Seismic Data Processing Including Predicting Multiples Using A Reverse Time Demigration RELATED
APPLICATION [0001]The present application is related to, and claims priority from U.S. Provisional
Patent Application No. 61/635,382, filed April 19, 2012, entitled "Predicting Multiples Using A Reverse
Time Demigration,” to Yu Zhang and Lian Duan, the disclosure of which is incorporated herein by
reference. TECHNIC/Aefdiii® [IRAaRrvelkeding Nitchl divg Feegictiatiam disipised herein generally
relate to methods and systems for seismic data processing and, more particularly, to mechanisms and
techniques for predicting multipldgsiaigAcReverse TinecdDevaigistio BACKGROUND [0003]In the
context of seismic data processing, seismic migration refers to a process by which seismic events are
re-located (in time or space) to the locations at which the events actually occurred rather than the
location that the events were recorded at the surface, to thereby create a more accurate image of the
subsurface being investigated. DemigiREWAKES APRLICATION the migration process, which maps
imaged data into modeled data for a given source/receiver configuration and given model parameters.

[0004]Deftifrajion hasTdevelopashintipaplicatiportantridsldd fas,seistniciaims priority from U.S.
Provisional Patent Application No. 61/635,382, filed Aprii 19, 2012, entitled

“Predicting Multiples Using A Reverse Time Demigration,” o Yu Zhang and Lian

Duan, the disclosure of which is incorporated herein by reference.

TECHNICAL FIELD

[0002] Embodiments of the subject matter disclosed herein generally relate to
methods and systems for seismic data processing and, more particularly, to
mechanisms and techniques for predicting multiples using a reverse time

demigration.

BACKGROUND

[0003] In the context of seismic data processing, seismic migration refers to a
process by which seismic events are re-located (in time or space) to the locations at
which the events actually occurred rather than the location that the events were
recorded at the surface, to thereby create a more accurate image of the subsurface
being investigated. Demigration refers to a reverse of the migration process, which
maps imaged data into modeled data for a given source/receiver configuration and
given model parameters.

{0004] Demigration has developed into an important tool in for seismic

imaging. Examples of demigration application include model building as described



imaging. Examples of demigration application include model building as described 2 by H. Chauris
and M. Benjemaa in their 2010 article entitled "Seismic Wave-Equation Demigration/Migration”
published in volume 75, number 3, pages S111- S219 and incorporated herein by reference, multiple
prediction as described by A. L. Pica, G. Poulain, B. David, M. Magesan, S. Baldock, T. Weisser, P
Hugonnebyahtl FEHdemimandindheB&(6tasticre ewitled0'BD SuifteecRlied Fhikipie Mdalading,
Principles and Results" published in the 75th Annual International Meeting, SEG, Expanded abstracts,
number I qaajes 2D&MmRME8qhdiegnatien™ Ricaliplaed incogbonaded hereimbyr&fe pargres Sidrhic
inversion as described by S. Xu, D. Wang, F. Chen, G. Lambare and Y. Zhang in their article entitled
"Full Waxgtéthah/arstopdaatBeftesttd BeisrfeccDeasn hpuibiidbedadithieo 4t ddsetibgdByrdpdan
Association of Geoscientists and Engineers, Expanded Abstracts and incorporated herein by reference
and leastFscaafe Poidmatids. d3adesdibddblge JalEmBridackVi, #elsBel . FSEhustenat, thed £999
article entitled "Least-Squares Migration of Incomplete Reflection Data" published in Geophysics,
volume 64epatEs208-2edir irkdirpoeatmtbherditiculy 8feréhodade0sRémlighkititipleaMbdaliffgrentiated
from modeling based on the fact that demigration uses reflectivity to predict seismic data while
modelingrusesphetocityl ardsidissitpasistma mothels7 Ath desaribédriigrNaBiestditeating, GHEn and J.
W. Stockwell in their 2001 reference entitled "Mathematics of Multidimensional Seismic Inversion”
publishedEbyaBpidngeaPritdisisingnDompany anpagesrpdfiibeli8ikin{ byreafaxiderce, Bieadusendigration
is a technical "masterpiece" for reflectivity estimation, demigration is considered as the inverse or
adjoint processcnéiaigratiemn RO EMReeHigiasicamigritiorasaliebertvacebyt® theicdhdsdipingsf an
"exploding reflector” which led to one-way wave equation based post-stack migration as described by
D. Lowerith&henL . KaRdmnsemndnd Zhahgrinobeinatisiiel ombtiadattiolk \AladariT heveraios Equation
Applied to Migration" published in Geophysical Prospecting, volume 24, pages 380-399 and
incorpordtadRefledtesy Sefeninde ataokingisbadain hend 4tie MestinthdE etopeaeféssacigtinanyf
migration methods have been developed and their corresponding demigration methods followed. More
recently, Ceaessieninsts migdtibmgRERsha tstiad ofdtaindatsl raigtaiinsorporaled ihwosincdnsidered
indispensable for delineating subtle hydrocarbon traps beneath complex overburden. In an effort to
further inipfereneasdingepsitisguasastsigiaties Revese ibadebyifrateometis T Wasadscrifed by M.
Wong, S. Ronen and B. Biondi in their 2011 article entitled "Least-Squares Reverse Time
Migrationfeivesteonifortoeiean Bstartipate mitteise Stagi Sausrese Migtatiosn sifAHmen edenational
Meeting, SEG, Expanded Abstracts, pages 2369-2373, incorporated herein by reference, is emerging
and requitedecietPrtratioidiDnedrn GrPRaiese OB digrates GOBEM)., [0ooTcseledy to the

literature, One-Way Wave Equation Demigration

herein by reference. ‘

[0005] Demigration can be differentiated from modeling based on the fact that
demigration uses reflectivity to predict seismic data while modeling uses velocity and
density as input models. As described by N. Bleistein, J. K. Cohen and J. W.
Stockwell in their 2001 reference entitled *"Mathematics of Multidimensional Seismic
Iinversion” published by Springer Publishing Company and incorporated herein by
reference, because migration is a technical “masterpiece” for reflectivity estimation,
demigration is considered as the inverse or adjoint process of migration.

[0006] The origins of demigration can be traced to the concept of an

‘exploding reflector” which led to one-way wave equation based post-stack migration

as described by D. Lowenthal, L. Lu, K. Roberson and J. Sherwood in their 1976



(OWEDM) has been used to predict and suppress both surface related multiples as described by Pica
and interbed multiples as described by A. Pica and L Delmas (hereinafter "Pica and Delmes") in their
2008 article entitled "Wave Equation Based Internat Multiple Modeling in 3D" published in the 78th
Annual International Meeting, SEG, Expanded Abstracts, pages 2476-2480 and incorporated herein by

references GorRRaTRILWItT HeealRdiyapteMaBiniedasoigiatoR Jpublisiaee Retadephjyltnie
Elimination (SRME) as described by D. J. Verschuur and A. J. Berkhout in their 1997 article entitled

"Estimatignedpdutiinle Seatiesingdydtejadivedoveasionn®aiidbiBrsaticdl Asrestpanchixamples”
published in Geophysics, Volume 62, pages 1596- 1611, incorporated herein by reference, such

model bagedKingtiolevaredielinntaatbodmaisl Bors generahhetisahandigraifiarent armgsition
geometries and are 4 less sensitive to data sampling issues. However, when attempts are made to

generalizpda raaliigieppeedigiipntspthag-tepo RN D& AEIM, iisthaidyd thaswedraighibesward

generalization leads to numerical instability. [0008]Accordingly, it would be desirable to provide

systems apomipihasithat tavieidriealoreEEatyihad beoblevsaid tanbaskstrndiprryde rumerical

computational stability when computing both surface related multiples and interbed multiples by a

two-way piapagetisiddéesdmipiyisntiebdbty askheapalilisubfigrensiackLBpt traagingene st MMARY
[0009]According to an embodiment, a method, stored in a memory and executing on a processor, for

generatingoanieseledrbeisioic image kaket oriarievelisptive damigigtiuna(RT DM Syeeispic depth
image associated with one or more seismic sources and one or more seismic receivers comprises

adding a Bawelisg ®rme, bigedon @ SRITMiviy thrsoristihd ad/n Ineas SBURSH & andRBDBoediation
creating a coupled RTDM equation; estimating a pseudo-density function by converting, based on
solving ainotiisiea20nvesstane tea @snicedamB dmags tRévepseluiocvRibationdicersigbitizing the
coupled RTDM equation by replacing, in the coupled RTDM equation, the reflectivity term with the
pseudo-density flButton t@ateate aCabilidasigd upledidRE D Mne guativnsislvingahénséahitradhcoupled
RTDM equation and reconstructing wavefields at said one or more seismic receivers based on said

seismic defeiitingag8Hihe BxpaordechighbtitaselogitigearZBe8RBTG, absaniptestadthheaidr-ong,or more
seismic sources; and outputting a modeled seismic image associated with said seismic depth image.
[0010]A neferéorcmodebnupsgisgiarichagquiata baserhbiterativersefiRFM and Reverse Time
Demigration (RTDM).
[0007] Looking to the literature, One-Way Wave Equation Demigration
(OWEDM) has been used to predict and suppress both surface related multiples as
described by Pica and interbed multiples as described by A. Pica and L Delmas
(hereinafter “Pica and Delmas”) in their 2008 article entitled “Wave Equation Based
internal Multiple Modeling in 3D" published in the 78th Annual international Meeting,
SEG, Expanded Abstracts, pages 2476-2480 and incorporated herein by reference.
Compared with the data driven demultiple techniques, e.g., Surface Related Multiple
Elimination (SRME) as described by D. J. Verschuur and A. J. Berkhout in their 1997
article entitled “Estimation of Mulliple Scattering by lterative Inversion, Part li:
Practical Aspects and Examples” published in Geophysics, Volume 62, pages 1596-

1611, incorporated herein by reference, such model based multiple prediction

methods are more general, better handle different acquisition geometries and are



demigration (RTDM) comprises a seismic depth image; one or more processors configured to execute
computer instructions and a memory configured to store said computer instructions wherein said
computer instructions further comprise: a coupling éomponent for adding a coupling term to an RTDM
equation, creating a coupled RTDM equation; an pseudo-density component for estimating a
pseudo-dessitgdunitiien fpaskzdon saiglisejsiusudepthHmageen skdtaliziagaapteonantifardeplacing a
reflectivity term in said coupled RTDM equation with said pseudo-density function, creating a stabilized
coupled RéRdiatigaatiennaitiplgprediotitponesthind falvin® VAt DMaial RFD MU IedRINANhatwation and
reconstructing wavefields 6 associated with said seismic depth image; and an output component for
outputtingteaigbtieledhstiganienaliagton/ &Rl fo DESERIFATHIONMIGIERYTHE DRAWINGS [0011]The
accompanying drawings, which are incorporated in and constitute a part of the specification, illustrate
one or m{8a8hbodiméntscadithdiggdthverndtha e diesbliptomprevdRisyitesessemboditiends. thathe
drawings: [0012]Figures 1 and 2 show various aspects of a marine seismic survey system in which
various nawitijle tirediafime-elebotbernty chiz bves ingpld merdaedi 004, 3] BiglirepBoiddesanemerdicatiagram
showing a node for generating a

computational stability when computing both surface related multiples and interbed

multiples by a two-way propagation for improving the quality and capability of pre-

stack depth imaging.



modeled seismic image comprising a coupling component, a pseudo-density component, a stabilizing
component, an engine component, an output component and a seismic depth image; [0014]Figure 4 is
a schematic diagram showing a pseudo-density corfiponent of a node for generating a modeled
seismic image, further comprising a nonlinear solver component; [0015]Figure 5 is a schematic
diagram showing an engine component of a node for generating a modeled seismic image, further
comprising a multiples component; [0016]FigugUfiig AR¥hematic diagram showing an engine
component of a node for generating a modeled seismic image, comprising a multiples component, and

further cofop09ing a ghastoedimpanest; [@dirddigreat/ i arrthematitodagamsshasiiera and
pseudo-density component of a node for generating a modeled seismic image, comprising a nonlinear

solver compangihidudhes qoropsisiog ddeagesatmies comipetad RH38Ikignaddivasshematic
diagram showing an engine component of a node for generating a modeled seismic image, comprising

a multiplesseenspairant dencigrgiwstSaamppnest sadratccdayttisimggelrasssiditacd edtivitions or

component;
more seismic sources and one or more seismic receivers comprises adding a
coupling term, based on a reflectivity term acting as a linear source, to an RTDM
equation creating a coupled RTDM equation; estimating a pseudo-density function
by converting, based on solving a nonlinear inversion, the seismic depth image to
the pseudo-density function; stabilizing the coupled RTDM equation by replacing, in
the coupled RTDM equation, the reflectivity term with the pseudo-density function to
create a stabilized coupled RTDM equation; solving the stabilized coupled RTDM
equation and reconstructing wavefields at said one or more seismic receivers based
on said seismic depth image, one or more migration velocities and locations
associated with said one or more seismic sources; and ouiputting a modeled seismic
image associated with said seismic depth image.
[0010] A node for modeling seismic image data based on a reverse time
demigration (RTDM) comprises a seismic depth image; one or more processors
configured to execute computer instructions and a memory configured to store said
computer instructions wherein said computer instructions further comprise: a
coupling component for adding a coupling term to an RTDM equation, creating a
coupled RTDM equation; an pseudo-density component for estimating a pseudo-
density function based on said seismic depth image; a stabilizing component for
replacing a reflectivity term in said coupled RTDM equation with said pseudo-density
function, creating a stabilized coupled RTDM equation; an engine component for

solving said stabilized coupled RTDM equation and reconstructing wavefields



S [0019]Figure 9 is a flowchart illustrating a detailed method for generating a modeled seismic image
based on an stabilized coupled RTDM of a seismic depth image; [0020]Figure 10 is a schematic
diagram showing a two-layer horizontal reflector m@del; [0021]Figure 11 is a graphical representation
of multiples from RTDM wherein 11a is primary multiples only, 11b is primary multiples plus interbed
multiples aachabedg RAEMAAsLias BRISHNIORGS Bhdinle el sLHReR MRS BUlRIRSY a
[0022]Figure 12 is graphical representation of predicted multiples wherein 12a is predicted interbed
multiples apddidh isspiggiciedsarface related multiples; and [0023]Figure 13 illustrates a data
processing device or system which can be used to implement the embodiments.



9 DETAILED DESCRIPTION [0024]The following description of the embodiments refers to the
accompanying drawings. The same reference numbers in different drawings identify the same or
similar elements. The following detailed descriptionzdoes not limit the invention. Instead, the scope of
the invention is defined by the appended claims. Some of the following embodiments are discussed,
for simplicity, with regard to the terminology and structure of predicting multiples using a Reverse Time

Demigration (RTDM). HoweveiRipg egincinenio e 0F disftssRANSKEEe not limited to these
configurations, but may be extended to other arrangements as discussed later. [0025]Reference

throughopthe precificatiendscmnppRdimanhgy, whiembadimestnerasithaha eariaulas feature,

structure or characteristic described in connection with an embodiment is included in at least one

embodimgmyipt draseiRisstMaAtRIimciorse: TheDtheorPRARMIGA SR RNTBSESIHEL G the

embodiment” or "in an embodiment"” in various places throughout the specification is not necessarily

referring QeiRisaoe exphasitner’t EHbRNniBRtBartiCtHar dpaldiRs: Structures or characteristics may be
combined in any suitable manner in one or more embodiments. [0026]According to various
embodimgygs escribedigareln, matipds sishsysiapissdaspdbes bereindspa seismic inage o predict
different wave phenomena, e.g., reflections, refractions and multiples. Such methods and systems
can, for expsrene ihe/bired/iripiadiaURpk srdacssRuipiRrnd i Bed anpiiese MiBigh take
advantage of the two-way wave equations and can be adapted to different acquisition geometries
without infgg1 the prefjeras Rng/er etigtione asiseeiptebniRiie BrigsGéemPigentddhfg 73in order
to provide some context for the subsequent embodiments related to the collection of seismic data, the
processingddhaicaltasierd saisagje dedamanditihe gensyabnngf seispyadivminatieriaapsesangider first
a seismic data acquisition process and system as will now be described with respect to Figures 1 and
2. In Figuserhpariaia acquisitiogysenpdAdaciutesaghi oomiikplrah stepmets mbvaianay
extend over kilometers behind ship 2. Each of the streamers 6 can include one or more birds 13 that
maintainssidefgashit delstoidied position relative to other streamers 6, and the birds 13 are
capable of moving streamer 6 as desired according to bi-directional communications birds 13 can

receive fig0Blip 2.  Figure 4 is a schematic diagram showing a pseudo-density component

of a node for generating a modeled seismic image, further comprising a nonlinear
solver component;

[0015] Figure 5 is a schematic diagram showing an engine component of a
node for generating a modeled seismic image, further comprising a multiples
component,

[0016] Figure 6 is a schematic diagram showing an engine component of a
node for generating a modeled seismic image, comprising a multiples component,
and further comprising a ghosts component;

[0017] Figure 7 is a schematic diagram showing a pseudo-density component
of a node for generating a modeled seismic image, comprising a nonlinear solver
compoenent further comprising a least-squares component;

10018] Figure 8 is a schematic diagram showing an engine component of a
node for generating a modeled seismic image, comprising a muitiples component,

and a ghosts component further comprising a free surface condition component;



[0028]0One or more source arrays 4a,b may be also towed by ship 2 or another ship for generating
seismic waves. Source arrays 4a,b can be placed either in front of or behind receivers 14, or both
behind and in front of receivers 14. The seismic wages generated by source arrays 4a,b propagate
downward, reflect off of, and penetrate the seafloor, wherein the refracted waves eventually are

reflected fgo@9p or morggefledting steridrRaMAISIRAMG 1B etdRed) ARtkJS e geHarsiRpe Figure

2, discussed below). The reflected seismic waves propagate upwardly and are detected by receivers
14 provided A &ire@BRTR GmiiR SeABir yavesdhanmiriiedRibridhRTme sirierid@ictheswrface of
the body of water (see Figure 2, discussed below), traveling downward and are once again detected
by receivpfadd: provided on streamers 6 as receiver ghosts. This process is generally referred to as
"shooting" a particular seafloor area, with the seafloor area referred to as a "cell" and the sea surface
referred tpagd "free spifage." 10029]GigskRehibustratagasidendonngf therdatmaeruiriionystem 10
of Figure 11 comprised of cables 12, and a plurality of receivers 14. Shown in Figure 2 are two source
streamerge e Hslisle sources 4a,b attached to respective cables 12a,b. Each source 4a,b is
capable of transmitting a respective sound wave, or transmitted signal 20a,b. For the sake of
simplifyingpel prawingsigowé wiile Rotzdejraghneptralbfeaaragtigrdesstanding<f themaryrprnciples
involved, only a first transmitted signal 20a will be shown (even though some or all of sources 4 can be
simultaneaysigitor 1iet) fsansiriting sitilpldsarsmitted sigealprahr irsidransitiegssignatizin travels
through ocean 40 and arrives at first refraction/reflection point 22a. First reflected signal 24a from first
transmitteet sighsd 20 trenvels upvyasshirarlmsieanglogridrbaek iauresriveisd 4uffa deosgAbakill in the
art can appreciate, whenever a signal - optical or acoustical - travels from one medium with a first
index of refsapsies; n1 and meets with a different medium, with a second index of refraction n2, a
portion of the transmitted signal is reflected at an angle equal to the incident angle (according to the
well-knojgodagll's lawkigneatsecong poiiiicn obphedemsnvticdfsigadican hausiirgedagsm
according to Snell's law). [0030]Thus, as shown in Figure 2, first transmitted signal 20a generates first
reflected signad Pedianstfiistaeieariedisigasl 2oa. Fistisehaniriaionadoa raualg thigrighesediment
layer 16 (which can be generically referred to as first subsurface layer 16) beneath ocean floor 42, and
can now gadconsidered to be a "new transmitted signal, such that when it encounters a second
medium at second refraction/reflection point 28a, a second set of refracted and reflected signals 32a
and 30a, [8234bsequenigvrgendriltedr dusthedas phovesdingigleacs thesgdiappansio diapssignificant
hydrocarbon deposit 44 within a third medium, or solid earth/rock layer 18 (which can be generically
referred tgsag $edoniesubstifacerddystid®ni€onsequently, refracted and reflected signals are
generated by the hydrocarbon deposit, and it is the 12 purpose of data acquisition system 10 to
generate data that can be used to discover such hydrocarbon deposits 44. [0031]The signals recorded
by seismic receivers 14 vary in time, having energy



peaks that may correspond to reflectors between layers. In reality, since the sea floor and the air/water
are highly reflective, some of the peaks correspond to multiple reflections or spurious reflections that
should be eliminated before the geophysical structure can be correctly imaged. Primary waves suffer
only one reflection from an interface between layers of the subsurface (e.g., first reflected signal 24a).
Waves other than primary waves are known as multiples (or ghosts). A surface multiple signal is one
such example of a multiple, however tipgEe AreEthBEgaRIfT IOWtiples to be generated. For example,
reflections form the surface can travel back down to the receivers and be recorded as ghosts.
Multiples fapgaghosts) taaelirRddraydietdnformatiompbam ditsgeniegivhinaeribotipasgag floor,
and thus they are, in essence, noise, and it is desirable to eliminate them and/or substantially reduce
and/or eligraatedheimndusnee ircRigoateracaassng pf iFatear dpieaigd Jienaly Ipasimeorectly
ascertain the presence (or the absence) of underground/underwater hydrocarbon deposits. [0032]The
methods gmeiisyStsnscresCrited henrinuse deesetbrdissdagRitn pdedict siffeeint WwaverReanenena,

e.g., reflections, refractions and multiples. Migrating a shot record Qtr), with the shot at X, =(x"y"z,) and

receivers [aktedd, .te, 880y AYeREampHtiog i elumefisidsHiotppaginading:rhihe Sewsefaaation and
observed at the receiver locations. In an RTM, as described by D. Whitmore in his 1983 article entitled

"lterative faepiiryigratiotirayfaciryalidclissad fopegapntypwitishegain thethd td innsiabintargational
Meeting, SEG, Expanded Abstracts, pages 382-385, incorporated herein by reference and by E.

Baysal, DstRucpsloff sradidtivg. reuitideShenwg edisbeic T983 Dtakestisle (R ReMBrseldwagdMigration”

published in Geophysics, volume 48, pages 1514-1524, incorporated herein by reference, the source

wavefieldtRs exipanits asditocoinclisagesaanddkteareasst bl iy efiehdpR idengopatiedd)atkwasd in time
by solving the acoustic wave equations: a2 -- A pjrc;t;.3-0-= S(1:;1),(1) )22 at2 and
be extended to other arrangements as discussed later.

{0025] Reference throughout the specification to “one embodiment” or “an
embodiment” means that a particular feature, structure or characteristic described in
connection with an embodiment is included in at least one embodiment of the subject
matter disclosed. Thus, the appearance of the phrases “in one embodiment” or “in an
embodiment” in various places throughout the specification is not necessarily referring
to the same embodiment. Further, the particular features, structures or characteristics
may be combined in any suitable manner in one or more embodiments.

[0026] According to various embodiments described herein, methods and
systems described herein use a seismic image to predict different wave phenomena,
e.g., reflections, refractions and multiples. Such methods and systems can, for
example, be used to predict both surface multiples and interbed multiples, which take
advantage of the two-way wave equations and can be adapted to different acquisition
geometries without incurring the problems and/or limitations associated with the prior

attempts.



fla2 A-- phi(-its)=0, 112 at2 P R(3-C,.;t;. s)=(2) where S(i; t) is a general source and specifically,
S(.iht) = 8(27-),f(t) for a common- shot record,,f Wis the source signature, v = v(i) is the velocity and
A= a2.+a2+a2is the Laplacian operator. [0033]Conginuing, at a subsurface reflection point, he angle
dependent reflectivity is:

[0027] In order to provide some context for the subsequent embodiments
related to the collection of seismic data, the processing of the collected seismic data
and the generation of seismic illumination maps, consider first a seismic data
acquisition process and system as will now be described with respect to Figures 1 and
2. In Figure 1, a data acquisition system 10 includes a ship 2 towing plural streamers 6
that may extend over kilometers behind ship 2. Each of the streamers 6 can include
one or more birds 13 that maintains streamer 6 in a known fixed position relative to
other streamers 6, and the birds 13 are capable of moving streamer 6 as desired

according to bi-directional communications birds 13 can receive from ship 2.

[0028] One or more source arrays 4a,b may be also towed by ship 2 or another
ship for generating seismic waves. Source arrays 4a,b can be placed either in front of
or behind receivers 14, or hoth behind and in front of receivers 14. The seismic waves
generated by source arrays 4a,b propagate downward, reflect off of, and penetrate the
seafloor, wherein the refracted waves eventually are reflected by one or more reflecting
structures (not shown in Figure 1) back to the surface (see Figure 2, discussed below).
The reflected seismic waves propagate upwardly and are detected by receivers 14
provided on streamers 6. The seismic waves then reflect off of the free surface, ie.,
the surface of the body of water (see Figure 2, discussed below), traveling downward
and are once again detected by receivers 14 provided on streamers 6 as receiver
ghosts. This process is generally referred to as “shooting” a particular seafloor area,
with the seafloor area referred to as a “cell” and the sea surface referred fo as a “free

surface.”

[0029] Figure 2 illustrates a side view of the data acquisition system 10 of Figure

1. Ship 2, located on ocean surface 46, tows one or more streamers 6, that is



(3) Pstx;(;xs) Based on relation (3), the stacked image can be expressed as: /(-e) f fPROE;(;)?,- )dtdx
.(4) A purpose of the Reverse Time Demigration (RTDM) technique is to reconstruct the wavefield
recorded at the receivers with a given stacked image/(1) , migration velocity v(1) and source
location.ic, The source wavefield ps stays the same as described in equation (1). Computing the

wavefieldgofhgRde ERERISHE INAIERISHARYUNacAI il in cavpian PRI edhdyR(3).

and using the reflectivity as a secondary as a seécondary source to generate PR by increasing time,

leading to,the @A4alaNiers, which include sources 4ab attached to respective cables 12a.b.
Each source 4a,b is capable of transmitting a respective sound wave, or transmitted
signal 20a,b. For the sake of simplifying the drawings, but while not detracting at all
from an understanding of the many principles involved, only a first transmitted signal
20a will be shown (even though some or all of sources 4 can be simuitaneously (or not)
transmitting similar transmitted signals 20). First transmitted signal 20a travels through
ocean 40 and arrives at first refraction/reflection point 22a. First reflected signal 24a
from first transmitted signal 20a travels upward from ocean floor 42, back to receivers
14. As those of skill in the art can appreciate, whenever a signal — optical or acoustical
- travels from one medium with a first index of refraction n; and meets with a different
medium, with a second index of refraction ny, a portion of the transmitted signal is
reflected at an angle equal to the incident angle (according to the well-known Snell’'s
law), and a second portion of the transmitted signal can be refracted (again according
to Snell's law).
[0030] Thus, as shown in Figure 2, first transmitted signal 20a generates first
reflected signal 24a, and first refracted signal 26a. First refracted signal 26a travels
through sediment layer 16 (which can be generically referred to as first subsurface
layer 16) beneath ocean floor 42, and can now be considered to be a “new” transmitted
signal, such that when it encounters a second medium at second refraction/reflection
point 28a, a second set of refracted and reflected signals 32a and 30a, are
subseguently generated. Further, as shown in Figure 2, there happens to be a
significant hydrocarbon deposit 44 within a third medium, or solid earth/rock layer 18
(which can be generically referred to as second subsurface layer 18). Consequently,

refracted and reflected signals are generated by the hydrocarbon deposit, and it is the



a' 2;t2 APRO(17; = -1(5)Ps(1;0, Q(V,-;t) = p1 (1;1). (5)  Summarizing, combining equation (1) and
equation (5) provides the basic formulation to RTDM, which in turn simulates only the primary
reflections. [0034]In another aspect, RTDM can bejgsed to compute multiples. For example,
introducing wavefields R's and pR1 defined by the equations:

purpose of data acquisition system 10 to generate data that can be used to discover
such hydrocarbon deposits 44.

[0031] The signals recorded by seismic receivers 14 vary in time, having energy
peaks that may correspond to reflectors between layers. In reality, since the sea floor
and the air/water are highly reflective, some of the peaks correspond to multiple
reflections or spurious reflections that should be eliminated before the geophysical
structure can be correctly imaged. Primary waves suffer only one reflection from an
interface between layers of the subsurface (e.g., first reflected signal 24a). Waves
other than primary waves are known as multiples (or ghosts). A surface multiple signal
is one such example of a multiple, however there are other ways for multiples to be
generated. For example, reflections form the surface can travel back down fo the
receivers and be recorded as ghosts. Multiples (and ghosts) do not add any useful
information about the geology beneath the ocean floor, and thus they are, in essence,
noise, and it is desirable to eliminate them and/or substantially reduce and/or eliminate
their influence in signal processing of the other reflected signals so as to correctly
ascertain the presence (or the absence) of underground/underwater hydrocarbon
deposits.

[0032] The methods and systems described herein use the seismic data to
predict different wave phenomena, e.g., reflections, refractions and multipies.
Migrating a shot record O(x;X,;1), with the shot at x =(x_,»..z,) and receivers at
X =(x,y.,z,) involves computing the wavefields both originating at the source location
and observed at the receiver locations. In an RTM, as described by D. Whitmore in his
1983 article entitled ‘“lterative Depth Migration by Backward Time FPropogation”

published in the 53rd Annual International Meeting, SEG, Expanded Abstracts, pages

382-385, incorporated herein by reference and by E. Baysal, D. D. Kosloff and J. W. C.



132 -A 1951,(1;t) -1(50PR(X" 2 at";0, v 012 - A,pRI (17;0=.1.(5)ps' (5,;;t), then the term pi?' (5¢.,;t)
provides the first order interbed multiples. See, e.g., One-way Wave Equation Demigration (OWEDM)
by Pica and Delmas, which showed that the equations can be extended to generate higher order
interbed multiples with an increased computational cost. [0035]The computations can be simplified by

introducinghacRigRiing tapaito fIBRtigRith. katitkd 2RefoPSd2TimeS MighiticH) ARGEHBY Vr3t2
Geophysics, volume 48, pages 1514-1524, incorporated herein by reference, the

source wavefield p;expands as time increases and the recorded wavefield p, is

computed backward in time by solving the acoustic wave equations:

1 8 . -
—2-““5_— .pS x= st = xa‘ 5
oy A (B =80 (1)
and
1 & I
[1?@"3;?”&)1’”()“”’%)‘0’ (2)

PrlX %) =0(5,1%;:1)
where S(X;r)is a general source and specifically, S(%;¢)=48(x-X,)f(¢)for a common-
shot record, f(t)is the source signature, v=w(¥)is the velocity and A=27+08] +ais
the Laplacian operator.
[0033] Continuing, at a subsurface reflection point, the angle dependent
reflectivity is:

R(7) = PeBEX) 3
) psli;tx,) )

Based on relation (3), the stacked image can be expressed as:

o (PR BGX)
1(%= | j—————ﬁps(mfﬁ) .. (4)

A purpose of the Reverse Time Dermigration (RTDM) technique is to reconstruct the

wavefield recorded at the receivers with a given stacked image /(%) , migration velocity
v(¥)and source locationx,. The source wavefield pstays the same as described in

equation (1). Computing the wavefield p,on the receiver side involves substituting



= 0 then, introducing: P(x>0= 13,(->t) PR(i>1),(8) and summing equation (5) and equation (7), a
compact formulation of RTDM for generating primary and interbed multiples is derived as: {(--1 87\ 2
-A p(Mt)= 1,2 01 .i Q(,;1)= However, the stability ofiequation (9) is not guaranteed with an arbitrary
reflectivity acting as a linear source term on the right hand side of equation (9). [0036]Looking now to

an embodimen.dhedfskAiiteOIRINAIRBVER) & 5) , and using the reflectivity as a secondary as

a secondary source to generate p, by increasing time, leading to the equation:

1o o
[—}/—2 612 _AJPR(A'al)””I(x)pS(Aat)a (5)
O(X, 1) = pp(X,:0).

Summarizing, combining equation (1) and equation (5) provides the basic formulation

to RTDM, which in turn simulates only the primary reflections.

[0034] In another aspect, RTDM can be used to compute multiples. For

example, introducing wavefields pyand p,defined by the equations:

1 o = = 3
=5 A pED =IEPa(E1),

(6)

1 ¢ - - -
(wzm ~ 2 —AJP.IR’()”:I) :](x)p,ls'(x;f):
V' ot

then the term p,(x ;1) provides the first order interbed multiples. See, e.g., One-way

Wave Equation Demigration (OWEDM) by Pica and Delmas, which showed that the
equations can be extended to generate higher order interbed multiples with an
increased computational cost.

[0035] The computations can be simplified by introducing a coupling term to

equation (1), i.e.:

1 & , - e
{yEEMAJpS(x;l)=S(x;t)+l(x)pR(x;t), _ @
pe(x:1)=0.

then, introducing:
p(%30) = p(%;0) + pp(Xit), (8)
and summing equation (5) and equation (7), a compact formulation of RTDM for

generating primary and interbed multiples is derived as:



overcome by setting: I=A1P-V--1V\Ip,(10) where p is a positive pseudo-density function. It should be
noted in the embodiment that in addition to the primary and interbed multiples, surface related
multiples and source-receiver ghosts can be prediggng by using equation (9) together with an
additional free surface condition represented by the equation: a2 -v2 at2 -A p(i;t)= S(I;t)+1(1)p(27;t),
p(17;01,= (?(i%jg): Equation (9) and equation (11) can then be applied to any acquisition geometries
for multipl n@rj ArEl ghoSt frediction: (O3 7]In light of the previously describeii material, an
embodimeht ofa stable RTDM technique comprises first, estimating a pseudo-dens'g) function p from
the assoclélél dlackeéd image /(1) by solving the least-square optimization problem:

However, the stability of equation (9) is not guaranteed with an arbitrary reflectivity
acting as a linear source term on the right hand side of equation (9).
[0036] Looking now fo an embodiment, the instability of equation (9) is

overcome by setting:
1
]mJ;V~;VJ;, (10)

where p is a positive pseudo-density function. It should be noted in the embodiment

that in addition to the primary and interbed multiples, surface related multiples and
source-receiver ghosts can be predicting by using equation (9) together with an

additional free surface condition represented by the equation:

v o
p(En)| =0, (11)
Q(X,.;8) = p(X,;1).

(_},___qz_ - AJp(i;r) = S(x 0 +1(X)p(X;0),

Equation (9) and equation (11} can then be applied to any acquisition geometries for
muitiple prediction and ghost prediction.
[06037] in light of the previously described material, an embodiment of a stable

RTDM technique comprises first, estimating a pseudo-density function p from the

associated stacked image 7(X) by solving the least-square optimization problem:

Iz =min. | (12)
i

I
C(p)=Hf -\/EV--E;V«/E



16 Next in the embodiment, solving either equation (9) or equation (11) to compute the 1/- seismic
record Q(.), ; t) wherein / is replaced by /FN. -V v p to make the solution stable. It should be noted in
the embodiment that the least-square optimization ggroblem (12) is nonlinear and a solution comprises
introducing: 4 a = 1(13) -vp, and reformulating the least-square optimization problem (12) as:

C(p,a,F)NBilt- (4 4h¥/B8FBodiment, solving either equation (9) or equation (11) to compute the

seismic record Q(% :7) wherein Iis replaced by \/;V-MLV\/E to make the solution
p

stable. It should be noted in the embodiment that the least-square optimization

problem (12} is nonlinear and a solution comprises introducing:

a’ = p,

Foleg, (13
B

and reformulating the least-square optimization problem (12) as:

C(p,a, F) = min, (14)

where:

C:Hn[ﬁjz~V-F}12+!ﬁ-2‘fiz+.s||ﬁjf. (15)

It should be noted in the embodiment that the ¢ in equation (15) is a positive real
penalization parameter for the total energy variation of F and is used to regularize the
optimization estimates. Further, it should be noted in the embodiment that the total
least-square problem (14) can be solved by a method such as, but not limited to, a
steepest descent method.

[0038] Looking now to Figure 3, a schematic diagram of a node 300 for
predicting multiples and ghosts based on a reverse time demigration is depicted. The
node 300 comprises a coupling component 302, a pseudo-density component 304, a
stabilizing component 306, an engine component 308, an output component 310 and a
seismic depth image dataset 312. Continuing with the embodiment, the coupling
component 302 provides the ability to add a coupling term to a RTDM equation. It
should be noted in the embodiment that the coupling term relates the wavefields at the

source side to the wavefield at the receiver side. Further in the embodiment, it should



2- -V F It should be noted in the embodiment that the c in equation (15) is a positive real penalization
parameter for the total energy variation of F and is used to regularize the optimization estimates.
Further, it should be noted in the embodiment that the total least-square problem (14) can be solved
by a method such as, but not limited to, a steepest descent method. [0038]Looking now to Figure 3, a

schematip &liqetaimiait 3aoseRRP dduars iBehne HeR PRdaiasis Aerfrbalce saMsiesiip e

demigration is depicted. The node 300 comprises a coupling component 302, a pseudo-density

Componet'ﬁé%[ﬁ\ﬁté&@lgﬁﬁﬁ %W%B&?&@@ﬂéﬂﬂiﬂﬁé‘éﬁﬂe%@fg ﬁﬁ@a@%&ﬂ@ﬁ&?ﬁ"ﬁpﬂ%‘t 310
and a seismic depth image dataset 312. Continuing with the embodiment, the coupling component 302

provides g aBHR ORISR E6]ING term to a RTDM equation. It should be noted in the embodiment
that the coupling term relates the wavefields at the source side to the wavefield at the receiver side.

Further indoggmbodimesy ik $heWrhbbaReeneiak had i0s-adAilg 2ERRIRIHA SN HEDRESTRY/

equation introduces instability to the RTDM equation for an arbitrary reflectivity acting as a linear

source tegmify foccetnnias RiddMapauation (0RSIN st emppasinesik the-eecUAGriRpSHY

component 304 provides the ability to estimate a pseudo-density function based on a given stack

image. FyshehindamembodismniidtishandtamatendhmidhanaendrydrrmificflRCEPRpImBgnlinear

function. Continuing with the embodiment of the node 300, the stabilizing component 306 provides the

capabilityiipd¢aptaceanaflastivititiena enipeeuted RIS Noeaustiontmataasar Ry densiyramction
generated by the pseudo-density component 304. [0040] Further in the embodiment of the node 300,

the engingoepprpdidesttReEasaviigstthaphility Ao stbvaving tialiliv esbees niesh RPN eidaliion in light

of the selected seismic depth image dataset 312. It should be noted in the embodiment node 300 that

wavefieldgigrp se0apsdarsipg fahthe sejsAuratedeiyarsipsangocidneny Bugipdaentaogities and
locations associated with one or more seismic sources. Next in the embodiment node 300, the output

componejigdty providesitihe capalilisniboitpetinad dete d stsBUO InhrueAdRieabeySihERIptRB to

resource exploration. It should be noted in the embodiment that the modeled seismic images output

can vary pasadegnitie shahilized ssivpledeR daMieaatipiedveirand tbeusgismip deth shags dataset

312. [0041]Next in the embodiment, referring to Figure 4, a schematic diagram 400
selected seismic depth image dataset 312. It should be noted in the embodiment node
300 that wavefields are reconstructed at the seismic receivers for one or more
migration velocities and locations associated with one or more seismic sources. Next
in the embodiment node 300, the output component 310 provides the capability to
output modeled seismic images for analysis related to resource exploration. It should
be noted in the embodiment that the modeled seismic images output can vary based
on the stabilized coupled RTDM equation solved and the seismic depth image dataset
312.
[0041] Next in the embodiment, referring to Figure 4, a schematic diagram 400
of a pseudo-density component 304 of a node 300 is depicted. The pseudo-density
component 304 further comprises a nonlinear solver component 402 for optimizing the
nonlinear pseudo-density function. It should be noted in the embodiment that the

nonlinear solver component can reformat the pseudo-density function, as previously

described, to provide a pseudo-density function of simpler optimization.



of a pseudo-density component 304 of a node 300 is depicted. The pseudo-density component 304
further comprises a nonlinear solver component 402 for optimizing the nonlinear pseudo-density
function. It should be noted in the embodiment that;the nonlinear solver component can reformat the
pseudo-density function, as previously described, to provide a pseudo-density function of simpler

optimizatiefpa 3P [0042)paling NOW HFIAUIRS. 8 Sshemantalisciame San shaine sppponent

308 of a node 300 is depicted. The engine tcomponent 308 fu prises a multiples component

502 for g ' bl iatedAwith.t ismic h i %’%%m I\ e
stabiIized%cE}gﬂ%EI&(L\HOIg rIEQPTU&IIl)bl\% Zﬁlﬁﬁﬁﬁ sgr?gu% ge)%ﬁc%te%c? in ?f?géer%%h@c%?nenp at thg r?S)rﬁéq?ti\;f)lﬁ}a%%}enerated
by the mulfjples; GompqREHiHRIL &%B@@M?ﬁ?@z@éﬁtﬁgﬁ@%tmasrﬁaﬁ@w@ées RIRIRS the

[0043]Continuing with the embodiment, in Figure 6, a’'schematic diagram 600 of an engine component

308 of a %%ﬁ’&rﬁ@%%ﬁ?%?@-%@%H%H%Rﬁ%mé@%ﬁsﬂ% EaMEsaR ARFLRISsGomponent

502 as previously described and a ghosts componéent 602 for generating ghosts associated with the

seismic dgpihynBeersledbrsaskoBmRBling de siahiiredhaupied RIERM aaualons sholdde noted

in the embodiment, that the ghosts generated by the ghosts component 602 can be sourcé ghosts

and/or re%%i%‘gf&'é%@a@@éﬁl&&%ﬁ@d&%é@éﬂ%[ﬁn 4&%@#@/&%@&&?&5%@%@? a pseudo-density

component 304 of a node 300 is depicted. The pseudo-density component 304 provides the

capabilitiggggsprevioushy AgsGIiREd AN hbEhas SAMBHESA FiRriNeas SeNEHSAMBRRAR (B8 The

nonlinear solver component 402 provides the capabilities as previously described and further

COMPriSegLieaFHIAGH SORRRONTR 402 FIRPHDTZE dRFRREUHERRNIURFHBBUM 308

least-squares technique. It should be noted in the embodiment that a least-squares technique is a

steepest fpacentinapRisiie a[ANARINaXEMRS fenbadimsst ralrsiRg e ddgHR § s achenalis diagram
800 of an engine component 308 of a node 300 is depicted. The engine component 308 provides the
capabilitige apEFRYIPESY HSSGHREFHLARE BHEIRE GREPEERSIAWIth the seismic depth image 312
based on solving the stabilized coupled RTDM equation. It should be noted in the
embodiment, that the ghosts generated by the ghosts component 602 can be source
ghosts and/or receiver ghosts.
[0044] Looking now to Figure 7, a schematic diagram 700 of a pseudo-density
component 304 of a node 300 is depicted. The pseudo-density component 304
provides the capabilities as previously described and further comprises a nonlinear
solver. component 402. The nonlinear solver component 402 provides the
capabilities as previously described and further comprises a least-squares
component 702 for optimizing the pseudo-density function with a least-squares
technigue. It should be noted in the embodiment that a least-squares technique is a
steepest descent technique.
[0045] Next in the embodiment, referring to Figure 8, a schematic diagram
800 of an engine component 308 of a node 300 is depicted. The engine component

308 provides the capabilities as previously described and further comprises a

multiples component 502 and a ghosts component 602. The multiples component



multiples component 502 and a ghosts component 602. The multiples component 19 502 and the
ghosts component 602 provides the capabilities as previously described and the ghosts component
602 further comprises a free surface condition comyonent 802 for configuring the stabilized coupled
RTDM equation to generate source and receiver ghosts. It should be noted in the embodiment that an

additionakgengiipt,ealhBeadeatig g %‘é‘@iB?SQi&Qé‘B%%dc%I%iﬁ&é‘gd@yn%%g Hé%%’%\%%“e'd at

the surface can be setto zero. [0046]Looking now to Figure 9, a meth nt 90

generating s MALe eSO AR AASBEOMGREP ATRRERMS deal MR dghigiid, Starting

at step 902, the method embodiment 900 adds a coupling term to an RTDM equatio other

aspect of the, msibed seRbRATINSTE AN SIER Latile SO IR ée%%%%gﬂow%'%géw fgrm

wherein the reflectivity term is actifig as a source. Further, step 902 of the method embodiment 900

ansformsyfie RIRM ESLIPHPBIBALONRHH BYRALRIAMHI0BRBIEHIR HEP ShdhReREinod

embodiment 900 estimates a pseudo- density function. In another aspect of step 904 of the method

embOdim@é‘ﬁ%Qnﬂ'@aﬂs%léd%'mi%ﬂiﬂéﬁ%?aiﬁiI%W%%WdCWBMn%%%@H“GVﬂS@P\irﬂ?ege toa
pseudo-density function. It should be noted in the method embodiment 900 step 904 that the

conversiqpdsdipsedomsuinga RoRlineakinyessign. Continuing at step 906, the method embodiment

900 stabilizes the coupled RTDM equation. In another aspect of step 906 of the method embodiment

900, the dftﬁni%aation IS 2R0GTP RNeYPK IR sedect itk érmfﬂs@o%@alﬁédm}“g;&ﬂ&%{% with the

pseudo-density function. It should be noted in the method embodiment 900 step that a stabilized

coupled RIfp squationis arageinkda0dSINexTivitep §08.afihe mathoshespRodimepi99, the
stabilized coupled RTDM equation is solved. In another aspect of step 908 of the method embodiment
20 Starting at step 902, the method embodiment 800 adds a coupling term to an RTDM
equation. In another aspect of the method embodiment 900 step 902, the coupling
term is based on a reflectivity term wherein the reflectivity term is acting as a source.
Further, step 902 of the method embodiment 900 transforms the RTDM equation to
a coupled RTDM equation.
[0047] Next, at step 904, the method embodiment 900 estimates a pseudo-
density function. In another aspect of step 904 of the method embodiment 900, the
pseudo-density function is estimated by converting a seismic depth image to a
pseudo-density function. It should be noted in the method embodiment 200 step 904
that the conversion is based on solving a nonlinear inversion. Continuing at step
906, the method embodiment 900 stabilizes the coupled RTDM equation. In another
aspect of step 908 of the method embodiment 900, the stabilization is accomplished
by the reflectivity term in the coupled RTDM equation with the pseudo-density
function. It should be noted in the method embodiment 900 step 906 that a
stabilized coupled RTDM equation is generated.

[06048] Next at step 908 of the method embaodiment 900, the stabilized coupled

RTDM equation is solved. In another aspect of step 908 of the method embodiment



900, the wavefields are reconstructed at one or more seismic receivers, based on the seismic depth
image, one or more migration velocities and locations associated with the one or more seismic
sources. Continuing at step 910 of the method embgdiment 900, the modeled seismic image
associated with the seismic depth image is output. It should be noted in the method embodiment 900
at step 9% h éh%y%ﬂg g %gés%j dmagﬁ t 3#5; e rface related multiples,
interbed muﬁip?fés, som‘jrce gahosts ang recelve%]h%i?sﬁ%ogi hge %‘%’ﬁv%g%&%rﬁeg 2] (ijga ees%g?lréd to
iIIustrated”l? n:._%ﬁgﬁ,‘% M Bﬂgir&e '%eﬁﬁ pﬁ% T i e_provided in this
example on?y halls twoq%pr?%onta?%”g/ers, Witﬁ{tie degth at ﬁgge\ﬁkﬁggﬁge%e%r?&aﬁ%gi]@i%oﬁg%?g &d
respectivelinat2 3 8 Fiauie 1 e IRN, heshatiBiu! 8 p Bl dihireasiion,and al
the receivers spread out to an offset of 8000 meters on either side. We use a constant velocity model,

e DOt e ah Bede SibaRav B ienTiE et Tharslola. i dhosis RUaegy e

free surface are recorded in the data. Figure 11 shows three demigration resu primary

e Hdes (e ehspleuRel spRlanadlcaham A BT IR e SR

multiples (Figure 11b) calculated by equation (9); and 3) the primary plus inter es and

surtace rejalemhaudples e hbeucalay'ged B catnEtdhJORRIBARI- NG SITRICTY of (e

reflectivity model presented in Figure 10, it can be verified that both primary and multiples are’correctly

predictedi%;B@Cprﬁmgﬂgggg&%%&@gﬂd}g@&%p@tg datasets can be used to predict

multiples. The predicted interbed multiples, Figure 12a, Can be obtained by applying an adaptive

subtractiqgdaghe two dpiaseifo AN IB AN S ddiiaRdd 16 udieRl s ipeion PiEdgREREC and

11b gives all the surface related multiples, as shown in 21 Figure 12b. It should be not

embodimgpighairigiEe e’ BB seRiRtherpe digieddatarhaskmibinles: [ROHKTESFomRYINg

device(s) or other network nodes involved in multiple prediction using RTDM as set forth in the above

described,gmhodimeRisIRaY heyaRY, MReoHTONYIBIRY Leviee RS RGeS % itMeters

communicating seismic data associated with a seismic survey. An example of a representative

computing-syemaPaIsHIFRIY NG et PREFRYIRERNBIEAFIABREEh theseredinentRds

illustrated in Figure 13. System 1200 includes, among other items, server 201, source/receiver

interface g% Anieraalidaia/fepamuRIcanRItbS: (RHah20ds o 27 asser (M SRR (PSR Piiary skill in

the art can appreciate that in modern server systems, parallel processing is becoming increasingly

prevalenty g e STeassRapin IR ARS®E WO AN & RE QR 1SS HB ¢ R pdrgRigReH mgny or at

least several functions, it is more common currently to have a single dedicated processor for certain

functions ety dEPE SIMALRIASCEFOTSHGRY WASEI DO BRSUFFALRIIRS SEREREHIY dRserial

and/or parallel, as required by the specific application), universal serial bus (USB) port 210, compact

disk (CD)digitak\ides disksia¥R)irpad! wekeigRMbhdrasRd 2; floppy mékﬁﬁt%g@/%%ﬁpi@%qh less
used currently, many servers still include this device), and data storage unit 232.
data (Figure 11a) calculated by equations (1) and (5); 2) The primary plus interbed
multiples (Figure 11b) calculated by equation (9); and 3) the primary plus interbed
multiples and surface related multiples (Figure 11¢) calculated by equation (11).
[0050] Based on the simplicity of the reflectivity model presented in Figure 10,
it can be verified that both primary and multiples are correctly predicted by the
previously presented method. The generated datasets can be used to predict
multiples. The predicted interbed multiples, Figure 12a, can be obtained by applying

an adaptive subtraction to the two datasets shown in Figure 11b and 11c. A direct

subtraction of Figure 11c and 11b gives all the surface related multiples, as shown in



[0052]Data storage unit 232 itself can comprise hard disk drive (HDD) 216 (these can include
conventional magnetic storage media, but, as is becoming increasingly more prevalent, can include
flash drive-type mass storage devices 224, among-gther types), ROM device(s) 218 (these can include
electrically erasable (EE) programmable ROM (EEPROM) devices, ultra-violet erasable PROM

devices (B , her t ' a | sable
with USE T B 11 e e Qe o AR R o 2 P e e
CD/DVD ] Lwhi th read and write-able). Usable with diskette drive device 214 are
floppy dis %ﬁg@é‘ﬁ%@%&; t %E)rr%;%MOry storage devices, or the memory storage media (216, 218,

220, 224][864;(?“ 237-@*&5}9&Hﬁ@%@%ﬁ@@&{ﬂ@%@%&r Q?ﬁ\?&%oornigﬁi[(;ﬁlj arety,

executable software programming code (so 36 that can implement part or e portions of

the methodaRsREl e RETRIT LN BRCto YR 19h 2B oe R il Bps ALereay bies of

memory storage devices (most probably, but not in a limiting manner, RAM memory edia

220) that can, $1PE8 A Ofirg W AIdNe sapPoreNR O SAEWRIE Aﬁﬂﬁw%mﬂnﬁgg above

described’components, system 200 also comprises user console 234, can inclu eyboard

228, displaysgefead Pl R AL dIes amRgEr 2t sRunip s Al Iinapuel in the

art, and this description includes all known and future variants of these type evices. Display 226

can be a@éw@éﬁegw@@@eaépgﬁéﬁmﬁt@&spa%ﬁeewn frelaud eysidlaplays (LCDs), light

emitting diode displays ( plasma displays, cathode ray tubes (CRTs), among others. User

console 2#5¢andAgivEe,aRe £5 MEI_HREY BB ACR FReChANY D RUSNRM NBgHRS: K§Yboard,

microphone, touch pad, touch screén, voice-recognition system, among other inter-active

intercomryiyegue GoUCrRe FARAYBE! HABRME Z34/AM IR SRERANERLR [sigpasaiely provided,

interface with server 201 via server input/output (I/O) interface 222, which can be an R3232, Ethernet,

USB or O%e%g%R&;me%%@isﬁére%r?rsﬁwnmadﬁtaéwé&ﬁ?&c@ét@miﬂwﬂéaétﬁaer includes

any other type of communications means, presently known or further developed. System 200 can

further induda.coaratleainanciiRliisldlnhat RetliRning SUNERIMGP Sldvanselins didre230, ©

which is 23 electrically connected at least one antenna 240 (according to an embodiment, there would

be at leas) gpffe BR ReNEMBNARIRRNGaNd RidaAThesuSeRARIS SRieitm BB ctioRak:

communications antenna). System 200 can access Internet 242, either through a hard wired

connectiogedpel/ f RS RS 3¢ TdiFe ebmBIonitelREHiyi8 ABRNBA R BRHEARRCERYEESS:
for certain functions (e.g., digital signal processors) and therefore could be severai
processors, acting in serial and/or parallel, as required by the specific application),
universal serial bus (USB) port 210, compact disk (CD)/digital video disk (DVD)
read/write (R/W) drive 212, floppy diskette drive 214 (though less used currently,
many servers still include this device), and data storage unit 232.
[0052] Data storage unit 232 itself can comprise hard disk drive (HDD) 216
(these can include conventional magnetic storage media, but, as is becoming
increasingly more prevalent, can include flash drive-type mass storage devices 224,
among other types), ROM device(s) 218 (these can include electrically erasable (EE)
programmable ROM (EEPROM) devices, ultra-violet erasable PROM devices
{(UVPROMSs), among other types), and random access memory (RAM) devices 220.

Usable with USB port 210 is flash drive device 224, and usable with CD/DVD R/W



[0055]Server 201 can be coupled to other computing devices, such as those that operate or control the
equipment of ship 2, via one or more networks. Server 201 may be part of a larger network
configuration as in a global area network (GAN) (e., internet 242), which ultimately allows connection
to various landlines. [0056]According to a further embodiment, system 200, being designed for use in

seisiic explaralion, wil BISRge WL O3S PR SSTGES,4h%800 9he QHIOIBISCTGFs 4. These

: Usa
as previously descri are attache mers ba, ch are also attached birds 13a,b that
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informati ormation important to the seismic data acquisition process. Source and
receiver i j ei iSmi f iver.14. streamer
commqnig%ifﬁgﬁéﬁg%g?g%iﬁéﬁ a%g\ﬁ%%%?gggsgg%?@régméﬁp 281\/ g,ojsé {Ne Iléagsl{| streamer
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birds 13 to maintain proper stredmer positioning. Source ‘and receiver interface unit 202 can also

communiciale Bdiaelingelly itk SousaRs ALUN UG U StSamETFARIRUMIEIaRRORut 248 that can

be part of streamer 6. Excitation signals, control signals, output sig status information related
to source 4 gan Redychanged by streamer commur_lication conduit 248 between system 200 and
source 4. [0058]Bus 204 allows a data pathway for items such as: the transfer and storage of data that

originate frpagither the, SQUIRR, RABIRES ABCIECATEHEREP SIS (HRRICERSR B depcsess stored

data contained’in data storage unit memory 232; for processor 208 to send information for visual

display todispiay220s &r dBh U5 I ARIACRMIRARIS IR ISR I ORE BRI prossag)ysoftware 236

that might reside in either the processor 208 or the source and receiver interface unit 202.

[0059]Sy$Rinse083e2NAear RS0 damisaMeM NS NEIBAFSIHaRcRes 3PR¥&ry skill in the art,

and this description includes all known and future variants of these types of devices.
Display 226 can be any type of known display or presentation screen, such as liquid
crystal displays (LCDs), light emitting diode displays (LEDs), plasma displays,
cathode ray tubes (CRTs), among others. User console 235 can include one or
more user interface mechanisms such as a mouse, keyboard, microphone, touch
pad, touch screen, voice-recognition system, among other inter-active inter-
communicative devices.

[0054] User console 234, and its components if separately provided, interface
with server 201 via server input/output (I/0} interface 222, which can be an RS232,
Ethernet, USB or other type of communications port, or can include all or some of
these, and further includes any other type of communications means, presently
known or further developed. System 200 can further include communications

satellite/global positioning system (GPS) transceiver device 238, to which is



associated with multiple prediction using RTDM according to an embodiment. Hardware, firmware,
software or a combination thereof may be used to perform the various steps and operations described
herein. According to an embodiment, software 2365for carrying out the above discussed steps can be
stored and distributed on multi-media storage devices such as devices 216, 218, 220, 224, 234, and/or

ceril b D e D e B g R S e rces
such as i GBIROM Sue AL clbe flsk s 442, ARAO ANREL0Rs chsaliare stariafdevices

[0060]The disclos odiments provide a sefver node, an orm
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description is not inten invention.’On the contrary, the embodiments are intended to
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invention. FurtRer, in the detailed description of the embodiments, numerous spe etails are set

forth in orgﬁr 19, Broy| %ﬂ&%ﬁé‘é@ﬁ%ﬁi gnderstanding of the invention. However, one skilled in the
art would ungerstan that various embodiments may be practiced without such specific details.

(006 1)Athgygkythe featyugnnad plements ol e pieserteRhANMANE AR dessiedinibe,

embodiments in particular combinations, each feature or element can be used alone without the other
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and elements osed herein. The methods or flow charts provided in the present application may be

mplemened 2, dnpes I osrag RAMA LRI JanAaly eBRadid ia.8 sANIRYRY readable

storage medium for execution by a general purpose computer or a’processor. [0062] This written

description usemexammas oL Ihe SUNFRLRRRIEHRCIOSAR 19 6R D 6A0) LRRaNRidlied in the art to

practice the same, including making and using any devices or systems and performing any

incorporajggppthods. Tl RetRNBReiABE Aritoarhish! SRieR2d8BBM XL HalmS, and may

include other examples that occur to those skilled in the art. h other examples are intended to be
within the 3eopesRidhfcCiBigNS a88n, will interface with one or more sources 4a,b and one or

more receivers 14. These, as previously described, are attached to streamers 6a,b,
to which are also attached birds 13a,b that are useful to maintain positioning. As
further previously discussed, sources 4 and receivers 14 can communicate with
server 201 either through an electrical cable that is part of streamer 6, or via a
wireless system that can communicate via antenna 240 and transceiver 238
(collectively described as communications conduit 246).

[0057] According to further embodiments, user console 235 provides a
means for personnel to enter commands and configuration into system 200 (e.g., via
a keyboard, buttons, switches, touch screen and/or joy stick). Display device 226
can be used to show: streamer 6 position; visual representations of acquired data;
source 4 and receiver 14 status information; survey information; and other
information important to the seismic data acquisition process. Source and receiver
interface unit 202 can receive the hydrophone seismic data from receiver 14 though

streamer communication conduit 248 (discussed above) that can be part of streamer



WHAT IS CLAIMED IS: 1. A method, stored in a memory and executing on a processor, for
generating a modeled seismic image based on a reverse time demigration (RTDM) of a seismic depth
image associated with one or more seismic sourceg,and one or more seismic receivers, said method
comprising: adding a coupling term, based on a reflectivity term acting as a linear source, to an

RTDM equation ting a coupled RTDM. eguatiqon: estimating a pseudo-density function by
convertng: Bao e e SRR R e LR R T R S R ey

function; stabilizin id coupled RTDM ation by.replacing, in said cqupled RTDM equation,
said reflegﬁvtlp)? ?efsr%mvr\'/}g%ﬁggi ap?sgts ot-) e%%iﬁ?u%ﬁgé)gr? o’“c):reaqien %1 g{ﬁ) E%%B%ap od RTDM equation;
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associated with said’seismic depth image. € method of claim I, whe

:mggg gg%:gg}%ﬁiﬁ?ggg%ﬁﬁé@“ﬁ%ﬁéuo% SIRME 9% LRifb i, WDRSGILRAG L19dg ed seismic
status information related to source 4 can be exchanged by streamer communication
conduit 248 between system 200 and source 4.

[0058] Bus 204 allows a data pathway for items such as: the transfer and
storage of data that originate from either the source sensors or streamer receivers;
for processor 208 o access stored data contained in data storage unit memory 232;
for processor 208 o send information for visual display to display 226; or for the user
to send commands o system operating programs/software 236 that might reside in
either the processor 208 or the source and receiver interface unit 202.

[0059] System 200 can be used to implement the methods described above
associated with multiple prediction using RTDM according to an  embodiment.
Hardware, firmware, software or a combination thereof may be used to perform the
various steps and operations described herein. According to an  embodiment,
software 236 for carrying out the above discussed steps can be stored and distributed
on multi-media storage devices such as devices 216, 218, 220, 224, 234, and/or 237
(described above) or other form of media capable of portably storing information (e.g.,
universal serial bus (USB) flash drive 426). These storage media may be inserted into,
and read by, devices such as the CD-ROM drive 414, the disk drive 412, among other
types of software storage devices.

[0060} The disclosed embodiments provide a server node, and a method for

multiple prediction/fremoval using RTDM assaciated with seismic data. It should be



4. The method of any one of claims 1 to 3, wherein said coupling term is the product of the stacked
image at a predefined location and a wavefield at said predefined location and a predefined time. 5.
The method of any one of claims 1 to 4, further comprising adding an additional free surface condition
of the Wavefield at the surface is equal to zero and wherein said modeled seismic image comprises

weraon Batken ﬁiﬁ%i gt %‘é&’éiﬂ!ﬁ%{@&%ﬁ% & enieor Ao CAMGRBi said

least-square o ization sa i dt 8 9. 2 ITI wher positive do- optimization
equati(;qn%' %mrE c? mnien o cover ait%rnf!l\{l wves, mog f‘%a%ons ande ;veLdents P

which are included in the spirit and scope of the invention. Further, in the detailed
description of the embodiments, numerous specific details are set forth in order to
provide a comprehensive understanding of the invention. However, one skilled in the
art would understand that various embodiments may be practiced without such specific
details.

[0061] Although the features and elements of the present embodiments are
described in the embodiments in particular combinations, each feature or element
can be used alone without the other features and elements of the embodiments or in
various combinations with or without other features and elements disclosed herein.
The methods or flow charts provided in the present application may be implemented
in @ computer program, software, or firmware tangibly embodied in a computer-
readable storage medium for execution by a general purpose computer or a
Processor.

[0062] This written description uses examples of the subject matter disclosed to
enable any person skilled in the art to practice the same, including making and using
any devices or systems and performing any incorporated methods. The patentable
scope of the subject matter is defined by the claims, and may include other examples
that occur to those skilled in the art. Such other examples are intended to be within the

scope of the claims.



density function, | is the stacked image and V is the spatial vector differential operator. 8. The method
of claim 7, wherein said optimization equation is reformulated 22-V a2 12 2 as C(p,a,P)=, where C=1F
-V F+F ca2fis-1Vfl,ais 111 3, is, and E is apositive real penalization parameter for the fi

WHAT IS CLAIMED IS:
1. A method, stored in a memory and executing on a processor, for generating a
modeled seismic image based on a reverse time demigration (RTDM) of a seismic
depth image associated with one or more seismic sources and one or more seismic
receivers, said method comprising:

adding a coupling term, based on a reflectivity term acting as a linear source,
to an RTDM equation creating a coupled RTDM equation;

estimating a pseudo-density function by converting, based on solving a
nonlinear inversion, said seismic depth image to said pseudo-density function;

stabilizing said coupled RTDM equation by replacing, in said coupled RTDM
equation, said reflectivity term with said pseudo-density function to create a
stabilized coupled RTDM equation;

solving said stabilized coupled RTDM equation and reconstructing wavefields
at said one or more seismic receivers based on said seismic depth image, one or
more migration velocities and locations associated with said one or more seismic
sources; and

outputting a modeled seismic image associated with said seismic depth

image.

2. The method of claim 1, wherein said modeled seismic image comprises

surface related muttiples.

3. The method of claim 1, wherein said modeled seismic image comprises

interbed multiples.



total energy variation of P. 9. The method of claim 8, wherein said optimization equation is solved by a
steepest descent method. 28 10. The method of any one of claims 1 to 9, wherein said
pseudo-density function r- is related to a stacked igage by the equation / = VpV -1 \Tvp, where / is said
stacked image, p is said pseudo-density function and V is the spatial vector differential operator. 11. A
node for W.Ode"%é%ﬁg%%ﬁ'_&%%g%tﬁ‘ebé‘ﬁaﬂER{H rf%"@“%%tgPeeindSEP*gé%HeBcpr@'é?Mk%ﬁ@ node
comprising: a seismic depth image; one or more processors configuréd tg’ execuie computer

instructiogs 41 FRDAN SRNTHLES O SN SaIthTURUAE IS s sielp sald computer

instructions further comprise: an couplihg'component for adding a coupling term to an RTDM

equation, oM 114,80 PSeudo-density component for estimating a
pqr&?éﬁl%a MISH %I(ngﬁ 3 s%ﬁﬁénq Ctlg1ee.

pseudo-density function based on sai pth image;

5. The method of any one of claims 1 to 4, further comprising adding an
additional free surface condition of the wavefield at the surface is equal to zero and

wherein said modeled seismic image comprises source-receiver ghosts.

6. The method of any one of claims 1 to 5, wherein said solving a nonlinear

inversion comprises applying a least-square optimization.

7. The method of claim 6, wherein said least-square optimization is applied to an

2
optimization equation C(p) = = min where p is a positive pseudo-

1
I~\/EV4;V\/E

density function, 7 is the stacked image and V is the spatial vector differential

operator.

8. The method of claim 7, wherein said optimization equation is reformulated

. vall e
F*W“E““EJ + el Fy

— ¢ 2 _‘2
asC{p,a,F) =min, where Cm1§]+‘Fl _v.pu " |
E @

F Es%ﬁ?ﬁ,a Es\/E,ﬁ Es\/,;, and ¢ is a positive real penalization parameter for the

total energy variation of F .

9. The methad of claim 8, wherein said optimization equation is solved by a

steepest descent method.



a stabilizing component for replacing a reflectivity term in said coupled RTDM equation with said
pseudo-density function, creating a stabilized coupled RTDM equation; an engine component for
solving said stabilized coupled RTDM equation am}geconstructing wavefields associated with said
seismic depth image; and an output component for outputting a modeled seismic image. 29 12. The
node of claim 11, wherein said pseudo-density component further comprises a nonlinear solver
component for estimating said pseudo-density function with a nonlinear inversion. 13. The node of

claim 11 qQr,12, wherein said epgine component furthex comprises a. multiples compongent for
generatin%os'aid\l:fnlp]o%g]g}f] gegigrﬂ%:n%%%%(gsdsadr g’it!:%%‘té'vﬁ %l?ﬁri]pfgs'da %‘%&&é&@%&lﬁﬁg N4 The
node of claim 11 or 12, wherein said engine component further comprises a ghosts component for
generatinig saldteidetest seisnitiagg\atheasoeatieceve/ghostsy 1., Tileenedeiotary one of claims
12 to 14, wherein said nonlinear solver component further compries a least-squares component for
estimating said pseudo-density function. 16. The node of claim 15, wherein said least-squares
componeftackeeincagmprisels 23k osesigedennitnivnmiipforedtimisitig sudtigteedtpdensity function.
17. The node of any one of claims 12 to 16, wherein said pseudo-density component further comprises
a predetediffiered frd rlzation parameter for regularizing an optimization estimate associated with
estimating said pseudo-density function.
11. A node for modeling seismic image data based on a reverse time demigration
{(RTDM), said node comprising:
a seismic depth image;
one or more processors configured to execute computer instructions and a
memory configured to store said computer instructions wherein said computer
instructions further comprise:
an coupling component for adding a coupling term to an RTDM
equation, creating a coupled RTDM equation;
an pseudo-density component for estimating a pseudo-density function
based on said seismic depth image;
a stabilizing component for replacing a reflectivity term in said coupled
RTDM equation with said pseudo-density function, creating a stabilized
coupled RTDM equation;
an engine component for solving said stabilized coupled RTDM
equation and reconstructing wavefields associated with said seismic depth

image; and

an output component for outputting a modeled seismic image.



30 18. The node of claim 14, wherein said ghosts component further comprises a free surface
condition component for adding a predetermined free surface condition to said stabilized coupled
RTDM equation. 19. The node of claim 18, whereysaid predetermined free surface condition is
setting a surface wavefield to zero. 20. The node of any one of claims 11 to 19, wherein said output

Componeﬁ‘és'm“ﬂ ﬁég%‘%ﬁ’&%ﬁ%%“%‘é‘?éﬂa&&ﬁ PUUtRIS S NG 2 MbiRIRR AiRf source receiver

ghosts as said modeled seismic ima
comprises a nonlinear solver component for estimating said pseudo-density function

with a nonlinear inversion.

13.  The node of claim 11 or 12, wherein said engine component further comprises
a multiples component for generating said modeled seismic image as surface related

multiples and interbed multiples.

14.  The node of claim 11 or 12, wherein said engine component further comprises
a ghosts component for generating said modeled seismic image as source-receiver

ghosts.

15.  The node of any one of claims 12 to 14, wherein said nonlinear solver
component further comprises a least-squares component for estimating said pseudo-

density function.

16.  The node of claim 15, wherein said least-squares component further

comprises a steepest descent method for estimating said pseudo-density function.

17.  The node of any one of claims 12 to 16, wherein said pseudo-density
component further comprises a predetermined penalization parameter for
regularizing an optimization estimate associated with estimating said pseudo-density

function.



30
18.  The node of claim 14, wherein said ghosis component further comprises a
free surface condition component for adding a predetermined free surface condition

to said stabilized coupled RTDM equation.

19.  The node of claim 18, wherein said predetermined free surface condition is

setting a surface wavefield to zero.

20.  The node of any one of claims 11 to 19, wherein said output component
simultaneously outputs surface related multiples, interbed multiples and source

receiver ghosts as said modeled seismic image.



