
“a'.?<“=>=2"‘-{2rf(‘“= e+ (5e) |G e el ea B

oA, . Al 1 (h,)’
praalreryom by AT

Tl )=t (E-) 1= e —2 A-”Ai(hz_)zm'
&? T A 2A2-1\ A§~(2A§_1)z 2A2-1\t,) *|
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acqui si t i98101gBonetry can be clearly seen in that the chart is only one

quarter full. This is because the data generated by the second seismc’
source 116b are on a different stacking chart (i.e., the one for CMP Tine
120b) (not shown). Only data fromshot S[err] (diagonal ﬁhlsmﬂeeﬂﬁa%)aeend@
fromshot S[err] (diagonal |ine 124), and data from ot her

S[err] and after S[err]) by seismc source 1l16a are incIu ﬂl HI

Al so, a given comon-of fset section or CMP gat her in FIG

every fourth P8 ition 2nqelt patte(n n r the dual -source .
acqui-sition i 5—5—(1601# —!— W—S Iuclsn ja use probl ens during
st acki ng oper aKons, tfhed: 2Alg1 t,dormbn of f sets can cause

probl ens for DMO or prest ack m grat i on. Wavefield Reconstruction The
present invention is a nethod for reconstructi ng seismc waveflel ds. As

used . azA ( J’
. 1 H
7 (k)= t) AAZ (x,),
2 2 2 i
h h,) A? Al (hh
(B ent-ve(2) 4 Afen]
= 1 1 2.2 4
Ho =\ =ty % Y RTAIGAT D |
1432 2
{8 i
h 2 [ h 2 h A4 AZ h-h 2 | T
Af(t—z) K (-tl) (2A§—1)2+4( t?) Al —L(A7-D A—;(——lzz)
. 3-— e N TTTr I
Az(2A3 1) | ATAZ(2A] -1’ ATA;(2A3-1)

L ' i

U+V-2h? .
A! =J;l|2—-‘f—(t—1—+-\—,)'l lfhz <h1-,

2
5 A, —1%9-1‘3'\-,—21‘— ifh,>h,,

2 _ 92
A, = \[111_9:‘_’__2& ifh, <h,,

2 v
U+V-2h? ...

A= [——21 ifh

2 \} v+ Th>he

and

log| Al 2a3-1

10
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herein, &501dBefield" is a conponent of'_'smrﬁ—c*dara_vﬁ—crh can be
represented by a single velocity field %E-@he\éﬁﬁsh&%lkﬁ&% | at er al
variations. Typically, seisnmc data consi Hm '

Wavefields (e.g.,
primary reflections, water-bottom nmultipl HFHIFgﬂ | tiples, shear
waves, ground roll, etc.) which are descr ent velocity fiel ds._l

Basical |y, wavefield reconstruction is spatial interpolation of prestack
seismc data using determnistic, wave-equation-based techni ques, Szigtﬂileal

i nt er pol ati on 10s a Thgymethod pEelaim il nyherein sard sefof zapub datg fFacey CURRRSES

por sons. e Tte FAVIRE, 1R sfthe IRiBoitf ahitint HREEHCOAOE Ythier hal SallC gL 7
wWraps ar qQudioh a8d (i) tHé AataltrR6 HeviaY thedsatnd MiMpbint hed| i iedreSti6fféed loss thantsalth Of
the This is the replacenent sheet

designated location, and wherein said reconstructed data trace is generated by copying
5 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

10 | 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 1 )

"
Vimo

15 tymo =Crume

»

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

20  the normal moveout velocity of the selected wavefield.
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Nyqui st 958§1d4Bng condi ti on. When a signal is under sanpled, one input
frequency yields the same output sanples as a simlar signal at another
f'requency, (i.e., the frequencies are "aliases" of each other). In
wavefield reconstruction, a single designated wavefield is reconstructed
fromthe input data. The designated wavefield can be reconstructed for
recorded trace locations, as well as for trace |ocations which were not
recorded. Recorded data fromother offsets and CMPs are used in the
reconstruction. If the reconstruct cABBIBALI d is a secondary wavefield

A method for reconstructing a.selected seismic wavefield at a designated common

midpoint and offset location from a set of prestack seismic data traces. The method uses

.5 actual data traces from other common midpoint and offset locations to recomstruct the
selected wavefield at the designated reconstruction location. The method may be used to
reconstruct any selected wavefield, including both primary reflection wavefields and
secondary wavefields such as water-bottom multiple wavefields, and may be used with both

2-D and 3-D seismic data. If the reconstructed wavefield is a secondary wavefield, it may be

10  subtracted from the prestack seismic data traces Yo eliminate interference between wavefields.
The method may also be used to reconstruct data from missing shots to avoid spatial aliasing

problems in other data processing operations.
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(i.e., not the primary wavefield of interest), it can be subtracted from
the recorded traces in order to renpove i%PHBference between wavefi el ds.
Vavefiel d reconstruction may be used g JHRSh8 ruct nissing data in both
2-D and 3-D seism c data. Wavefield reconstruction has been found to be
particularly effective for attenuation of high anplitude water-bottom or
peg-1eg multiples which obscure primary reflections of interest. First, the
mul tiple wavefield is reconstructed and subtracted fromthe recorded data.
Then, the primary wavefield is reconstructed fromthese al nost )

mul tiple-free input data. The. primary reconstruction further attenuates
the contribution of nultiples and other unwanted wavefields. Wavefield
reconstruction is determnistic, so it is robust in the p ence of high

100

M
FIG. 1B
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anplitude coherent noise. It is based on wave propagation theory and

properly handl es di pping reflectors, ﬁﬁ@#iﬁ;l ectors, and diffractions.
Mor eover, wavefield reconstruction cangﬂan@&has dat a that are severely
al i ased (|. ., wrapped nore than once). The deterninistic nature of

wavefiel d reconstruction also |leads to conputational efficiency since the
operator that interpolates the data is predeterm ned. 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 denonstrated that DMO coul d be used to connect
data collected at different offsets with sanpling theory to unravel

al i asing due to un S |_i f the individual offsets. Ronen's theory,
however, deals onlgBg aqg QﬁFP |ng of the final stacked
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i mge, and it uses a DMO operator that does not preserve anplitudes.
Further, Ronen nade an erroneous assu ?5<9m43concern| ng how seismc data are
coll ected. The wavefield 12 reconst 3 echni gue extends Ronen's
theory by deriving an operator that pr eserves anpl i tudes and applying the
techni que 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-anplitude inaging and dip
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noveout, " presented at the 58th Annuai I nternational Meeting of the Society
of Exploratlon Geophysi ci sts, - 1993). éR”Bt al . discuss a theory for true
anplltude DMO. This theory was developg eéﬁﬁﬁﬁ1ng that each of the offsets
is perfectly sanpled, and Bl ack et al. do not address any aliasing which
can result from sparse sanpling. The wavefield reconstruction techni que
expands on the Black et al. theory by converting data fromany offset into
any other offset. It will be imrediately apparent to persons skilled in the
art that the present invention should preferably be practiced using a
digital conputer. Any such person could readily devel op conputer software
for performng the wavefield reconstruction nmethod based on the teachings

set forth herein.

126

Prestack data set |

y 128
Select wavefield to
be reconstructed

l 130

Determine NMO velocity
of selected wavefield

l 5—132
Select midpoint-
offset location to be

reconstructed
y P—" 34
Select input data traces |
4 136
NMO correct

input data traces

l _ 138

Generate reconstructed
data trace

FIG. 5
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The follow ng detail ed description wll illustrate appllcatlon of wavefield
reconstruction in the context of a magift °?B eismc survey. It should be
uren
dnder st ood, however, that wavefiel d regags &up i on nay be used to
reconstruct seismc wavefields in any type of seismc data. For exanple,
wavefield reconstruction could be used to reconstruct m ssing data traces
I n a land-based seismc survey caused by faulty receivers or topographic
obstructions. Accordingly, to the extent that the foll owi ng detail ed
description is specific to a particular enbodi nent or a particul ar use of
the invention, this is intended to be illustrative and is not to be
construed as limting the scope of the invention. FIG 5 is a flowhart
illustrating one enbodi nent of the wavefield reconstruction invention. The
i nventive nmethod begins with a prestack seismc data set 126. As noted
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above, this data set may be any type of seismc data. The first step of the
method is to select the seismc wavefi el %0048 be reconstructed (reference
numeral 128). This wavefield may be ei gﬁgﬁhﬂ'Finary wavefield or a
secondary wavefield such as a water-bottomnultiple wavefield. If nore than
one wavefield is to be reconstructed, then the nethod should be repeated
for each sel ected wavefi el d. 13 The normal noveout (NMO) velocity of the

sel ected wavefield is then determ ned
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(reference nunral 130). Techniques for determ ning the NMO velocity of the
sel ected wavefield are well known i.n thé&aﬂﬁ and wi |l not be further

descri bed herein. The wavefield recon H%ﬁf “met hod operates in

m dpoi nt - of f set space. In other words, met hod will reconstruct the

sel ected wavefield at a specific common m dpoint and of fset | ocation.
Therefore, the next step of the nethod is to select the m dpoint-offset

| ocation to be reconstructed (reference numeral 132). Persons skilled in -
the art will understand that step 132 could be perfornmed prior to the
selection of the wavefield to be reconstructed (step 128) w thout adversely
affecting the results obtained. Accordingly, such reversed order will be
deened 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
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an integer multiple of the pattern nunber for the nunber of input offsets.
In other words, preferably [err] wher 85138 i s the maxinum difference in
of fsets between any input data trace jﬂ‘é},?&'@'&fq"éconstruction | ocation, Cis
a positive integer, n[ferr] is the pattern nunber, and [err]x[err] is the
receiver interval. Once the range of mdpoints and offsets to be used in
the reconstruction has been selected, only a restricted portion of the data
in the wi ndow contribute to the reconstruction. -

FIG. 9
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14 Wth the origin at the reconstruction |ocation, the equation
[err]mdpoint=[err]offset/2 defines twoolp®wgonal |lines in the

m dpoi nt - of fset space. Only data trac%&iﬁ@??ﬁ'ie hori zontal |y between these
two diagonal lines contribute to the reconstruction. In other words, the
I nput data traces to be used for the reconstruction will satisfy the
follow ng equation: [err] where |[[err]m dpoint| is the difference in

m dpoi nt | ocati ons between the input data trace in question and the
reconstr ugLi | dlllerrjoffsek| is ghe difference in joffsets

bet ween t on.

FIG. 10

35s

This Sheet Has Been Replaced



o e . v
- -~ -

These concepts are illustrated in FIG 6 which is .a“stacking chart for a
dual source, single receiver cable na%E OBBD seism c.survey. As .described
above, the pattern nunber for this typgge fT§ﬁfbey”Ls“4; For purposes of
illustrating the invention, a total of 25 m dpoints and 25 offsets are
shown in the stacking chart, although persons skilled in the art wll
understand that a 3-D nmarine seismc survey typically contains many nore

m dpoi nt s gand of,f sets ,than are shown in FIG 6. The m dpoints and offsets
are numbe : Beshiez) N EPRNLOL SO O he X s Jlndi cale m dpoi nt - pf f set
| ocati ons I : : o 5

reconstru =5 on
(referencg t he
traces whig
reconstru
=
b )
S
Ty

35s
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| ocation 140. Thus, the input data set for the
of the ten data traces having mdpm% y
(15,7), 7(14,8), (15,11), (14,12), (13, 13)7- ;

Hour gl ass-shaped area 142 is defined by (T

:ﬂjf b‘{'igTS 0 SG
"\-l"T )
rfé‘f‘}f %ﬁw olgig 32
[err]offset which, as noted above, nust, be at

< ! 41 }’ ..iz"
32 g&@ I{'Hq? Ql O p .{tl
g Syosgatial tRsSEh 2 tPREEh

nunber tines the receiver I nterval and—preferpbly, is an |nteg mJFﬂCg pl e
of the pattern nunber times the receiver interyapAgBdOf RECERET t gonal
lines 144 and 146 which satisfy the [err]nldp HL—[errjOTTSEt/Z equat i on.
In FIG 6, the patt qer | i £

actual data proce eot NASl

between 3 and 10, although Iarger or smaller nultipliers may be used if
desired. If the integer nmultiplier

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.
WHEINXEHIIQN

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 sigxial 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 resulte in a number of different data traces having
different source-to-receiver offsets for each midpoint. The resulting data traces are correeted '
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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15 is greater than 1, then the output of the reconstruction should be

i vided by the nultiplier in order to preserve the anplitudes of the data.
The wavefiel d reconstruction technique may be used to reconstruct both

m ssing data traces and actual data traces. Assune that it is desired to
reconstruct the water-bottomnnultiple vefield for the actual data trace
at .the (5,5) mdpoint-offset |ocation (Leference nuneral 148). In this
case, data traces falling in the hourgl ass-shaped area 150 woul d be used

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 |
inte;pretation._ 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 _tré.ce 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., a2 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 saﬁplmg). If the spatial
smnpliﬁg 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.
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to reconstruct the desired wavefield, except that the actual data trace at
the reconstruction |location (5,5) should not be used. Area 150 woul d be
defined’in the sane manner as described above for area 142. |f desired,
traces falling on diagonal lines 152 and 154 can be ignored. At the
extrenmes of offset or mdpoint it is nog possible to symetrically surround
the reconstruction |ocation with actual2data traces. For exanple, when
reconstructing a wavefield at the (3,25) m dpoint-offset |ocation
(reference nunmeral 156) or the (25,20) mdpoint-offset |ocation (reference

nureral 158), i frhk SproQemP e Shatat ﬁlﬁsﬁ’l%ec&'i‘l fbel! parbiumrll agfte SWAPedspReE a0 Sa NCE

it woul d extend beyond the edges of the stackl n chart. For this reason,

the accur aal)aeeﬂlmmonddéfils)tmma msrmeanrvtemn matiplehsomes SRA/RY Mullime | s

I han i | verth
ess tha rgc%ﬁfers a'?lee us%dtt geenes e mulplple (ﬁ‘?cfﬂ 1inds on each pass of the seismic vessel resultmo

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—dependexit iriferpolation 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 contaminﬁted with coherent and incoherent
noises which make signal interpolation or extrapolétion 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 appeai' at n_egaﬁv_e 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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obt ai ned 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 noveout (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 recopstructed data trace at the
reconstruction | ocation (step 138), usi.g.g a reflection point mapping

techni que which will be described bel ow. 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 p %pbé@ﬁ&héi@@&ids%&%ﬂiﬂgfboﬁiﬁee §ﬂﬁé§?¥ffecﬁ%l%v%ﬁmg| tRe sRSIRY FEtHeAP1 t
is desired to remove water-bottommultiples fromthe data shown in FIG 6
and to gendemein 3nddonbling ibe aiasingafequengy. This approach works well so fong as e daca

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 ﬁrestack 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 6n 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 = iAoffsetlz; 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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all of the vacant m dpoint-offset |ocations so that subsequent data
processi ng operations will not be subject to spatial aliasing. The first
step wodld be to reconstruct the water-bottom nultiple wavefield (using the
NMO vel ocity of the water-bottomnultiples) at all of the actual trace

| ocations (X's) in FIG 6. The resulting water-bottomnultiple traces are

t hen 16 subtracted fromthe actual txaces to obtain nearly nultiple-free
data traces. Next, the primary wavefield is reconstucted (using the NMO
velocity of the primary refrections) at all of the

predetermined maximum Aoffset which must be at least equal to the pattern number times the
receiver interval and, preferably, is an integer muitiple 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 thel separations between the input data traces
and the reconstruction location. Other weighting methods ma;ty 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 undersfood 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; '
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vacant m dpoint-of fset |ocations using the nmultiple-free data traces as
knputs to the reconstruction. It nay be desirable to use a nedian filter
(or othér signal processing technique) to suppress any residual primary
reflections after the nmultiples reconstruction so that no primary
reflections are del eted when the nultipgles are subtracted fromthe actual
data traces. This process results in | rost multiple-free data set with
a full stack array. Mapping Al gorithm The reconstructed data trace is
generated by mappi ng each data sanple on each of the NMO corrected input
data traces onto its corresgondln | ocation on the reconstructed data

trace. Initial F&SpBahmush 3€ arersherpatisinlan viewswhish dllusiate dhres SHEEISSIvE slipts o
the fol | owgng mﬁ&&kﬂﬂﬁl (515) 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 oné embodimént 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 liné 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 thét the following detailed description is specific to a particular

embodiment or a partiéular use of the invention, this is intended to be ﬂlustrative 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.
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[err] where P(t[err],y[err],h[err]) is the data sanple at a given tineg,

m dpoint, and half offset on the reconstructed data trace (half offsets are
preferably used in order to make the equation symetric),
P(t[err],y[err],h[err]) is the input data sanple at a given tinme, mdpoint,
and hal f of fset being mapped onto the rgconstruct ed.data trace, [err] [err]

st

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 ah in-line seismic streamer cable 104
containing a plurality of seismic receivers R, through R,o. 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 illustratioﬁ, will be assumed to be a single, horizontal
reflector. The seismic signals received by feceivers R, through R, are recorded resulting in a
total of ten prestack seismic data traces. Accortiing 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 reflestor 106. In other words, the data trace recorded by receiver R, is
assigned to midpoint location 1 (the midpoint between shot S; and receiver Ryp), the data
trace recorded by receiver Ry is assigned to midpoint location 2 (the midpoint between shot
S; and receiver Ry), and so on. |

In FIG. iB, 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,q is assigned to midpoint location 3 (the midpoint between shot S, and receiver
R,o), the data trace recorded by receiver R, is assigned to midpoint location 4 (the midpoint
betweéen 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 ﬁx;ed by seismic source 102. In this case the data trace recorded
by receiver Ry, is assigned to midpoint 5 (the midpoint between shot S; and receiver R,q), the -
data trace recorded by receiver Ry 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 tbrough 1C. This is
because these locations represent fixed, geographic locations.

FIG. 2 is a stacking chart for ﬂxé 2-D marine seismic survey illustrated in FIGS 1A
through 1C. Midpoint locations (which correspond to the midpoint locations shown in FIGS
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17 g is a constant nultiplier enpirically determ ned from nodel data which
is used to scale the anplitude of the data sanple on the reconstructed data
trace, [err] [err] [err] angular frequency conjugate to t[err], [err] The
time of the input data sanple t[err] may be related to the tirre of the
reconstructed data 8 '

e

1A through 1C) are plotted along the abscissa while the source-receiver offsets are plotted on
the ordinate. Source-receiver offset SR, represems the distance between seismic source 102
and receiver 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.
Nominally, the CMP-bin interval is half of the receiver interval. If this is true, then

Ax,

Ax

24x,
Ax

npmem - ’

m T

where N is the pattern number, Ax; is the shot interval, Ax, is the CMP-bin inferval,- 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 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
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sanple t[err] according to the followi ng equation: [err] Alternatively, the
time of the input data sanple t[err] may be related to the tine of the
reconstfucted data sanple t[err] according to the foll owi ng equations:

[err] if h[err]> h[err], then t[err] = t[err] _ or if h[err] > h[err],
then t[err] = [err] where 9

ey

for a full stacking chart is present. This is not necessarily a disaster. These data will alias
during stack for wavelengihs less than 4A%, (the Nyquist theorem applied to a CMP gither
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 seeﬁ 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
Dpauem™1 and Ax,=Ax/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 2 plurality of seismic receivers R, through Rq.
This data acquisition geometry results in acquisition of data traces for two CMP lines 120a
and 120b. As is well known in the aft, 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 séurce 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 ﬁmes. 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 advar;éed a distance equal to the receiver

spacing and a second shot S, is fired by the sécond seismic source 116b. The signal is again
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18 U =h[err] + h[err] - (y[err] - y[err])[err] and [err] The above
algorithmis applied to each data sanple on the input data trace, and then
to each ‘data sanple on all of the other input data traces. The results are
scaled (by the "G' factor of the mapping algorithnm and then sumred to
generate the reconstructed data trace. Mbdified Mapping Al gorithm
Subsequent mat hemati cal devel opnent of __1t_0_he wavefield reconstruction theory
has led to a slightly nodified mapping algorithm The follow ng equation

represents the Fourier
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 Tine120.

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 1'20b) (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 1162 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 2 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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traﬁ_sformover time and m dpoint of the data sanple
Wtlerr],x[err],h[err]): [err] where [err] In the above equations, Dis the
time dip on a zero offset section given by D= 2 sinalV, 19

11

Nyquist sampling condition. When a signal is under sampled, one input frequency yields the
same ouiput samples as a similar signal at another frequency, (i.e., the frequensies 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 waveficld is a secondary wavefield
(i.e., not the primary wavefield of interest), it can be subtracted from tﬁe 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 récénstuction 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 reconstructioﬁ technique is based in part on a 1987 paper by Ronen
(Ronf:n, 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 concemning how seismic data are collected. The wavefield
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where [err] is the dip angle in the plane of the section and Vis the

medi um veI ocity. By inverse Fourier transformng, we obtain the wavefield
at offsét h[err] in terns of the wavefield at offset h[err] as follows:
[err] To derive a Kirchhoff inplenentation, we will apply the nethod of
stationary phase to the f-k integrals i,y the above equation. In particular
we will first approximate the k integr 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
i ntegral i mecohstastion nephhigué texeadsdRenén’s theerypby sleriviag cfn  dpefratomn thah eorgserves

factors. The rr | nteq vQl ves si arities due to the presence of
| /t[err] |ﬁ"§Ri 'FHEJ-YHEM“W@ F‘éﬁg?éa 35 just a

‘I‘he 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 Annuﬂ 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 smnpliﬁg. The wavefield reconstruction
technique expands on the Black et al. theory by converting data from ahy 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 2 marine 3-D seismic survey. It should be understood,
however, that wavefield reconstruction may be used to reconstruct seismic wavefields in any
type of .seisrnic data. For example, wavefield reconstruction could be used to reconstruct
missing data traées 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. § 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.
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Fourier transform and needs no approxi mation. The stationary phase

approxi mation requires the phase to vary rapidly as k varies as foll ows:
[err] Afplication of these equations leads to the follow ng nodified
mappi ng algorithm [err] where Wt[err],x[err],h[err]) is the data sanple
at a given tinme, mdpoint, and half offset on the reconstructed data trace,
g is a constant multiplier enpiricallyjégternined from nodel data whi.ch is
used to

The normal moveout (NMO) velocity of the selected wavefield is then determined
(reference numesal 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 scbpe 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 reconstrugtion 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

|doffset] = CnppenAx

T?

where [Aoffset| _ is the maximum difference in offsets between any input data trace and the
reconstruction location, C is a positive integer, Dyuer, 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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scale the anplitude of the data sanple on the reconstructed data trace,
20 Werr] (sign(h[err] - h[err]) [err]t[err],x[err],h[err]) is the input
data sarple after application of a square-root derivative operator, [err]

14

—

With the origin at the reconstruction location, the equation Amidpoint=+Aoffset/2 defines two
diagonal lines in the midpoint-offset space. Only daia traces that lie horizontdlly 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:

|Amidpo int| < |aoffset
2 ’

where |Amidpoint] is the difference in midpoint locations between the input data trace in

question and the reconstruction location and IAoffsetl is the difference in offsets between the
input data trace in question and the reconstruciioﬁ 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 sﬁowh 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 reco'nstruction
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 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=+Aoffset/2 equation. In FIG. 6, the pattern number is 4 and the integer multiplier
is1.. .
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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21 ferr] and The square-root-derivative operator (also known as a rho
filter) which is applied to the |nput data sanple is defined by the
foIIOW| g equati on: 22

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-boftom
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
Iocation (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 bé
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, afer the input data traces have been selected (step 130),
they must be normal moveout (NMO) corrected (step 136) usiixg 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 allora 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-oﬂ'set locations so-that subsequent data procéssing operations will
not be subject to spatial aliasing. The first step would be to reconstruct the water-bottom
multiple wavefield (using the NMO 'vélocity of the w;vater-bottor_rx 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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[err] Use of either the original mapping algorithmor the nodified nmapping
al gorithm produces acceptable results. Persons skilled in the art may be
able to‘generate other nodified al gorithns which al so produce acceptabl e
results. Such algorithnms shall be deened to be within the scope of the
present invention to the extent that they generate a reconstructed data
trace by mapping each data sanple on ed®h of the NMO corrected I nput data
traces onto its corresponding |ocation on the reconstructed data trace.

O fset-Borrowi ng Reconstruction O fset-borrowi ng reconstruction is an

| nexpensi ve approxi mation to wavefield reconstructi on which my be used

wi th eit hesubtrdotedifrom fhe actualtracesiotobtain feadllyinnedtiplbdiee dutatgces. Next, the primary

wavefield is reconstructed (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 reswits 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:

Pt Ym i) = G[dy (sign(tim — B )ta)P(ta Ya Ba)]

where

P(tm,¥m-hy) 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 tixhe, midpoint, and half offset being

mapped onto the reconstructed data trace,

G 2A%(k,)-1 Al(k,) 12 _
All,) 2a%(k,)-1 - r_(ym—y,.)’]m ’
_ Jénhy (b, h,,,)[l ———(hm—hn)z |

d,,;(sign(hm ~ho)ty) = % Id.com(sign(hn - hm)jmm)me"j‘”"‘t“ ,
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reconstruction, only two input data traces are used in the reconstruction.
.These two input traces are (i) the trace having the sane m dpoint and the
nearest’ of fset greater than the reconstruction |ocation and (ii) the trace
havi ng the same m dpoint and the nearest offset |ess than the
reconstruction |location. In other wordg, the two input traces and the
reconstruction location all fall ont same m dpoint. (vertical) line in a
stacking chart (e.g., FIG 6), and the input traces used in the
reconstruction are the nearest traces above and bel ow the reconstruction

| ocation. In offset borrowi ng reconstruction, the reconstructed trace is
generated by si Rt Hﬂ kﬂé}hﬁﬂcéi@"&ét&ﬂ&eﬁfﬂ&tﬂ%ddﬂpdatmmhichtlsaxsas to
(after NMO corr t| tot reco trdction location and, sunm ng them
Preferably, differ emdcmmlﬂmmmemsmplem%@“m‘“d datamce,

j=*/‘_1’

g0y J (Y ~Yn)’
(

S— 2hy hy -hn)2 -(Ym -YH)z

Oy = angulaf frequency conjugate to ty,

172

Am(ks)=[l+ Aill(%)t.’n (:;)2} ,an(i-

Au(k))= -:LAm(k,).

m

The time of the input data sample t, may be related to the time of the reconstructed data

sample t, according to the following equation:

— N2
t = _1_1_1:_ 1- h hm (Ym—YnJ .
n m
hm hn hn - hm
Alternatively, the time of the input data sample t, may be related to the time of the

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

ifh,>hy, thent, =t _ |h2| , or
m

- ifh, > hy, then t, =t |h,|

+V

where
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handl ed 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. Follow ng the reconstruction, the NMO
correction is renoved and the reconstructed data trace nmay then be used
just like an actual data trace in subsgguent data processing operations.

O fset-borrowi ng reconstruction is preferably used in conjunction with DMO
to renove secondary wavefields (e.g., water-bottomnultiples) and elimnate
aliasing problens. First, offset-borrowi ng reconstruction is used to
reconst ruct theuaeﬁpmdgnwywaygn?ehm. Then,

V=U?-(2h,h,)’ -

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;,x;,h):

. ) A hi h
W(f,k,h,)= Hdtldx,J 2 exp(—lzn{f Xj—tl - k[xl - D(XI—‘E - Kz_zt;) :IBW(tl ,X,hy),

where
o, Gty |9ty 0
&, ox,|_|at at,
Jo1 = J51(D,ty,h,,t by ) =20 =1 ==
21 =J21(D,ty,hy,t,hy) bx, Oxp| " |O%, ey
|a, ax,| |
Dh, )’

1

- 2
Dh
Az =A2(D,t2,h2)= 1+(—t—2') .
: 2
- . In the above equations, D is the time dip on a zero offset section given by
D=2sina/V,
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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-borrow ng reconstruction process, however,
can have an adverse inpact on the prinmary reflections, especially those

wi th higher frequencies. This occurs bE%ause the NMO process causes tine
shift errors which distort the prinmaries. The high frequencies are affected
nost, since a tinme shift error corresponds to a larger fraction of the
mavelength for higher frequencies. The primary reflections can be

prot ect ed lsheresi isghesdipanglein the plans of the setion and V is the medium velocity.

By inverse Foutier transforming, we obtain the wavefield at Offset I, in terms of the

wavefield at offset h; as follows:

Wit %,,b;) = ([ [[et, deueJq{-Qn{ D2yt k{ %‘%}‘H}Bw(tnxuh,)[

To derive a Kirchhoff implementation, we will apply the method of stationary phase

to the fk 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,

- | integral involves singularities due to the presence of 1/t; in A;. The integral over x, is just a
Fourier transfoqn and needs no approximation.

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

follows:
0]
|E!-\ = IfAz(Altl = A t)—k(x, - x, )| >>1.

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

| 1 Ja(xs) W2
W(t,,x,,h dx W ign(h, —h t,x,)
(t2,x; z)=gf llazw(n) a{,(xs)l A, (sign( 1) 2: X1y
\|a.<2 1 ot |
where

W(t,,x;,h,) is the data sample ata 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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on the followi ng equation: [err] where t[err] is the arrival tine after
NMO, Clerr] is a constant typically equal to 8, f[err] is the maximm
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, Vis the primary root-ma&rsquare (RVB) velocity, and V[err]
is the normal noveout velocity of the sel ected wavefield. The above
equation yields a mninmnumarrival time for given flerr], x[err],
[err]x[err], dip, and velocities which will still have primary energy in

hase d th i oM, | { t td i1]. ad
ot mary energy ol P e e I Sbﬁ?{sh%@hs&@%&ae@ Sl aPHIROB R & ne

square-root derivative operator,
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i nferpolation for these earlier times, which | eaves the reconstructed trace

.muted down to the tinme given by the above equation. Exanple 1 This exanple
illustrates the use of wavefield reconstruction to renove water-bottom
multiples froma nodel data set. FIG 7A shows a .CMP gat her for .the node
bef ore wavefield reconstruction. The del data set had 135 traces per
record, a station spacing of 25 neter 1 a shot spacing of 25 neters, and
the near trace at 335 neters. Shots were consecutively nunbered to be
consistent wth 25 neter spacing and can be selected on input to sinulate a
| arger shot spacing. There are three primaries at one, two, and three

seconds . ) ) , ,
(_f.u) sa2_palB2) AL én_[mﬂ
\t,) T ) A§1<2+ A2\ 12 ) .
A}AZ(2A3 - " AIALQAL-D

H(x,)=14|1-

_ -
2 2 2 .4 2 2
. h-)Y A Aj( hih,
Af(h—’) K2 [ﬁ) (2A§-1)2+4[—%] ~LAl-D — (——‘2 )
t 3 t ty/ A3 <2+ A\ 4y L
- $
AQAZ-1) AZAZ(2A2 -1)? *AZA(2ALZ -))

L :

U+V-2n? .
= [p2=3 =2 ey <h,
A \[‘ vU+v) = oth

PU+V—%?.
A1= E——V—L lfh2>hl,

2 —an?
Az=‘]h—2‘——-—u+‘:/ 22 ifh, <h,,

_ |U+V-2n? , .

= 'fh h,.
A=y M

Ush? +h2 -(x, -x,)%,

v=,U% - 4282,

and

Y 2Al-1 Al
ar| A} 2A2-1
oty

The square-root-derivative operator (also known as a tho filter) which is applied to the

input data sample is defined by the following equation:
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24 ‘with ‘a peak anplitude of unity. The velocities for these primaries are
1700, 2000, and 25CC neters per second, respectively. Each of these
primarices is covered by water-bottom multiples having an identical velocity
of 1480 neters per second. The first primary is covered by multiples
starting at 0.8, 0.9, and 1.0 seconds; the second primary has interference
frommultiples starting at 1.5, 1.6, 1227/, 1.8, 1.9, and 2.0 seconds; and
the third primary is covered by nultiplés starting at 2.5, 2.6, 2.7, 2.8,

2.9, and 3.0 seconds. The nodel has a nultiple-to-primary anplitude ratio
of two-to-one. : '

2(£1)G(t) = GM(2t) = [df ™ VE2REG(E).

Use of either the original mapping algorithm or the modified mapping algorithm
produces accéptable results. Persons skilled in the art may be able to generate other modiﬁe’d
algorithms which also prodce 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
réconstruction 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 (if) 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. o

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 prdcessing 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,
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FIG 7B shows the sane gather after wavefield reconstruction to renove the
wat er - bottom nul ti pl es. The wavefiel d reconstruction processing was
acconpl i shed using a shot spacing of 75 meters (i.e., three times the shot
spacing of the original nodel) while 49 offsets and CMW's were used for the
reconstruction. The nodel was processed_first to reconstruct the nultiples
(starting with shot 1). When the nulti were reconstructed a nedi an
filter was applied to snooth the nmultiple estimate and further elimnate
any residual primary.-This reconstruction and nedian filter procedure was
t hen repe 4 LRSS tl 2 , ' Y,
so t hat aﬁbﬁ?h?t,\ﬁswvm\grgo}réncl ude%:la{enls rﬁ%ﬁ%@%ﬁgg r u???ﬁ&earuﬁgr? rc{dﬁi&?ﬁﬁggﬁ)

out put datctntinueys gesoadayy wevefieli whigh they not 3hassivzing sage Indbis procedie, tsteek is

Soout o or e bioEbss Wil Midhuatel o sellliaaly Wil |1 19 Ga1 @ set was used as the

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:

SW(CHNES

Yy
Vimo

tamo = C rurce

where tyyo 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;mean‘square
(RMS) velocity, and Vi 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 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 rccord; a station spacing of
25 meters, a shot spacing of 25 meters, and the near trace at 335 meters. Shots were
consectitively 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 sé.conds'
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primry reconstruction. The primaries were also reconstructed three tinmes
go that all the data were used. No nedian 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
mul ti ples have been virtually elimnated fromthe nodel data set. A small
anount of residual energy fromthe nmul 24ples is visible at the near
offsets. This is the result of a |lack of noveout differences at snal

of fsets. The wavefield reconstruction techni que preserves the anplitudes of
the reconstructed data. This is illustrated in FIG 7C which is a plot of

anpl i tude Wittha Qfehis @inpfliffe bf@nitp! | Bl Mlodfies3foP tHEE YRR afe! (580, ti?o@é rh?.,d7 B.
e

The solid line shows the true peak primary anplitudes and the do I ne
shows the riS€6metarsipercsgcqnd; respartivedp| iBackiof thess priinariasris opvecehbp waedniencept
at mﬁltiples 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.
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nedr offsets where the NMO correction is |less effective in separating the
primary energy fromthe nultiple energy. 25 Exanple 2 This exanpl e
illustrates the use of both wavefield reconstruction and of f set-borrow ng
reconstruction on an actual marine seismc data set. FIG 8A shows an
original CWP gather froma marine seismc survey. The first water-bottom
multiple is seen at just bel ow 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
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3.6 seconds, and a subsequent water-bottomnultiple is also apparent in the
gat her, as |nd|cated by the arrows. The water-bottom nmultiples and peg-1eg
nultlples were very apparent during velocity analysis, and two
reconstructions were necessary to renove themfromthe data. Two
reconstructions were needed because the water-bottomnultiples and peg | eg
mul tiples have different NMO veIOC|t|e3 and wavefield reconstruction
reconstructs a single wavefield having a specified NMO velocity. One
reconstruction was nmade for the slower water-bottomnultiples, and one for
the faster peg-leg nmultiples. Chly one-third of the data were used for the
reconstructiq to sinul ate sparse sa apnd.the results of, thes
reconstr ul‘?’ta?’?#}?gf TREQISITUCHOR IS0 HFCRYOIRY nF?e"q“g %%P“EQF& P BPesely Sy 31e8 pr‘r'gr
reconstrugfon. These data had 120 channels, 25 nmeter station separatlon

and a near trace at )
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.
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106 neters. The shot spacing was 25 neters, but 75 neter shot spaci ng was
used when reconstructing both the nultiples and the prinmaries (again, to
sinmul ate sparse sanpling). In addition, 49 offsets and CVMP s were used in
all the reconstructions. FIG 8B shows the reconstructed CVP gather. There
has been a dramatic inprovenent conpared with the original CVWP gather (FIG
8A). Note that the reconstructed gather2’has nore traces in the gather si nce
all the shots are present in the reconstructed gather. This inprovenent is
so dramatic that stacked results were obtained for this data set. FIGS. 9

t hrough 1WeelaiM:how ef fectively the stacked i mage has been inproved via
wavefield reconstruction. FIG 9 shows the brute stack with a 25 neter shot
spacing. The residual water-bottommultiples can be seen as dipping events
runni ng acrossli he Aemethod foxaﬁeconstrucung 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 hav'ing common midpoint and offset locations
prbximate to said designated location;
perfonﬁing 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 wa\'reﬁeld 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 commoﬁ midpoint and offset location of
each input data trace differs from that of said designated location according to the following:
|Aoffset|

|Amidpo int| <

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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I ndicated by the arrows. FIGS. 10 and 11 show stacks using of fset-borrow ng
reconstruction and wavefield reconstruction, respectively. The

of f set-borrowi ng reconstruction (using a 75 neter shot interval) did
exactly what it is supposed to do - it provided a stack that |ooks |ike the
brute stack in FIG 9 which had a 25 neter shot-interval. O fset-borrow ng
reconstructi on does not renove the nulgﬁples whi ch can be clearly seen in
FIG 10. The wavefield reconstruction stack (FIG 11) appears to be al nost
multiple free. Thus, it is clear that 26

S. The method of claim 4, wherein the maximum value of
[(Aoffset)/(2Amidpoint)] is equal to an integer multiple of the patten number for said

seismic survey.

6. The method of claim 1, wherein said reconstructed data trace is generated

according to the following:

-P(tm’Ym’hm) = G[dllz(Sign(hm = hn)tn)P(tnsY‘n ’hn)]’

where
P(tm,ym,hm) is the data sample at a given time, midpoint, and half offset on the
reconstructed data trace, |
P(tn,y,, ,h,,) is the input data sample at a given time, midpoint, and half offset being

mapped onto the reconstructed data trace,

- . -

Ge 2A%(k,)-1 A% (k,) e
Alk,) 2A%(k,)-1 T nry a | |
J4th(hﬂ_hm)[1-m] |

dya(sign(hp —h, )t ) = 51; [doo  (sign(b, - hy)jo )" et

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,
2
k. = tmmmJ (Ym -Yn)

T 2 V(b = (Y- va)

®,, = angular frequency conjugate to t,,,
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wavefield reconstruction is an effective way to renmove nultiples from
sparsely sanpled input data. Persons skilled in the art will understand
that waVefield reconstruction and of f set-borrowi ng reconstruction are
extrenely 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 linmited to the foregoing whig® has been set forth for
illustrative purposes. Various nodifications and alternatives will be
apparent to those skilled in the art w thout departing fromthe true scope
of the invention, as defined in the appended cl ai ns.

o c 2 V2
A lky)={1+ m s
( s) Afn(ks)tfn [mm) :' ,and

7. 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:
. o 2
= hn hn - hm Ym—=Ya
ty =ty [—% (1 1- .
hrn 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:

gq,
N+
<

ifhy>hy,then t, =t_

Ihml » O

if b, > by, then ¢, =t,,,|h,,|,}UiV ,

where

U=h} +hZ -(y,-y,)" and

V=yU?-(2b,h_) .
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27 W claim 1. A nmethod for reconstructing a seismc wavefield at a
desi gnat ed common midpoint and offset location froma set of prestack
seismc’data traces obtained froma seismc survey, each of said seisnic
data traces being a tinme series of discrete sanples of the seismc signal
received by a seismc receiver, said hod conprising the steps of:
selecting the seismc wavefield to be onstructed; determ ning the nornal
noveout velocity of said seismic wavefield; selecting a set of input data
traces fromsaid set of common m dpoint seismc data

9. The method of claim 1, wherein said reconstructed data trace is generated

according to the following:

[T1 T (k) W) A

W(t,,x,,h & s h, ~h, ) —-t,,%;,h,)

(t2,%2 2)#8! Xy ‘32‘1' - ‘EE'(KS)| a, (st gn( )52 2>
lac V| e, |

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(t,,X,,h;) is the data sample at a given time, midpoint, and half offset on the

reconstructed data trace,

w2 (51gn(h ‘hx) tz,xl,h ) is the input data sample after application of a

square-root derivative operator,

A
ﬁ(Ai _Af)tl

xZ—xl -

Pw A, @A, (aAz)’ (azA, 9A, OA, azA,)
- A ,
(k)= zm{zAl(A2 (5 A+ 25T A

A1 h,z
A’ 2a 1\t )

2
a’A,( c)<Al_1 (h,)’ o, 4 A,’/Ai(_llg_) 2
: A’ 2A1-1 A (az-1) 2A42-1\t,) °
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traces, said input data traces having common m dpoi nt and offset |ocations
proximate to said designated | ocation; perform ng a normal noveout
correcti’on of said input data traces using said normal noveout velocity of
said sel ected seismc wavefield; and generating a reconstructed data trace
representative of said seismc wavefield at said designated | ocation by
mappi ng each data sanple on each of quﬂ_nornal noveout corrected input
data traces onto its corresponding | ocation on said reconstructed data
trace. 2. The met hod of claim1l, wherein said seismc wavefield to be
reconstructed is a primary wavefiel d.

: 2
6A| hl 1 1 Az hz ;
(KS)=(—) A A2 Ks———'——— Ks H
o« b A AT A2\,

A, h, : 1
S )= (—t:] H(x,),

AA;
fr 5 , . ) , i
(E-‘-) (2A2—1)+(h_2) Al A_l(hnlez)
= t, 2 t,) A2 , Al ¢ ol
H(x,)={|1- 2 L
| ATAZ(AL-D) AZAZ(2AZ 1)

e

| 2 ? Al A(an)
o] s hoan | 58]
2

2| 2
1 g0 | , A\ ¢ )

A32A7-1) AZAZ(2A2 -1)° s azaleai-y |l
L _ =y
U+V-2hl .
AI=JVhf—\—,(—U:—V—)z- 1fh2<hl,
- 2

A= %E_\:I_ZEL ifh,>h,,

h} U+v-2n? .
A= > v ifh, <h,,

-’U+V-2h2 .
Px2 = W if hz >hl’
and

J,, 2A}-1 Al
¥ A? 2A§_1'
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3. The met hod of claim 1, wherein said seismc wavefield to be
Feconstructed is a secondary wavefield. 4. The nmethod of claiml,
wherein said conmon m dpoint and offset |ocation of each input data trace
differs fromthat of said designated | ocation according to the followng:
[err] where [err]m dpoint is the changg,in common m dpoint |ocation from
said input data trace to said designat | ocation and [err]offset is the
change in offset fromsaid input data trace to said designated | ocation

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:

2
1
fmhAh(( cosor.) _ ]
-V Vrznwo

where tiyvg is the arrival time after NMO, C,,,,. is a constant typically equal to 8, £, is the

tamo = Coe

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, o is
the angle of reflector dip, V is the primary root-mean-square (RMS) velocity, and Vi is

the normal moveout velocity of the selected wavefield.
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28 5. The et hod of claim 4, wherein the maxinmum value of
I'([err]offset)/(2[err]mdpoint)| is equal to an integer nmultiple of the
pattern nunber for said seismc survey. 6. The nethod of claim1,
wherein said reconstructed data trace is generated according to the
followng: [err] where P(t[err],y[err],)Jerr]) is the data sanple at a
given tine, mdpoint, and half offset he

METHOD FOR RECONSTRUCTING SEISMIC WAVEFIELDS

ABSTRACT

A method for reconstructing a selected seismic wavefield at a designated common
midpoint and. offset location from a set of prestack seismic data traces. The method uses
actual data traces from other common midpoint and offset locations to recomstruct the
selected wavefield at the designated reconstrﬁction location. The method may be used to
reconstruct any selected wavefield, including both primary reflection wavefields and
secondary wavefields such as water-bottom multiple wavefields, and may be used with both
2-D and 3-D seismic data. If the reconstructed wavefield is a secondary waveﬁeld, it may be
subtracted from the prestack seismic data traces to eliminate interference between wavefields.
The method may also be used to reconstruct data from missing shots to avoid spatial aliasing

problems in other data processing operations.

Figure 5
—_——
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reconstructed data trace, P(t[err],y[err],h[err]) is the input data sanple
.at a given tinme, mdpoint, and half offset being mapped onto the
reconstructed data trace, [err] [err] g is a constant nmultiplier -
enpirically determ ned from nodel data which is used to scale the anplitude
of the data sanple on the reconstructed data trace, [err] [err] [err]
angul ar frequency conjugate to t[err] 1

FIG. 1A
FIG. 1B
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29 Terr] 7. The met hod of claim®6, wherein the tinme of the input data
.sanple t[err] is related to the time of reconstructed data sanple t[err]
according to the following: [err] 8. The net hod of claim6, wherein the
time of the input data sanple t[err] is related to the tine of
reconstructed data sanple t[err] accorgi ng to the foll ow ng:

[ —
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wherein said

The nmethod of claim 1,

9.

30

[err:] where [err]

[err]

I

reconstructed data trace is generated according to the foll ow ng:
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where g is a constant nultiplier enpirically determ ned from nodel data
which is used to scale the anplitude of the data-sanple on the
reconstructed data trace, Wt2,x2,h2) is the data sanple at a given tine,
m dpoint, and half offset on the reconstructed data trace, [err]
square-root derivative operator, [err]4
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I nput dat a.
| ess than said

wherein said set of

The nmethod of claim1,

32 10.
near est” of fset greater than said designated |ocation and (ii) the data

trace having the sane m dpoint and the nearest offset

31 [err]
«traces conprises (i) the data trace having the sane m dpoint and the
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designated | ocation, and wherein said reconstructed data trace i s generated
by copying weighted versions of said two input data traces to said
designated | ocati on and summi ng them 11. The net hod of claim 10, wherein
said two input data traces are wei ghted using cosine weights based on the
separations between said input data traces and said designated | ocation.

12. The nethod of claim 10, wherein_6aid nmethod further conprises the
step of using a nuting process to preserve the primary reflections in said

set of input data traces, said muting process being based on the follow ng
equation: [err] '
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where t[err] is the arrival time after NMO (C[err] is a constant typically
equal to 8, f[err] is the maxi num frequency which is still in phase after
NMO, h is the offset of the input data trace, [err]h is the change in
of fset between the input data trace and the reconstruction |location, [err]
Is the angle of reflector dip, Vis t:zeprirrary root - mean- square (RVB)

vel ocity, and V[err] is the normal no ut velocity of the selected

wavefi el d.
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