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driven and data-driven methodologies to attenuate multiples in seis-
mic data utilizing a prediction model which includes multiply-reflected,
surface-related seismic waves. The present invention includes beam
techniques and convolving a predicted multiples beam with a segment
of a modeled pegleg beam to obtain a convolved multiples beam. The
convolved multiples beam can then be deconvolved to attenuate the
multiples that are present in the original input beam.
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METHOD FOR IDENTIFYING AND REMOVING MULTIPLES FOR
IMAGING WITH BEAMS

BACKGROUND OF THE INVENTION

This invention relates to seismic explovadon and processing, and more
specifically 1o imaging with beams and a method to predict multiples based on

pritnaries by combining both model-driven and data-driven methodologies.

In the petroleum industry, scismic progpecting technigues are commonly used to
aid 1 the search for and the evehwtion of sublervanean hydrocarbon deposits,  In
seismiie prospecting. oue or more sources of scismic onergy enit waves inte a
subsurface region of interest, such as a geologic formation, These waves enter the
formation and may be scattered, o.g., by reflection or refraction, by subsurface seismic
reflectors {ie., interfaces between underground formations having Jifferent elastic
properties). The vetlected signals are sanpled or measared by oue or wore receyvers,
and the resultant data are recorded. The recorded samples may be referved 1o as selsmic
data or & set of "seismic traces”. The seismic data may be analvzed o extract detalls of
the structure and properties of the region of the carth being exploved.

Setymic prospecting consists of three separate stages: data acquisition, data
processing and data inderpretation. The success of & seismue prospecting operation

depends on satisfactory completion of all theee stages.

In general, the purpose of seismic exploration 18 e map or 1mage g portion of
the subsurface of the carthy (a formation) by transmitting ensrgy down inio the ground

3,

andd recording the "reflections” or "echoes” that return from the rock layers below. The

cnergy transmitied into the formation s typically sound and shear wave energy, The
downward-propagating sound energy may onginate from varioos sources, such as
explosions or seisnue vibrators on land or air puns in marme savirenments,  Seismic
exploration typieally uses one or more energy sources and typically a large number of

sensors or detectors, The sensors that way be used 1o detect the retumning setsinic

Z,“}

cuergy are usually geophones tland surveys) or iydrophones (marine surveysh.

=y
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During a surface selsmic survey, the energy source may be positioned at one or

more locations near the surface of the carth above 8 geologie structire or formation of

o

mterest, veferred to as shotpoints.  EBach time the sooree activaded, the source

e
Wi

L3

peperates a seismue signal that travels downward through the carth and s 8t least
partially reflected from discontinnities of various types in the subsurface, including
reflections from "rock layer” boundarizs. ln general, a partial refloction of seismie
signals may ocour each time there is 8 change in the elastic properties of the subwurface
materials, Reflected seismuie signals are transmitted back o the surface of the sauth,
1 where they are recorded as a functiom of traveltime at a number of locations. The

y

returning signals are digitized and recorded as g fanction of time (amphitude va. tme).

One provalent lssus with the seismic energy recorded by the receivers daoring the

data acquusition stage 13 that the seismic traees ofien contam both the desired seismic

¥

reflections (the "primary” refloctions) and wnwanted multiple reflections wlhich can
obscre or overadiely the primary seismic reflections. A prinary reflection is & sound
wave that passes from the sowree o areceiver with a single reflection from a subsuriace
seizmic reflector. A multiple reflection is a wave that has rellected at least three thnes
(up, down and back up again) before being detected by a recelver. Depending on their

20 tme delay from primary ovemts with which they are associated, multiples are

commonty characlerized a3 shortpath, dmplving that they nterfere with ther own

There are also a varlety of multiple events which are well known in the art,

b ) o

25 There are signals which are "trapped” i the water layer between two strong reflectors,
the free surface and the bottom of the water layer. There are "peg-log” muliiple events,
which are reflections that are characterized by an additional roand i‘i’ip through the water
fayer just after emission or just before detection,  There are "romaining” surface-related
moltiple events, where the first and lasgt apward veflections are below the fivst {water}

30 laver, and there is at feast one rellection at the free surfyce in between. There are also

“nderbed” nudliples which bas a downward veflection ocourring from a subsurfacs

reflecior,
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In most cases, multiples do not contain any useful information that is not more
casily extracted from primemies.  Moreover, water-boitom multiples have been
recogrdzed as the yoost serious noise problem in seismic data processing in many
offshore arcas. Multiples can severely mask primary reflection events for structural

3 unaging and comaninate Amplitude ws. Offset ("AVO™) information. For those
reasons, removal of multiples, or at least attennation of multiples 18 a necessary part of
the seisnve duta processing stage in many aovivenments, parficulardy In maring settings

where multiples are especially stromyg relative to the prinaries,

1t In the case of deeprwater data, suppression of first-order and the next few orders
of sea-bottom mudiiple and peg-leg reflections are of great importance,  These rather

strong multiples may have the same travelfivae a5 the primary reflections of targst

roflectors,

e There are several pricr art methods 0 attenuate multiples depending on the
attribnies of the multiples utitized, Ume class of multiple attenuation methods s the
prodictive methods where the mudtiples are predicted [rom their respective primaries.
Prior art prediciive multiple attenuation technigues can be penerally divided into two
categories; model-driven methodologies and data-driven methodelogies. Model-driven

0 methodologios pensrally use an carth model and the reeorded data to predict or sumulate
multiples utihzing the estimated sea-bottom reflectivity function and  caloulated
arpplitude functions to model water-daver multiple reflections, those predicted multiples
are then subtracted from the original data.  Other modeb-driven technologies utihize an
earth model or reflectivity model {o predict the stationary multiples. The data-driven

25 methodologies exploit the fact that primarves and wultiples ave physically related
through a convolutional relationship and predict multiples by crosscenvalving the
relevant primaries thought to contain the stalionary contributions for multiples. Data-
driven methodolopiss can generally handle complex geometries and need fitle or no

information about the properties of the subsurface. The model-based technologies are

L
R

typieally costeffective compared o data-driven jechnologies, while the latler are

typecally more fexible.
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Some  model-driven mothodologies  requare  structural  infermation, e,
iformation abow the sobsurface structure, the determination of which is the reason for
doing seismic exploration in the first place.  Other model-driven methodologies reguire
the shape of the source wavelet that will not be a pure delta function because of the

5 reverberations and frequency bandwidth Hmitation, Some model-driven methodologies
reguire both structural and seurce wavelol infonmation while others use a malching

filter 106 account for a distorted sourge wavelet.

Data-driven methodologies rely on the predictability of multiples from primary

oanit
Lans

components, In effect, that methodology wiilizes e:a'isi‘iﬁg seisric data o generats
mudtiples and those geperated muliiples we then subtracted from the existing data, One
such prim art methodology that i data-deiven s known as "surbe-related multiple
climination” or "SRME", In brief, this method operates by ulilizing the existing data
oroate a dataset that contains only predictions of the multiples that are present in the
18 data. Specifically, the method secks to predict the seismic expression of multiples, and
after adaptation fo the existing wnltiples in the data the predicied multiples are
subiracted from the original data feaving behind (al feast theoretically) only the primary

SIETQY.

20 Data-driven SRME technigues are attractive solutions for predicting multiples
i coanples geologic seftings, they do no requive any a-priort knowledge of the
subsurface {reflectivity, structures and velocities). However, these methods do require
one shot location oy cach recetver position, and this is not the case for most three
dimensional {"3D"} acguistion goometries,  SRME methodologies are generally

25 challenged by complex 30 multiples because of large shot spacing, naveow spread
length andfor wide cable spacing, The missing data can be Interpolated or extrapolated
from the existing data, but interpolation or extrapolation has trouble with aliased
setstnic data caused by the buge shot andfor recebver spacing.  Advanced interpolation
or extrapolation methods can also be difficult to tnaplement and expensive, A common

ata that challenge 30 SRME methods 18 rugosity on the top

£

P

L3
%

cause of these complex 3D ¢
of sall, But, any type of complex overburden can cause complex 31 seismic data that is

hard 1o interpolate,
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Another data-driven methodology wihzes predictive deconvolation which is a

filtersng maethod that asswes that meltiples we periodic while primaries are not. Thig

s

assumiption s usually met for data from owater depths less than 300 msec

{approximately 1,200 feet) aud approximately lavered subsurface geology. In areas of

~

%

S water depths greater than 30 msec where the veloeity difference between primaries
and multipdes are significant, velociy-filtering methods {as opposed to predictive
methods) such as fou-p and A0 Gltering can be used, where the variable fropresents
frequency, & represents the wavenumbar, porepresents the ray parameter, and lou
reprasents the zero offset intercept time,

10

However, {iltering mothods generally reguire determination, or af least an

educated guess, of the apparent wave ;}smpagmmn velocities in the subsurface media

throngh which the reflected setsmic waves pass in thetr journey from the seismic sowrge

%

to a recerver, These velocities can diffur Sigmﬁcm’iﬂy due to the combipation of the

15 varistions of the subsurface stvuctore and yoek properties. Io addition, predictive
deconvolution ofion leads 0 madvertent damage (o the primaries due to the difficulty in
eparating the multiples and prinveies. Moreover, predictive deconvolotion often fails

o take inlo gecount the nondinear factor in the retlectivity, which are generally caused

multiples.

r/,

by peg-leg

(?”1

ol
o

Une prior art method which has estended predictive deconvolution for
applications i deep water bas utilized beam technigues.  That methad applies local
slant stacking {or other dip-disoriminating methods) 1o the data {0 decompose the

e

recorded wavelields haio beam components, These components travel approxinstely

23 along raypaths,  Simple rayiacing within the waler layer describes the long-period
reverbenations and relale primary and moltiple events ocowrring o the beam
components of the waveligld, Based on the mformation from the rayviracing the tine

sevies of the beam-component of the primary can be shifled according to raytraced

travehimes and then az’mly;?;ed with a multi-channel prediction filter. The predicted time

L
by
Smar

series 18 considered ay multiple energles and s rewoved from the bearn components of

the original data after a multi-channel matched Hhering.

&
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e

Fig, 1 illustrates a Howchant for ene example of a prior art method wherein

&

deconvolution ix utilized with » beam technique for altenuating multiples, The pricr art

M
H

wethod weludes inthializing an earth model 4 which relates to s penlogical region of
interest, and initiating a beamn dataset § that has been determingd from seisnic data of

5 the geological region of interest. The prior art method Qurther inclades a series of loops

»

wherein an input bearm 8, a muliiple-generating swrface 10 and a thme gate 12 are

sclected. One ov more time gates {or windows) are selected to ensure that the signal

g heng

within each gate is stationary. Trial rays ave then "spraved” from a detecior location 14

and & stationary pegleg is determined 16, The stationary pegleg is the peglep that

R TE

1

PO aatisfies the Snell's law for reflection at the nuultiple~-genersting surface. A primary

beam corvesponding to the stationary pegleg s obtained 18, and the primary beam s

Pedd

fos

tramsformed into a predicied multiples beam 200 The mredicted multiples beany is then

deconvolved to remove multiples whick are present In the input beam 22

o«,,,

ot
(¥4

While the bewn techniques have umproved prity art multiple attenuatio
techuniques, there is still a need for an improved method which provides a more accurate
prediction of mubiiples and therefore allows for more accwrate subteaction of those

mudtiples from the data. The prioy beamn lechnigques assume that there 15 a single

&

"‘n

dominant multiple-generating sarface 10 and the predicted multiples beams are related
200 only to this multiple-gencrating surface 10 and do not gentain predicted multiples from
other multiple-generating swfaces. The cuwrvent Invenhion wmproves prior art beam
techniques o mcorporate predicted muliiples beams from multiple-generating surfaces

that were not explicitly utilized 1o determine to stationary peglegs,

bt

w2
7

TN

ARY OF THE 1IN

3Ny

The present invention overcomes the above-described and other shosteondugs
of the prior art by providing a novel and improved method of predicting nmultiples based
upon primaries which combines features from both modeldriven and data-driven
3 methodologics. It is accomplished by determbning a model-driven stationary prodiction
based on the earth model and sugmenting that prediction by a data-driven prediction

around the stationary prediction. B sheonld be appreciated that the modeldriven

o,
foss



WO 2008/147657 PCT/US2008/062877

stationary prediction can be replaced by an a-priort determination of stationavy

prodictions, such as assuming a layered model

Ume embodiment of the present mvention includes a method for generating a

S prediction model of maltiphy-reflected, surface-related seismic waves whicl wnchudes
mitiahizing an carth mode! related to a geological volume and selecting a beam datases
derived from seismic data related to the geological volume, The method alse includes
selecting an input heam from the besm dataset; & multiple-génerating swrface from the
earth model, and & time gate. A statiovary pogleg is detenmined ytiliving the nput

1y beamy, the pwultiple generating surface and the Gme gatel A primary beam which
corresponds 10 the stationary pegleg 15 then obialned, and g modeled pegleg beam
refated to the primary beam is determined. The medeled pegleg beam is convolved
with the primary heam to generate 8 convolved multiples beaws. The convolved
rsitiples beam iy compared with the input beam 1o remove the mudtiples in the input

15 beam by matched filtering,

The convelved multiples beam is utilized to provide & more acenrate method of
predicting and removing multiples thay prior art methods. The step of comvolving the
maodeled pegleg beam with the primary beam 18 not included i the prior art methods,

20 and enables the present invention to more accurately predict multiples. For example,
one enthodiment of the present invention convolving the primary beam and the
modeled pegleg beam o obtain the convolved multiples beaw includes transforming
the prinmary beam into a predicted multiples beawy by travellime shifling, and

1

convolving the predicied mulliples beam with a segment of the modeled pugleg beam

25 o oblgs a convolved nniltiples boam, the scpment of the modeled pegleg beam
starting ot the moeltiple-pencrating surface and ending at a detecior fovalion,

"Convolution® 18 known in the art. I general, 1t s 8 mathematizal operation on

tw functions that represents the process of hnear filtering., Convolution can be applied

M o any twoe hungtions of Ume or space {ov other variables 1eld a third function, the

outpui of the convolition.  Although the mathematical definttion I8 synunetric with

respoct to the two g functiony, B s cormmon in signal processing 1o say that one of

the fluetons is a filter acting on the other function.  The response of many physical

=~
7
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systems wan be represented mehemuatically by o convelntion.  For example, a

3

convolution s componly wsed 10 model the filtering of selsmic energy by the various

=

roek layers i the Earth,

Uy

Une embodiment of the present inve determines the stabionary pegleg

aiitizing rays which are sprayed from a detector focation, the detector lovation being
based on the fnpul beam, and the stationary pegleg s related Lo one of the vay

sprayved from the detector location,

P

As ore siilled n the art will appreciate, the phrase Mtme gate” 18 used herein o

describe the entire beam or one of a plurality of seaments included in the beam,

it shoold also be appreciated that uiilizing beany echnigues © process seisnue

data are well know i the aet, and those technigques are within the scope of the present

15 invention. Beams in geperal are defined as energy components that are partially
focalized 1o space and dip, Some examples of beams gre Gaussman beams and other
non-Gaussian beams, such as beams with comples rays, controlled bearns and beams as
a finfte-difforence solution of some version of the wave equation

24 fn one embodiment of the prosent myention, a segment of a modeled pegleg
bearn 18 convolved with the predicied rmnitiples beant (o generate a convolved nultiples
beam.  The scgment of the modeled pegleg beam staris at the multiple-generating
surface and involves a tme wnderval that s either expheitly specified or detervmned by
another horizon in the model,

{1 another smbodiment of the present nvention, the convolved mitiples beam
cant be ebtained by directly convolving the time sequences of the predicted muliiples
and the predicted modeled pegleg beams,

30 It should also be appreciated that the present invention s miended to be used

with a systemn which fucludes, i general, a computer configuration ncluding at least

&

O PIOQLSSoE, fenst ome RENTY evige for \IOI}E 2 prograilg gode or other i‘«:iﬁ #

&

url

video monitor or other display dovies {Le, a iiquii erysial display)y and at lewst one
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3

wput device, The processoy s preferably a nueroprocesser or microcontrolier-based
platform which is capable of displaying images and processing complex mathematical
algorithms. The memory deviee can include random accuss memory (RAM) for storing

=

event or other data generated or used dwring a particudar process associated with the

present invention. The memory device can also include read only memory (ROM) for

storing the program code for the controls and processes of the presunt invention,
Additional features and advantages of the present jnvention are deseribed

and will be apparent from, the following Detatled Description of the Invention and the

Figures,

B
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BRIEF DESCRIFPTION QF THE DRAWINGS

\

These and other ohjects, features and advantages of the present invention will
become better understood with regard 1o the following deseription, pending clainms

5 and accompanying drawings where:

Fig, 1 dlustrates & flow chart of a privr art method of atenuating muitiples in

seismnic data;

1Y Fig. 2 illustrates g fow chart of ong amboediment of the present invention for

attenuating multiples in selsmic data;

Frg. 3 dhustrates oue embodiment of the present imvention which nelades

transforming a primary beam into a predicted multiples beam;

1S
Fig. 4 ilhustrates one embodiment of the present invention wherein rays are
spraved from g detector location and are reflected off the water bottom surface of a
maring environment;
20 Fig. 3 illostrates one embodiment of the present invention wherein & primary
bewn corresponding to a given pegleg s determined through ravtracing:
Fig. 6 tHustrates a method utihized by one smbodiment of the present invention
o deterniine the stationary pegleg;

,

Fig, 7 tlustrates 8 schomatic deawing of the sbeve method of determining the

b

stationary pegleg used by one embodiment of the present Invention

Fig. B tHusteates ong enabodiment of the present ipvention wherein the prinyary

30 bean is being convolved with the pegleg beam;

Fig, 9 illustrates a schematic drawing of & single-beam deconvolution that s

ntilized by one embodiment of the present hrvention

16
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ST ssirates a flow chart of another embodiment of the present nvention
Fig, 10 iHusirat flow chart of anotd bod t of the nt aventl

=
pory

for attenuating mudtiples in seismic data;

5 g, 11 illustrates a flow chart of a further embodiment of the present
ention for attenuating multiples in selsmic datag
Fig. 12 iHlustrates a flow chart of one enibodiment of the prosent invention oy
attenuating muliples in seisnue data;
10

Fig. 13 dlustrates & How chart of another embodiment of the present invention

for attenuating sudiiples in seismic datag and

Fig. 14 illustrates ong embodiment of the nventivn wherein g primary heam

o

15 corresponding to a pegleg is determined without mayiracing,
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DETALLED DESCRIPTION OF THE INVENTION

While this invention is susceptible to embodiments iy many different forms,

there are shown in the drawings, and will herein be described i detadl, preforreg

3 ombodinments of the invention with the understanding that the present disclosure s ©
be considered as an exemplification of the principles of the nvention and s not

mtended 1o linut the broad sspect of the invention to the embodiments ustrated.

e embodiment of the presemt mvention 30 s ilusbated in Fig, 2 The

10 embodinent includes inttializing an earth model that corresponds 1o a geclogical ares
of interest 32 and selecting a beam dataset devived from seisome data collected i the
geological area of Interest 34, An mpwt beam from the beam dataset 36, @ multipie-

generating surface from the cwth model 38, and a time gate 40 are selocted. A

Lo

T

stationary pegleg ts determined otilizing the input beam, the multiple generating

AT

f,

15 surfsce andd the tme gate 420 A primary beam corresponding to the stationary pegleg

rp‘"

i then oblained 44, A modeled peglep beam reluted o the privuey bean i oltamed
46, The modeled pegleg beam 15 convolved with the privnary beam to determine a
convolved mudtiples beam 48, The convelved multiples beam s deconvolved with
the input bean 1o remove the maktiples in the inpot beam S84

20

in another embaodiment of the present fuvention, the predizted primary beam

can be direstly convolved with the modeled pegleg beam,

i ver gnotier embodiment of the present invention, ravs are sprayed from a

25 delector location and the stationary pegleg 13 determined based cpon one of the rays.
The detector location in that embodinent is based uypon the input beam.

fn g further embodiment of the present wvention, a scgment of the modeied

pegleg beam is convelved with the primary beam {o obiain a convelved multiples

30 beam. The segment of the wodeled peglog beam starty at the maliiple-generating

surface and wvelves & tme nterval that s eithor explicitly speeified or is determined

by another horizen i the medel. The convolved muliiples beam ia then deconvolved

\

with the mput beamn to remove the multiples @ the input beam,

1%
L
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As deseribed-above, prior art methods have used local slant stacking or other
dip-discriminating methods for selsmie traces 1o separate a recorded wavefield into
beam components and those methods ave known i the st The present wnvention

5 uulizes local slamt stacking o separate the recorded wavelickd into components that are
localized in both position and dip. These components are what would be recorded at
the center of g beam arrival 34, 56 at lovations A 38 and B 60 as Hosteated 1o Fig 3

3

The beam ensrgy 34 that armives at location B 60 reverberates in the water layer 64 and
s assumed o arrive as multiples 62 within 8 beam 36 recovded ai locaton A S8

10 Shifting beam B 54 by the vavivace traveltime Tag 66 from location B 6010 location A

fos

38 will fine up the ovents i beam B 54 witly the nuultiples 68, 78 in beam A 360 Once

33

the evems have been aligned and the multiples 68, 70 are identified, the mudtiples 68,
bk b

70 can then be removed.

¥

When the ocal slant stacking deseribed-above 18 used for 313 acquisition, the

ot
LA

reporded enerpy cannot be completely steorsd into beams because the wavelield 13 not

densely sampled along all recording directions, thus there 15 an issus of missing daia or

severe aliasing that is needed 1o accurately detertaine the raytrace taveltime Tap For

example, as ong skilled I the art will appreciate, the local slant stacking is

2 acvomplished in the common-offset domain but not in the common-midpoint domain.

In one embodiment of the prosent mvention, an assumption 13 made that stacking
velocities deseribe the dip of primary events in common-midpoint {"CMP") gathers

In general, stacking velociiies are s ressonable description of primaries {rom

geological structures above the subsurface salt formations, which can reverberate in

25 marine envivommens 0 becorne the stropgest multiples

Figa. 4, § and & ilostrate the manney in which thiy embodinnt of the present

invention caleulates the ravirmee traveitime for the determination of the stattonary

L YA

clocted with a souree ncation "S"™ 74 and a detector

fﬂ

pegleg.  An inmpat beam is

[
oy

focation "I¥ 76 as tustrated in Fig. 4. A muluple genvrating surlace is determiined,
in this embodinent 1 is the water bottont {"wh™ 78 Rays 80 are sprayed frowy the
detestor 3 76 which we veflected back from the multiple-generating swrface wh 78
and reach the free awrface 82, The angelar wnterval for the rays 80 is predeternuned 1o

17
R

L



WO 2008/147657 PCT/US2008/062877

be dp. in the ¥ (vertically dovwnward from the free surface 82} direction and dp, in the

84 is selected with g given

¥ divection (perpendicular 1o the sheet). An individual

ray parameter or detector raypath dip po and an arrival Jocation Q 86 of the ray 84 is
determined at the free swrface 82 as llustrated in Fig. 5, The arrival direction {ray

S parameter pe 88) of the ray 84 &5 dotormined st the arrival location (F 86, The
eflection at location (¥ 86 is determined and ay outgoing ray parameter p, 90
calcudated.  The locations § 74 and Q 86 and thelr ray parameters p, 92 and p, %0
determine the primary corresponding 1 the pegleg with locations D 76 and £ 86 and
ray parametars py 84 and p 88,

Finding the stationary raypaths that desortbe the reflection st lseation @ 86
requives a raypath search. The seavch 13 performied o find the separate reflections that
ocenr at the varions locations 8 74, Q Ré and D 76, In this particalar embodiment, the
search compares the ravivaced py with the calvulated py {py being the offset dip). The

13 ravivaced pyis calonlated as;

-

20 where p, {the midpoint dip) at a given location corresponds 10 a particular beam. The

caleulated pyis oblained from the vormal wmoveout equation ("MNMO™):

3

! e y X
& 8 iy [ Qkcosd,
zn = T e ! ,{0 * ' e
Sk &h ‘g N ¥
23 where

£ 18 ey
b is the half offsey;
F i the NMO velocities; and

T, 18 zero-aifset traveltime,

3G
Fand T, are dertved from the stacking velovities obtained from the carth model, Fig

~ay

6 tllustrates the determination of gy where gy 15 the local slope 96 ot the curve %8 o

o
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the ke plot 940 The beam with the closest muich between the raytraced py and the

3 b
2

calenlated py s selected as the stationary pegleg.

Fig. 7 dlustrates a schematie of the method in which the stationary pagleg is

x

L

determined by this embodiment of the present tnvention. A midpoint dip py 18
selected 102, and o gl direction py iy selected from the detector locauion D that
corresponds to the pyis chosen 104, The parametsr py is used o perform a raytrags
fronm the detector location 12 tooa point Q selected betsveen the sowrce location 8 and

the detector focation D 106, The ravtrace resulls in g rayiraced offset dip g, which is

)

compared o a caleulated offset dip gy 108, if the rayiraced py closely matches the

calculated py then this process 18 complete and the beam corresponding 10 pu 18

o

sefectzd as the stationary pegleg 110, 1T the raytraced py does not match the caloulated

2 then another tal divecton pyis chosen and the process is performed again 112 unt

o

s

a satisfactory match between the rayiraced py and the caleulated py is obtained.

£S
This embodiment of the present investion alse includes convolbving the
predicted multiples beam with a segment of the modeled beam {o obtain the
convolved multiples beam.  Ag iflustrated in Fig. §, the predicted multiples beam B
114 s convolved with the a segment of the modeled pegleg beam O 116 starting at the
20 moltiple-generating swrface 118, The result of the convolution i beam B 120 which

is the convolved multiples beamn that 18 deconvolved with wput beam A 122 {o

remove multiples that are present in the input beam A 122

A schematic iHustration of this embodiment is provided m Fig. 9. wherein
25 boam B 114 {s wiilized as the source side prediction 124, and beam © 116 iy unilized
for the detector side prediction 126, This embodiment wiilizes a Wiener Filter 128

and inputs from heams A L

. B 114 and € 116 to gencrate an estimation of the
multiples present in beamn A 1220 A Wicner filtor is known in the art, In general, 1t is
a causal filler which will fransform an nput mto a desived oufput as closely ag

3 possible, subject to cortain constraints. As one skilled in the art will appreciate theve
are other filters or means that can perform this particular functien and they are
ftended 0 be within the scope of the present invention. Once the maudtiples in Beam
A 122 have been determined, the roultiples are then removed 130 from Beam A 122,

i

L2
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L6

s
L5

20

Tt
fons]

One embodiment of the present jnvention is iHlustrated in Plg. 10 wherein an
earth model i intttalized 134 which correlates 1o a specific geological region of
hiterest. A beam dataset 136 that has been determined from seismic data of the
geological region of interest s also indtiated. This embodiment of the present invention
inchudes @ series of loops wherein an input beam 138, & multiple-generating surfacs 140
and a tume gate 142 e selected. Rays are spraved from a detector location that
bazed on the fuput beam 144 and a stationary pegleg is selected fromy one ol the rays
{do, A primary beam corresponding to the pegleg i oblained 148, and the primary
beam 18 transformed nto a predicted mdtiples beam 150 by a shift corresponding to the
fraveltime of the ray corresponding to the stationary pegleg. A modeled pegleg beam
related 1o the prodicted multiples beam s then generated 152, A segment of the

modeled pegleg bearmn which stagts at the muoltiple-generating sweface 18 convolved
with the predivted multiples beam o obtain a convelved nmltiples beam 154, The
convolved maltiples beam is then either accomulated or deconvolved with the input
beant to remove the multiples iin the mput beam 162, The accumulated beams can be
used o reconstruct the multiple prediction as a scismic frace or be wsed to de-
convolve with the input beam & a later time.

This embodiment of the present tnvention allows a number of ditferent poinds
after convelution to either accwmnudate the convolved maltiples beam or deconvolve
the convolved multiples beam to remove the nmltiples m the mpol beam 162

y

Depending on the data being processed, those steps can occur before the end of the

¥

For foop for selecting the time gate 142-156 or mmediately alter that loop 143-1506

Those steps can alse oceur afier Por loop for sclecting the muohiple-gencrating swrface

P15 or after the For loop for selecting the inpal bram138-160,

Another smbodiment of the present invention i tlustrated in Fig, 11, that
erabodiment includes choosing a pegleg which i3 in a narrow range around a selected

stationary peglep 1760 A primary beam which corresponds to the chosen pegleg is
obtained 178, and that primary beam is ransformed into a predicied mudtiples beam
180, The modeled pegleg beam which relates 10 the predicted roultiples beam is
obtained 182, The predivied multiples bown is then senvolved with a segment of the

i6
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; 3

modeled peglep beam 1o obtain a convolved mauliples beam.  The sepment of 1
¢ bewmm utilized by this step starts at the moltiple~generating surface and

maosdeled pegleg y
leg 176~186,

ends at the detector location, Within the For loop for selecting the peg

&

&

the prodictions or convolved mulliples boam for the parvew range around i

e

LSy

stationary are stacked.  The steps of accumudating the convolved mulnples beam or

deconvolving the convolved mulliples beam (6 remove the multiples m the thput

beam 194 can oopur in this omboediment after the For loop for selecting the pogleg

176-188, the For loop for selecting the time gate 172-188, the For loop for selecting
the multiple-generating surtace 170-194, or the For loep for selecting the mput beam
16 168192

Another embodiment of the present invention is Hustrated in Fig. 12, wharein

by

the pegleg that is selected 208 is not ted to a stationary pogleg. That pegleg 1s used o

obtain a corresponding privary beam 210, The primary beam is transformed into a

%

andd & modeled pegleg beam s obtaimed 2140 A

,..4
s

predicted ndtiples beam 212

segment of the modeded pegleg beam that starts a8 the multiple-generating surfaee is

convolved with the predicted multiples beam to obtain a convolved multiples beam

ot
i

&, The convolved multiples beams that are generated within the Fov loop pegleg
208218 are accumulated.  In this ewbodiment, the sieps of accwnulating the
2 convolved multiples beam or deconvolving the convolved multiples beam to remove
the multiples in the inpot beam 226 can ovewr 1 this embodiment sfter the For loop
for selecting the pegleg 208-218, the For lonp for selecting the tme gate 204-220, the
e L

For loop for selecting the muoltiple-generating surface 202-222, ov the For loop for

g
2]

selecting the input beaen 200-224

23
Both the stationary pegleg and the pegleg van be detenmined for a vanety of
multiples. Once erabodiment of the present investion determines the stationary pegley
or pegleg for g source-side nmultiple.  Another embodiment determines the stationary
pegleg or pegleg for a detector-side multiple. A further embodinent determines the
30 stationary pegleg or pegleg for both source-side and the detector-side multiples.

As one skilled i the art will appreciate, there may be siiuations i which an

L

carth model is net readity available, in such instances, the present invention s sull

e
1.
b

o
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(]

HO

Sy
¥

LY

able to predict and attenvate multiples.  One embodiment of the present invention
does not include the wse of an carth model. In that embodiment, an input beam 8
selocted 230 from an opened beam dataset 228 ag ilustrated in Fig, 130 A thme gale is

sefected 232 and the pegleg selection 236 ix atded by an a-priori determination of

stationary predictions 234, such as assuming a lavered garth model or determining the

arcal coverage of the source wnd detector locations, A pegleg is selected 236 and a

L
[N
3
e}
o=
&,
T
[
r

primary beam corvesponding to the pegleg is obtained 23 ed pegleg beam

i#a3

corresponding to the pnimsry beam is calvulated 240, and the primary boam i
comvolved with the modsled pegley beam 242, The above-described steps can eithey
be repeated, 230- 24K, 232-246, 336-244 with the convolved multiples bearn being

ccumniated or the convolved multiples beam is deconvoelved with the input beam to

remove the multiples from the Inpot beam 250

The above-described embodiment convolves a plurality of primary and pegleg
beams for & range of logations €3 252 and a range of ray parameter values Py 254 and
P 256 as iHustrated in Fig. 14, The range of (3 252 and the ranges Py 254 and P, 256

bees

or Py 238} is predetermined from an analysis of the mput data,  The ranges are

o,

determined so that enough beams are meloded to contain the stattonary contribwtion
for the wodeled multiples that is amplified after sumoation of the stationary
contribution with other non-stationary contributions, In Fig. 14 o beam with a given

ray parameter Py, s Py 280 + Py 258, a location @ 252, and vay parsmieters Py 254 and

P 256 {or Py 238} are selected. The primary beam, Py = Po 256 + By 254, and the

]

pegleg beam, Pon = Py 258 + P, 254, are determined. In this ewbodiment, there 3s an

i

assumption made that the surface reflection &l 2 252 is from Py 254 o -Py 260, The

primary beam can then be convolved with the pegleg beam. In this smbodivient, the

v &

"\:

primary beamn and the peglep beam are convelved for a range of loation Q 252
values beginning at Q 232 = (8 262 + 204¥2 or some other predeternuined locatiens,
In addition, the primary beam and the pegleg beam are convolved for a range of ray

&

parameter Py 254 value

As desenbed-above, the embodiments of the preserd wvention depicted in

£y
Figs. 10-13 incorporate foops which Hlustrate that certain steps of those embodiments

-3
H

can by repeated depending on the data which i betug provessed

13
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st

Centain embodiments of the prosent invention desenbed-above inchade
spraying rays from the detector location 1o select the stativnary pegleg or pegleg,
sheatld b understood that there are another means of selecting the stattonary pegleg
or pegleg, for example, random selection, and those means are considered to within

the scope of the prosent invention,

While in the foregoing specification this invention has been described w relation
o gertatny preferred embodiments thereof, and many details have heen sat forth for
prpose of Wustration, i will be apparent to those skilled in the art that the invention is
susceptible to alteration and that certain other detatls described herein can vary

considerabiy without departing from the basic principles of the invention.

19
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WHY

A IS CEAIMED IS

Py

A method of atienuating nultiples I ydtiplyereflocted, surface-related

seisimie waves, the method comprising:

{a) initializing an canh model related to 3 geological volume,

{b} selecting a beave dataset devived from seismic data related to the geological

volume:

{¢} selecting an fuput beam from the beam dataset;

() selecting amultiple-generating surface from the earth model;

=

{23 selecling a time gate;

{fy determining a stationary pegleg utihzing the input beam, the multiple-
generating surface and the time gate;
{g) obiaming & primary beam which correspends to the stationary pepleg;

{hy obtaining a modeled pegleg beara that is related o the primary beam

eelep beam to obtain a

g

{1} convelving the primary beam and the modeled pe
contvolved mulliples beamy; and

1

(1) deconvolving the convolved multiples beamy with the mput beam 1o

&

remove the muoliiples in the input beam.

The method of claim 1 wherein the steps (€ © ) are repeated for a phuradity of
, steps {d) to {3} are repeated for a pluralily of multiple-generating surfaces, and

WS b

are repeated for a phurality of thne gates,

20
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3. The method of claim 2 which inchudes accumuliating the convolved multiples

beanty belore deconvelving the input bearn with the convelved multiples beam to

remove the multiples in the input beam
4, The method of claim 1 wherein the step of selecting the Yme gate inclades

selecting the entive nput beam.

3. The mothod of claim 1 wherein the step of selecting the time gate inclades

selecting a portion of the toput beam.

6. The method of claim I wherein the stationary pegleg iy deterndned for a sowrce-

side youltiple.

Poof clabm 1 wherein the stationare pegleg s determined for a

> v~

detector-sidhe muliiple,

8. The method of claim 1 wherein the stationary pegleg is determined for both
sowree-side multiple and g detecior-side multiple,
G, The method of claim 1 wherein detenmirang the sm‘“mtmfv pegleg inclades

spraving rays from a detector location, the detector location being based on the input

o that is related to one of the rays spraved

)

beam, and determining a stationary pegle

fromm the detector location,

10, The method of clanm 1 wherein convoiving the primary beam and the modeled

1)

iy

vegleg beam fo oblain the convelved mudtples beam ingludes transforming the

brj

privoary beam o a predicted mltiples beam, and convolving the predicied multiples
beam with a segment of the modeled pegleg beam 10 obtain a convalved muoltiples

3

beam, the segment of the modeled pegleg beam starting & the multiple-generating

w5

surface and ending at a deeper surface or at the end of a pre~determived time interval,

i1 The method of claim 1 whereln the convalbved muldtiples beam is obtained w5 g

fogy

direet vonvolution of the primery beam with the modeled pegleg beam.
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12, The method of claim 1 whereln the beams are defined a3 energy components
d i

that ave partially localized tn space and dip.

3

3 13 The method of claim 1 wherein the beam dataset includes Goussian bearns.

14, The methed of claim 1 wherein the beam dataset invlades bemns with complex

3
i
1

Py 1E, The method of claim 1 wherein the beam dataset inelndes conrolied beams.

16, The method of olaim 1 whersin the begm dataset includes findte-difforence

s 17 A method of attenuating multiples 1 multiplvrefiented, surlice-relited
seismiie waves, the method comprising;
{a} inftalizing an carth model related to a geolopival volume

20 (b selecting s beam dataser dertved from scismic data velated to the geological

volume:

{y seleching an mped beam from the bean datasety;

selecting s multiplesgenersting surface Hom the earth model;

£
LAy
o,
o
s

{g} obtabing a primary beam which corresponds o the pepleg:

(hy obtaiming a modeded prgleg beao thal s related to the primary beany

Do

2y

A
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{1} convolving the primary beam and the pegloy bearn o obialn & convolved rultiples

&

2

beany; and

{1} deconvelving the comvobved wmuliiples bearn with the input beaw 1o remaove the

L

nnltiples in the wput beam.

I8, The method of olaim 17 whergin steps () to (§) ave repeated for a phuality of

heams, steps {d) to (3} are repeated for a plurality of multiple-geverating surinces; and

K

pam—)
P
foes

steps (£} 10 (}) are repeated for a plurality of time gates.

Yo,

9 The methed of claim 18 which meludes accumulating the convolved muliiples

bearns befove decon xf'oli‘x-‘:ing the input beam wih the comvolved mulipdes beans 1o

&

remove the multiples i the nput beam.
i3
200 The method of clabm 17 wherein the step of selecting the time gats includ
selecting the entire input beam,
21, The muethod of clabm 17 weherein the step of selecting the time gate includes

20 selecting a pormon of the input boam

~¥ o

27 The method of claim 17 wherein the pegleg 18 selected for a sourceside

i'\-)

ndtiple.

23 23 The method of claitn 17 whoreln the pegleg 15 scledied for a detector-side

mattple.

24, The methed of olaim 17 wherewn the pegleg is selectad for both a sowve-side

roudtiple and a detector-side multiple,

Lok
o

s

:-‘»5

2 he msthod of claim 17 whereln a stationary g £ inpat bearn,

the wuliple-geperating sweface and the U gate s determined, and the selected

& &

pegleg s related to the stationary pegleg.
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(i $)

26 The method of clamn 23 wherein the stationary pegleg & determined for a

source-side mnltiple.

27, 'the method of claimt 25 wherein the stationary pegleg is determined for a

detector-side raultiple,

28 The maethod of claim 23 wherein the stationary pegleg i determined for both a

A

souree-side multiple and a detector-side multiple.

29, The method of clatm 25 wherein the pegleg 18 chosen by selecting 8 range of

i

ray parameter values aronnd a my parameter value of the stationary pegleg.

30, The method of claam 25 wherein the pepleg is chosen by selecting s range ol
focations around an arrival location of the stationary peglen.
31 The method of claim 17 wheretn the beams are dehined as energy components

that are partially locahzed in space and dip.

32, The method of ¢laim 17 wherein ihe beamn dataset includes Gaussian bearns,
34, The method of clahy 17 wherein the beam dataset includes compley bears,

34, The method of claim 17 wherein the boam dataset includes comrolied heams.

35, The method of clam 17 whereln the bram dataset includes Hintte-difference
beams,

36 A method of attenuating multiples in mmltiplyreflected, surface-related
seismic waves, the method comprising

{a} selecting an wypay beam {rom a beam datassy;
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P
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Y

{b} selecting a time gate

{dy obtaining a prumary bean which corresponds 1o the pegleg;

{c} obtaining & prgleg beam that is related 1o the primary beamy

(Y convolving the primary beam and the pegleg beam to obtain a convolved

nltiples beam: and
{g) deconvelving the convolved multiples beam with the input beam 0
revpove the mulliples in the mput beam,
37, The methed of claim 36 wherein steps (¢} o {g) are repeated for 3 plurality of
hewsns, steps {(d) to {g) are repeated for a phuvality of muliple-gencrating surfaces; and

steps (e} to {g) are repeated for a plurality of time gates,

3R, The method of clain 37 which inclades scoumudating the convebeed multiples

beams before deconvolving the input beam with the convolved wultiples beam o

remove the multhples in the fuput beam.

3%, The method of claim 36 wherein the step of selecting the me gate inpludes

selecting the entire inpat bean.

46, The wethod of claim 36 wherein the step of sele

7

i

<

the tme gate includes

e

a portion of the input beam.

41, The method of claim 36 wherein the pegleg s selected for a souree-side

42, The method of clalm 36 whersin the pegleg Iy selected for a detector-side

multiple,
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1

el

20

43, The method of claim 36 wherein the pegley {5 selectad for both a sowrce-side
mudtiple and & detectorside multiple
44, The method of claim 36 wherein the beams are defined as energy components

that are partially localized 1o space and dip.

,,“.
41

The method of claim 36 wheraan the beam dataset inchudes Gaussian boams.

e

4, The method of claim 36 wherein the beam dataser includes beams with

cotuplex rays.

47, The method of claim 36 wherein the beam dataset includes controlled beams.

s

48. The method of claim 36 wherein the beamn dataset inclides fte-difference

Sy
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