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[0001] The present application is related to, and claims priority from U.S.
Provisional Patent Application No. 61/635,379, filed April 19, 2012, entitled
“Compensating for Source and Receiver Ghost Effects in Reverse Time Migration,”
to Yu Zhang, Graham Roberts 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 enhancing Reverse Time Migration by

compensating for source and receiver ghost effects.

BACKGROUND

[0003] For marine seismic data, the source and receiver ghosts generated by
the free surface cause angle dependent frequency and amplitude distortion. For
improved interpretation and inversion, these unwanted effects are best corrected in a
pre-stack depth image.

[0004] Interpreting subtie geologic features in a marine environment requires
the associated seismic data to contain both low and high frequencies necessary for
high resolution imaging. In general, high-fidelity, low frequency data provides

greater penetration of the underlying strata and an associated better Hlumination of



[0004]Interpreting subtle geologic features in a marine environment requires the associated seismic
data to contain both low and high frequencies necessary for high resolution imaging. In general,
high-fidelity, low frequency data provides greater penetration of the underlying strata and an
associated better illumination of deep targets in addition to providing greater stability and information
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have been made to compensate for source and receiver ghosts such as variable-depth streamer

acquisitiog?qéc].gﬁq%ig§g by R. Soubaras and P. Whiting (hereinafter "SoubarasANnhiting") in their 2011
ed "Variable

article entit ‘Depth Streamer - The New Broadband Acquisition System," published in the

815t AnnghlsagationatecHipoyE G- FuRRCH SsLActs. pRaRs AU TR andncompated

herein by referénce. They proposed to take advantage of the response of new generation
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broadband spectrum. [0006]Contintiing with suitable broa spectrums, the receiver ghosts can be

removed jf),3lpter ROSSSHD ﬁg%ﬁ}éﬁ@geﬁﬁm ﬁé‘&'n'tfllit}%%&%%tée%%m%%ﬁ%g@ %?%&Qﬁgeb)é@ion of a

Soubaras (hereinafter "Soubaras”) in his 2010 article en ghosting by Joint Deconvo

igration gediadfgRbMOIIgN oL AlIRRER 10dhf BIRLARNGILINGKIAIANIL MRRINB A, Rrpanded

Abstracts, pages 3406- 3410, incorporated herein by reference and by R. Soubaras and Y. Lafet in

their 201 lgpiisle ntisled "N.ardﬂ«ﬁlﬁr@ereﬂ%.%ﬁm?r‘wémkv@mﬁ%ﬁaw hag foplmagipg and

Inversion,” published in the 81st Annual International Meeting, SEG, Expanded Abstracts, pages

2364-2368mpd dneaesapied DERHIN BYrEsiednce THE New Broadband Acquisition System,”
published in the 81st Annual International Meeting, SEG, Expanded Abstracts,
pages 4349-4353 and incorporated herein by reference. They proposed to take
advantage of the low noise response of new generation solid streamers and the
notch diversity caused by receiver depth variation to give a high quality broadband
spectrum.
[0006] Continuing with suitable broadband spectrums, the receiver ghosts can
be removed in a later processing stage by processing and imaging techniques as
described by R. Soubaras (hereinafter “Soubaras® in his 2010 article entitled
“Deghosting by Joint Deconvolution of a Migration and a Mirror Migration,” published
in the 81st Annual International Meeting, SEG, Expanded Abstracts, pages 3406-
3410, incorporated herein by reference and by R. Soubaras and Y. Lafet in their
2011 article entitled "Variable Depth Streamer Acquisition: Broadband Data for

Imaging and Inversion,” published in the 81st Annual International Meeting, SEG,

Expanded Abstracts, pages 2364-2368 and incorporated herein by reference. The



aforementioned techniques generate an exceptionally sharp and clean wavelet for interpretation with
respect to receiver ghosts. [0007]However, removing the source ghosts remains a more difficult task
based on the assumption that the sources are excited at a roughly fixed depth, i.e., lack of notch
diversity, and with a large shot increment in lateral positions, i.e., severe data aliasing, as generally

happens iy Maring {BHEEi RARRIRILY Qnhdiineh Beexiaienas dehpsindisieds ot g rejoration

spectrum and the amplitude versus angle (AVA) relation. [0008JAccordingly, it would be desirable to

provide s%&a%m%@%%&&%gé}f@%ggscribed problems and drawbacks, and provide

compensation for both source and receiver ghosts in a wide bandwidth seismic dataset. SUMMARY

[0009]AcqaEiRg to an exSMRIAFY RMRRATARE ABIFNOGRIGIETH A ME HOMARI GHREHIRGRN a

processor, for compensating for ghosts in‘a computed seismic image based on a reverse time

migration M) i heciRBIMIAIERahas e R H W LECREAMN & SSITHUGIHOUILES ABpRNeHr more

seismic receivers comprises modifying a first boundary condition of a first'RIM acoustic wave equation

associateg it £ sotdicedaysHz!hiroditing 3:$6608AROMREaRHRNHtIaRPhR SESABAR T acoustic

wave equation associated with a recorded wavefield; solving the first RTM acoustic wave equation and

the seconghiRdrM ASRUSHSNRY L YLHRa I HLEBRARANING AN S wATRE AR SRIPP UtegH#RISMIC
image; and outputting the ghost compensated computed seismic image. [0010]A node for
compensatindSasahpeisdn ghisopic imagesdatabaned ambonesseding Misration EMliGagprises a
seismic dataset; one or more processors configured to execute computer instructions and a memory
configureddes;sioEn srRiq AomprRhiistructions wherein said computer instructions further comprising a
boundary condition component for modifying boundary conditions associated with RIM acoustic wave
equation 0@@?9'”6 CAPRRRIHIOTSAMING BRedBdiM BIGOSHEYREESIHAHAMEOREIHERE MER

modified boundary conditions and generating a ghost compensated computed seismic image; and an
output coppateRtiaiGERIEEPEIEE PRASERATPSISHERIRRIRBUERMISEISMIEIBaFDensation for

both source and receiver ghosts in a wide bandwidth seismic dataset.



BRIEF DESCRIPTION OF THE DRAWINGS [0011]The accompanying drawings, which are
incorporated in and constitute a part of the specification, illustrate one or more embodiments and,
together with the description, explain these embodiments. In the drawings: [0012]Figures 1 and 2
show various aspects of a marine seismic survey system in which embodiments for generating a ghost
compensated computed seismic image can be implemented; [0013]Figures 3-6 show various aspects
of software components or modules which ca%ggﬁﬁﬂﬁp implement the embodiments; [0014]Figure 7
Is a flowchart depicting a method of generatin mpensated computed seismic image;

[OOlS]Figng%js a graﬁ@&oqgmgti(g%ﬂf&gh%lgﬂj%rmbodiment, a method, stored in a memory
and executing on a processor, for compensating for ghosts in a computed seismic
image based on a reverse time migration (RTM) of a seismic dataset associated with
one or more seismic sources and one or more seismic receivers comprises
modifying a first boundary condition of a first RTM acoustic wave equation
associated with a source wavefield; modifying a second boundary condition of a
second RTM acoustic wave equation associated with a recorded wavefield; solving
the first RTM acoustic wave equation and the second RTM acoustic wave equation
and generating a ghost compensated computed seismic image; and outputting the
ghost compensated computed seismic image.

[0010] A node for compensating for ghosts in seismic image data based on a
Reverse Time Migration (RTM) comprises a seismic dataset; one or more
processors configured to execute computer instructions and a memory configured to
store said computer instructions wherein said computer instructions further
comprising a boundary condition component for modifying boundary conditions
associated with RTM acoustic wave equations; an engine component for solving the
RTM acoustic wave equations configured with modified boundary conditions and
generating a ghost compensated computed seismic image; and an output

component for outputting the ghost compensated computed seismic image.



[0016]Figure 9a is a graphic depiction of a migrated angle domain CIG, Figure 9b is a graphic
depiction of the associated AVA curves and Figures 9c and 9d show the ghost compensated
equivalents; and [0017]Figure 10 illustrates an exemplary data processing device or system which can
be used to implement the embodiments. DETAILED DESCRIPTION [0018]The following description
of the embodiments refers to the accompanying drawings. The same reference numbers in different
drawings identify the same orﬁgr&%ﬁﬂaﬁ@ i Bﬂﬁl@ﬁgéccnptlon does not limit the
invention. Instead, the scope trorr s denmned-by-t laims. Some of the following
embodim f;:b dlscuﬁ§ed f nglpr)npllm%&mtﬂ Lq%arwdhti%ﬁhgr er | n}?r): qy ar and str%ca%rres {[%lte
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other arrangements iscussed fat erence I’OUQ 0 IOH% one
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seismic image can be implemented;

[0013] Figures 3-6 show various aspects of software components or modules
which can be used to implement the embodiments;

[0014] Figure 7 is a flowchart depicting a method of generating a ghost
compensated computed seismic image;

[0015] Figure 8 is a graphic depiction of a shot record;

i0016] Figure 9a is a graphic depiction of a migrated angle domain CIG,
Figure 9b is a graphic depiction of the associated AVA curves and Figures 9c¢ and 9d
show the ghost compensated equivalents; and

[0017] Figure 10 illustrates an exemplary data processing device or system

which can be used to implement the embodiments.



related to the collection of seismic data, the removal of source and/or receiver ghosts 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 tg gi %ﬁ @@ﬁ@é’@ﬁ:’@ﬁﬁmer 6 in a known fixeo_l position _
relative to other streamers 6, and the ing streamer 6 as desired according
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Shown in Figure 2 are two source streamers, w Include sources 4a,b attached to respective cables
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20a,b. For the sake of simplifying the drawings, but while not detracting at all from an understanding of
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of sources 4 can be simultaneously (or not) transmit similar transmitted signha ZHOF). First
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reflected signal 24a from first transmitted signal 20a travels upward from ocean floor 42, back to
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travels from one medium with a first index of refraction n1 and meets with a different meglum, with a
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incident angle (according to the well-known Snell's law), and a second portion of the transmitted signal
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signal 20a generates first reflected signal 24a, and first refracted signal 26a. First refracted signal 26a
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beneath ocean floor 42, and can now be considered to be a "new" transmitted signal, such that when it

encounters 2 320006 BIRSIUM-RY SSGRASI S HARIBNITIIRS iR RBRINE RBRRGRRNT Set of refracted and

reflected sighals 32a and 30a, are subsequently generated. Further, as shown in Figure 2, there
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(which can be generically referred to as second subsurface layer 18). Consequently, refracted and

reflected pigials Rye-gensIatad Pyl BidEosahomsepraiua Edaihe MuRssedidataypsgusition
system 10 to generate data that can be used to discover such hydrocarbon deposits 44.
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



[0024]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
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source 9rb"e%f%%'??v&t%%’e%ﬁéeréﬁ&ted 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, i.e.,
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 o as a “free
surface.”

[06022] Figure 2 illustrates a side view of the data acquisition system 10 of Figure
1. Ship 2, located on ocean surface 46, tows cne or more streamers 6, that is
comprised of cables 12, and a plurality of receivers 14. Shown in Figure 2 are two
source streamers, which include 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 simpiifying the drawings, but while not detracting at all
from an understanding of the many principles involved, only a first tfransmitted signal
20a will be shown (even though some or all of sources 4 can be simultaneously (or not)

transmitting similar transmitted signals 20). First transmitted signal 20a travels through



surface reflection is an angle dependent effect, which changes both the wavelet amplitude and the
spectrum. As a simplification, assume the surface reflectivity is -1. At the source location, the source
ghost G1 actingon the seismic wavefield with a propagation angle a, takes a form in the frequency
domain as: Further, in the frequency and wave number domain a relationship exists as: cos(2) cv-

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 n,, a portion of the transmitted signal is
reflected at an angle equal to the incident angle (according to the weli-known Snell's
law), and a second portion of the transmitted signal can be refracted (again according
to Snell's law).

[0023] 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
subsequently 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
purpose of data acquisition system 10 to generate data that can be used to discover
such hydrocarbon deposits 44.

[0024] 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
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where k, and k are the horizontal spatial wavenumbers in the x and y direction respectively. Similarly,
the receiver ghost can be expressed as: co cos a Az,irocosa,A:, ee",i sin CO Cosa , Az, (3)

[0026]The theory and implementation of true Reverse Time Migration (RTM) has been developed and
presented by both Y. Zhang and J. Sun in their 2009 article entitled "Practical Issues of Reverse Time

Migrations frueameliiude Gathers, Naise Repigyal and Harmopic-Sawrce Enepding,) published in
First Brea?(, or 5 , pages PO yinco orated herein gy reférence ar¥dc§\.exru, ¢ grgn%nB. Tang

(hereinafter "XU et, al.") in their 2011 article ntiged "%%An le Gathers from Reverse Time Migration,”
nrt]egace belw\)ee{}oﬁy%? (J;_?E’e SUDSUHECES Frse reﬁ1 %S%J Si n%? ﬂ?e?r Waves

publishecfl eophysics, pages gi’ncorporae efemn Dy reference.
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0), requires compu e’wavefields originating at the Sourc€ location and observed a receiver
fgf&ﬁgﬁ}%}%ﬁ%‘é@%@h&iﬂ%f@e WAL RARFAGIMHL IS 8NHEP VR s Mt STiRld s pputed
generated. For example, reflections from the free surface can travel back down to 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.
[0025] Once collected, seismic data is processed to generate images which can
be used by those skilled in the art o identify subsurface features. The processing of

seismic data can include the application of many different techniques to the dataset.

For example with respect to ghosts, first, assume a source depth denoted by Az and an
acoustic wave speed of water denoted byv,. The source ghost generated by the free

surface reflection is an angle dependent effect, which changes both the wavelet
amplitude and the spectrum. As a simplification, assume the surface reflectivity is -1.
At the source location, the source ghost G, acting on the seismic wavefield with a

propagation angle «_ takes a form in the frequency domain as:

L@eosa Az [@Cosa Az,

: . . {0COS Az
—-¢ " =-2isin ——— 5

Glwa)=e (1)
Vo

Further, in the frequency and wave number domain a relationship exists as:



source wave field is denoted as p and the recorded wavefield is denoted as p, in the equations: 7182 -
p,(L;tis)=0,-122 at' p ,(x,y, z=0; t;is) = 807 -f f (t)dt', Co (4)

P
Ya

COS 2, =\/lma~2~(kf +kj’) (2)

where £, and &, are the horizontal spatial wavenumbers in the x and y direction

respectively. Similarly, the receiver ghost can be expressed as:

Jmeosa Az, ;“’COS“*'AZ"
G (oo )=e " —-e " =m2isin%. (3)
Yo
[0026] The theory and implementation of true Reverse Time Migration (RTM)

has been developed and presented by both Y. Zhang and J. Sun in their 2009 article
entitled “Practical issues of Reverse Time Migration: True-Amplitude Gathers, Noise
Removal and Harmonic-Source Encoding,” published in First Break, Vol. 26, pages 19-
25, incorporated herein by reference and S. Xu, Y. Zhang and B. Tang (hereinafter “XU
et. al”) in their 2011 article entitled “3D Angle Gathers from Reverse Time Migration,”
published in Geophysics, Vol. 76, No. 2, pages S77-S82, incorporated herein by
reference.

[0027] Migrating a shot record Q(x, y:x,, y.;1), with the shot at(x,,y ,z, =0)and
the receivers at(x, y,z =0), requires computing the wavefields originating at the source

location and observed at the receiver locations. Based on the source wavefield
expanding with time and the recorded wavefield computed backward in time, the

source wave field is denoted as p, and the recorded wavefield is dencted as p,in the

equations:

v oar

pelnyz=0,65) = 8G-5) | f(r,

{ L & ——Ajpﬁ(igzgfs)m(},
(4)

and
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and 1(32-122 at2 -A p B(.3-c;t;=0, P13(X,.12,z=0; t;9,)= Q(X, y; X" vs ; 1), (5)

v or

Pe(x.y,2=05%) = Q(x, 3 X, ¥,51),
where v=v(X) is the velocity, f(r)is the source signature andA =2, +8, +5}is the

Laplacian operator.
[0028] Further, it can be shown that wave propagation equation (4) and wave
propagation equation (5), when combined with the three dimensional imaging

condition:
- v(X
RGE0:0) = [ [2) 50010 ~) pyp s, a0 o (6)

where & is the reflection angle at the imaging location and ¢ is the azimuth angle at

the imaging location, provide AVA friendly migration amplitude in the subsurface angle
domain as described by XU ef. al. It should be noted that the previously described
RTM theory ignores the effects of ghosts.

{0029] Looking now to an embodiment, based on propagating an artificial
wavefield in RTM, it is straightforward to compensate for the source ghost during the
migration. Achieving the source ghost compensation in an embodiment involves
modifying equation (4) to:

flw)

ioG (w,0,) ’

ﬁf:"(x:yrzzO;w;‘i:s):é‘('i:mis) (7)

where p, (o) represents the Fourier transform of p.(¢). Similarly, the same concept

can be applied in an embodiment for receiver ghost compensation with the equation:

Q0% 3%, V3 0) (8)

D, (%, y,z=0,0;%) =
Pyl ) G (w,a,)
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where v = v(31,) is the velocity, f(t) is the source signature and A = 82, + + a22 is the Laplacian
operator. [0028]Further, it can be shown that wave propagation equation (4) and wave propagation
equation (5), when combined with the three dimensional imaging condition: Rci; 6; - .1 v(1) sin O' (6)

However, it should be noted in the embodiment that when seismic data is aliased,
applying receiver ghost compensation equation (8) directly can cause instability, so a
regularization remedy can be applied during wave propagation.

[0030] According to an embodiment, RTM can be used to estimate velocity
and/or impedance perturbations. Consider the acoustic equation with both velocity

v(¥) and density p(x) variations as follows:

(12 L
pv WV pE 63 = 8(F - £)5(D). (9)
kv“ or®

For given initial velocity v (¥) and density p (x)models, the perturbed wavefield

g(¥;1;%,)=p-p, satisfies the following equation:

2 ,
[1 0 - Py Jm-v]@a(fcz = [3ﬂim(v§ﬂ].\7}po(£;z;fs), (10)
vy o 2o v o

where & =v-v, and &p=p-p, denote the velocity and density perturbations,

respectively. Using the method developed in Jin et al. (1992) and Forgus and
Lambare (1997), the ray-based relation between the perturbed geological models
and wavefield can be obtained as:

—(Sl+cos 95,0“32 ”-f 0() §2 8084, cose,

| ’ L A A e 056 -0)dR, dx, ded@,  (11)
Vo Py sin & vo(3, )Ve (x )

where 4 (4 ) is the amplitude of the Green's function from the source (receiver) to
the image point, ¢ () is the traveitime between the source (receiver) and the image

point. In the context of RTM, equation (11) can be rephrased by modifying the

imaging condition set forth in equation (6) as follows:

sin 6’6‘ +cos” 6 (p) IHJ cos L se- O)Mmd” dx dad?'. (12)
sin &
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where 0 is the reflection angle at the imaging location and co is the azimuth angle at the imaging
location, provide AVA friendly migration amplitude in the subsurface angle domain as described by XU
et. at It should be noted that the previously described RIM theory ignores the effects of ghosts.
[0029]Looking now to an embodiment, based on propagating an artificial wavefield in RIM, it is

compens LR B S AMh e e Abor e L3 £ RN G b conts
roceiver QOS] o P e M e adibn § S0, DLl oy e e, BeSUHIRLCr
compensLeH ST et e T eEBlie o S roeulerteo o s LA e
R N R S R s
and density on the stacked image by outputting angle domain CIGs.
[0031] Looking now to Figure 3, a schematic diagram of an embodiment node
300 for compensating for source and receiver ghosts effects in RTM acoustic wave
equations is depicted. The node 300 comprises a boundary condition component 302,
an engine component 304, an outpul component 306 and a seismic dataset 308.
Continuing with the embodiment, the boundary condition component 302 provides the
ability to modify the boundary condition of the RTM acoustic wavefield equations as
previously described. [t should be noted in the embodiment that the boundary
condition modification is based on a Fourier transform of the source and receiver
wavefields. Further in the embodiment, it should be noted that modifying the boundary
condition of the receiver wavefields of the RTM equation may introduce instability to the
RTM equation requiring stabilization.
[0032] Next in the embodiment of the node 300, the engine component 304
provides the ability to solve the boundary conditioned modified RTM equations in light
of the selected seismic dataset 308. 1t should be noted in the embodiment of node 300
that a reliable amplitude and spectrum response of RTM is generated after
compensating for the ghost effects. Next in the embodiment of node 300, the output
component 306 provides the capability to output the ghost compensated seismic depth
image from RTM for analysis related 1o resource exploration. It should be noted in the

embodiment that the ghost compensated amplitude and spectrum response of RTM
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and/or impedance perturbations. Consider the acoustic equation with both velocity v(i) and density p(i)
variations as follows: For given initial velocity vO(i) and density pO(1 )models, the perturbed wavefield
gpAi; t;p- p, satisfies the following equation: where 81)=-1)--1,0 and ap = p - pc, denote the velocity
and density perturbations, respectively. Using the method developed in Jin et al. (1992) and Forgus

o L B R S R B DR
seismic image.
[0033] Next in the embodiment, with reference to Figure 4, a schematic diagram
400 of an engine component 304 of a node 300 is depicted. The engine component
304 further comprises a stabilizer component 402 for stabilizing an RTM acoustic wave
equation associated with aliased seismic data. It should be noted in the embodiment
that the stabilization is based on a regularization remedy and is applied during the
wave propagation.
[0034] Looking now to Figure 5, a schematic diagram of an embodiment of a
node 500 for compensating for source and receiver ghosts effects in RTM acoustic
wave equations and for generating velocity and impedance perturbation images is
shown. The node 500 comprises a boundary condition component 302, an engine
component 304, an output component 306 and a seismic dataset 308 as previously
described. The node 500 further comprises an imaging conditioning component 502
for providing the ability to modify the imaging boundary condition of the RTM
acoustic wavefield equations as previously described.
[0035] Continuing with the embodiment, in Figure 6, a schematic diagram 600
of an engine component 304 of a node 500 is depicted. The engine component 304
further comprises a velocity and impedance perturbation component 602 for
estimating velocity and impedance perturbations associated with the seismic dataset
308 based on solving the RTM acoustic wavefield equations. It should be noted in
the embodiment that velocity and impedance perturbations and ghost compensation

can occur simultaneously.
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Posin Orvo() vO (x) where A, (A, ) is the amplitude of the Green's function from the source (receiver) to
the image point, T, (T ) is the traveltime between the source (receiver) and the image point. In the
context of RIM, equation (11) can be rephrased by modifying the imaging condition set forth in
equation (6) as follows: 45v,r(vp)v () sin 2 0 - COS 2 0COS 2 Ot8(19' 0)13B (Ct.)? 13F (ca) At,

e b R R DB s A

while the rfgrr ag@%gtism%g%s ggpnggtgae%é%%%i@%Iéeg@eb\é%ggit%n RTM of a seismic dataset
associated with one or more seismic sources and one or more seismic receivers is
depicted. Starting at step 702, the method embodiment 700 modifies a first
boundary condition of a first RTM acoustic wave equation. In another aspect of the
method embodiment 700 step 702, the acoustic wave equation is associated with a
source wavefield. Next, at step 704, the exemplary method embodiment 700
modifies a second boundary condition of a second RTM acoustic wave equation. In
another aspect of the method embodiment 700, at step 704, the acoustic wave
equation is associated with a receiver wavefield.
[0037] Continuing at step 706 of the method embodiment 700, the boundary
condition modified RTM acoustic wave equations are solved. In another aspect of
step 706 of the method embodiment 700, a ghost compensated computed seismic
image is generated. Next at step 708 of the method embodiment 700, the ghost
compensated computed seismic image associated with the seismic dataset is output.
[0038] An example is provided to show the reliable amplitude and spectrum
response of RTM after compensating for the ghost effects according to the foregoing
embodiments. [t is assumed for this example that both the source and the receiver
ghosts are recorded. Figure 8 shows a two-dimensional single shot record over five
horizontal reflectors at different depths, with the shot in the center of the section and
the receivers out to an offset of 7500 meters on either side. The shot and the
receiver depth are 10 meters and 15 meters, respectively, and the water velocity is
1500 meters per second. In the modeling, it is assumed that the reflectivity is

uniform at all reflection points over all reflection angles. Due to the existence of
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perturbation (ai/v). Therefore, these embodiments separate the effects of velocity and density on the
stacked image by outputting angle domain CIGs. [0031]Looking now to Figure 3, a schematic diagram
of an embodiment node 300 for compensating for source and receiver ghosts effects in RTM acoustic
wave equations is depicted. The node 300 comprises a boundary condition component 302, an engine
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conditioning component 502 for providing the ability to modity the imaging boundary condition of the
RTM aco%i&@/g@ﬁeld equations as previously described.

[0040] The computing device(s) or other network nodes involved in ghost
compensated modeled seismic image prediction as set forth in the above described
embodiments may be any type of computing device capable of processing and
communicating seismic data associated with a seismic survey. An example of a
representative computing system capable of carrying out operations in accordance
with these embodiments is illustrated in Figure 10. System 200 includes, among
other items, server 201, source/receiver interface 202, internal data/communications
bus (bus) 204, processor(s) 208 (those of ordinary skill in the art can appreciate that
in modern server systems, parallel processing is becoming increasingly prevalent,
and whereas a single processor would have been used in the past to implement
many or at least several functions, it is more common currently to have a single
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[0035]Continuing with the embodiment, in Figure 6, a schematic diagram 600 of an engine component
304 of a node 500 is depicted. The engine component 304 further comprises a velocity and impedance
perturbation component 602 for estimating velocity and impedance perturbations associated with the
seismic dataset 308 based on solving the RTM acoustic wavefield equations. It should be noted in the
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acoustic \Nﬁ}fezgguations are solved. In another aspect of step 706 of the method embodiment 700, a
ghost compensated computed seismic image is generated. Next at step 708 of the method

embodimpgg4f0, the QBT&?%I QFB'F%‘@%EFQ@ %Qﬁ%%@%ﬁg%ﬁﬁge%ﬂ%@smm

dataset is output. [0038] An example is provided to show t pectrum

response g{ RIM Afte e fd e ginast effestracryding jo e dg,

%% SO mbodiments. It
is assumed or this e_xa%%?g that both the sodrce a}nd the_recelver ghosts are r_ecorh‘de% Figure 8
shows a W@f%ﬂ@@%@#&'ﬂﬂé@aﬁ@ﬂtrSQRﬁﬂaMﬁEfﬂé%ﬂWﬂ&@%&b@ﬂ?ﬁ@@%ﬁg@?g?{%w@%@; with the

shot in the center 6f'the section and the receivers out to an offset of 7500 ers on either side. The

shot and adReRt SRR TR AUENRESRN 18 Mkt dRsRerie bRl Waleseloety s 1500

meters per second. In the modeling, it is assumed that the reflectivity is uniform at all reflection points

over all refiaction ARGIRSRRME (E HIRRNANSARs ANRSIHDRIhR WSl GMRyLs and spectrum

are distorted across travel time and lateral distance, in addition to the effect of geometrical spreading.

Using the cpROIBRIFHErRALid SH), IHeaHiRf-aLedon brABH srualioBdpbatasigno al the

migrated common image shot gathers to generate subsurface offset gathers, and then converting

them to suRSWIEAGARNIE IR GATHESH HRASLSAREIDACIGR RBSRUMMITHIgS Rl resultis a

distortion in the spectrum of the migrated image (figure 9a) and an incorrect AVA trend (figure 9b).

[0039]AftgecRaRansaing MHHNe s o8EHINAPOIR BRUKCRARGECSRY GiitidsBidhe y@giets on the

migrated angle gather have wider and more balanced frequency bandwidth and appear much sharper

(figure 9c)i3gs kBRSO AFMEIFSTReakARRIHEERS aloreadledprsindhe releciemaraasagain
converge well which indicates the reflectivity is well recovered and the AVA relation is more reliable
(figure 9dyevices, or the memory storage media (216, 218, 220, 224, 234, and 237, among
other types), can contain parts or components, or in its entirety, executable software
programming code (software) 236 that can implement part or all of the portions of the
method described herein. Further, processor 208 itself can contain one or different
types of memory storage devices (most probably, but not in a limiting manner, RAM
memory storage media 220} that can store all or some of the components of
software 236.
[0042] In addition to the above described components, system 200 also

comprises user console 234, which can include keyboard 228, display 226, and
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[0040]The computing device(s) or other network nodes involved in ghost compensated modeled
seismic image prediction as set forth in the above described embodiments may be any type of
computing device capable of processing and communicating seismic data associated with a seismic
survey. An example of a representative computing system capable of carrying out operations in
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erasable evices mong pes), random access memory (RAM)

devices 2%) lﬁ?rﬂke le(j%?%§%éasort 210 is flash drive device 224, and usable with CD/DVD R/W device
212 are C /B |sal<s which can be both read and write-able). Usable with diskette drive device

214 are rgpysiskerten 27 Fachobile MEmArLSIRge devces, LG Moston.igtage pedta

(216, 218, 220,224, 234, and among other types), can contain pa r compohents, orin its

entirety, cyridaResitvate RoAAMIINGSRIE (RITMAIRLEZS LAt sniTBlemealRag-ppal of the

portions of the method descri rther, pr elf can contain one or different
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keyboard 228, display 226, an ouse 23 ese components are e of ordinary
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Display 226 can be any type of known lay or presentation screen, such as liquid crystal displays

(LCDs), li It ' j % ' CRTs), among
others, USa g e S S R R s o,

oy boardBATRA I AUER B LOUFR A SR PIORIFCAIRIIAN NS BR . AEIBA Qe Iner active
intercommunicative devices. [0043]User console 235, and its components It separately provided,
interface g mpodiment, there would be at least one GPS receive-only antenna, and at least

one separate satellite bi-directional communications antenna). System 200 can

access internet 242, either through a hard wired connection, via /O interface 222

directly, or wirelessly via antenna 240, and transceiver 238.

[0044] 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.g., internet 242), which ultimately allows connection to various landlines.
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with server 201 via server input/output (1/O) 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

electrically.connected af least one anten a240éac ording to an exemplary e diment, there would
be at lea 0g)ne PS reaé&%%[%'ﬁ@etgn?e% ,ea(n%( m@&& gﬁ%‘%%%?ﬁgpé’ aﬁ%%fgrgiagir Eishal
communi%Ftions antenna)..System.200 ¢ ccess.iip.te\'srn t 242 %ither throu(?h a hard wire

S [

conmocticleTIaneY [Glane I Senie expigiation Wil nSiraca wilh e of mote Selies Agg:

[0044]Server, 201 can be coupled to other computing devices, such sa'loset t gperate or control the
ecuipmort 8 B3 U0 5867 Hibrel Rene: Sarar GOSNy 58 ot o o G Fekork
inter,

contoualgh g3 SUSADILOAN 0 peTel e e el comecton
A T R L e,
Lo U RS B SRR A P e e ¢ o recevers
¢ s R R RIS ARETOR 0 ANBRRECHEI R oty Goord

18
ccoraing to er exemplary empodiments, user console

235 proviles a.116ans a1 Befannel 9 elgeamans apdcenfiauaton g eystem 200 (eg., viaa

keyboard, buttons, swi S, touch screen and/or joy sti Isplay device an be used to show:

streamer fggfion: visugleateseoialRRs alasmISIINBARUER 4 A Isreler g status

informati ey information; and other information importa e seismic data acquisition

process. SRYERAAIBSRSS Eracu) ARG SRENAL S BRI ETAIIC g o

receiver 1 streamer communication conduit Scusse e part of
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conduit 246 between system 200 and source 4. 7]Bus

as: the Uage(er A 0raaT AL SAIARG AUGLRIR M £ LNEY AR SRR SERSals pestiapmer recelvers;

for processor 208 to access stored data contained in data storage unit memory 232; for processor 208

to send indgrmalipthfernitayBhiopia i shle 308 IRIdUIINGNESEL L RE MR COMIRRARKR 19 vtem
operating programs/software 236 that might reside in"either the processor 208 or the source and
receiver igiefiaResHRL A& communication conduit 246 (discussed above) that can be part of
streamer 6, as well as streamer 6 position information from birds 13; the link is bi-
directional so that commands can also be sent to birds 13 to maintain proper
streamer positioning. Source and receiver interface unit 202 can also communicate
bi-directionally with sources 4 through the streamer communication conduit 248 that
can be part of streamer 6. Excitation signals, control signals, output signals and

status information related to source 4 can be exchanged by streamer communication

conduit 246 between system 200 and source 4.
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[0048]System 200 can be used to implement the methods described above associated with ghost
compensated modeled seismic image prediction according to an exemplary embodiment. Hardware,
firmware, software or a combination thereof may be used to perform the various steps and operations
described herein. According to an exemplary embodiment, software 236 for carrying out the above

discusse can bestored,and distributed on multizmegdia storage deyices such as devices 216,
218, 220,%@%?;34, andlor ﬁ% 6‘3@3&;%8(9%3;%8\?@;“’3?{6&?&#% SSHF%@ﬁiXh@aEQB ecff%'b(ﬁably storing
informatiosq N 8;13/&55%5@%' a‘k?zu%e(%SB) ﬂ%%hr ‘ﬁf,ié’e 42r6 . These storage media may be inserted
into, and Fead y, devices Slich 28'fhe CB'RY drlveﬁ(ﬁ, ihe dSR vk ﬁrﬁﬁ{(fﬁﬁ ﬁ?é?’types of
software storage. devic 49]The disclosed exemplary embodiments provide a server nqQde, and a
method fc?é%ﬁ&?%%%{%ﬁr%ég% éc%erﬁsbl‘? ad s(?e|san{ie?ccl?na'agl('éPé p&éaigﬁ%an 2853 ?ayerHFv%%rTé%fg iC tatasets.
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including making and using any devices or systems and performing any incorporated methods. The

patentablg st o 1 SR PRIET 5 JSHIEA Yl Siss Ay ks g gamles that

occur to those skilled in the art. Such other examples are intend hin the scope of the claims.
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 forms 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.

[0049] The disclosed exemplary embodiments provide a server node, and a
method for ghost compensated computed seismic image prediction associated with
seismic datasets. It should be understood that this description is not intended to limit
the invention. On the contrary, the exemplary embodiments are intended to cover
alternatives, modifications and equivalents, which are included in the spirit and scope
of the invention. Further, in the detailed description of the exemplary embodiments,
numerous specific details are set forth in order to provide a comprehensive

20



WHAT IS CLAIMED IS: 1. A method, stored in a memory and executing on a processor, for
compensating for ghosts in a computed seismic image based on a reverse time migration (RTM) of
seismic data associated with one or more seismic sources and one or more seismic receivers, said
method comprising: modifying a first boundary condition of a first RIM acoustic wave equation

associated Wil .sauge ALelSlthion TRAMNAD B 3EonLAOHHE L Eonio ot secand AIM

acoustic wave equation associated with a recor ed wavetield:; olving Ssal acoustic wave

equation @ggosh?si%ﬁ‘%%% ﬁHM I%%gl,gé&\a/%\g% ei)%%%gﬂaggcm [?SE% :H@% a ggqst compensated computed

seismic image; and outputting sal seismic image. 2. The method of

claim 1, i 0 g e BAAY ACTRUSRERE. b The mSodef s, pherein

input dat in the method"in a receiver domain met fany one or claims

e S S SR T A SSSHEE NAS P R SR
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 a computer program, software, or firmware tangibly
embodied in a computer-readable storage medium for execution by a general
purpose computer or a processor.
[0051] 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.
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f21(x, y,z = 0; co;=(5.(1- f(co) coGs(co, as) 6. The method of any one of claims 1 to 5, wherein
said second RTM acoustic wave equation is associated with said one or more seismic receivers. 7.
The method of claim 6, wherein a modified second boundary condition is :PB (x, y, z = 0; (0;Q(X, Y;y8;
m) G, (o, ar) 8. The method of claim 6, further comprising stabilizing said second RTM acoustic wave
equation for aliased seismic data. 9. The method of claim 8, wherein said stabilization is based on a
regularizafibiive @l ABBREEHIWhen said aliased seismic data produces instability in said second RTM
acoustic wave equation. 10. The method of any one of claims 1 to 9, further comprising modifying an
imaging cbnditioh BsiberhtetPiathisAdpond RTUNBROIEIE WHOePERCRRRN, To1. The method of claim
10, wherein said imaging condition is
compensating for ghosts in a computed seismic image based on a reverse time
migration (RTM) of seismic data associated with one or more seismic sources and
one or mare seismic receivers, said method comprising:
modifying a first boundary condition of a first RTM acoustic wave equation
associated with a source wavefield;
modifying a second boundary condition of a second RTM acoustic wave
equation associated with a recorded wavefield;
solving said first RTM acoustic wave equation and said second RTM
acousticwave equation and generating a ghost compensated computed seismic

image; and

outputting said ghost compensated computed seismic image.

2. The method of claim 1, wherein input data used in the method in a shot

domain.

3. The method of claim 1, wherein input data used in the method in a receiver

domain

4. The method of any one of claims 1 to 3, wherein said first RTM acoustic wave

equation is associated with said one or more seismic sources.

5. The method of claim 4, wherein a modified first boundary condition is
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+ cos 2 0 8(vP)v(i) COS 2 05(9' 0)15B (W)1-7F (W) dirdisdcodg vpsin 0' wave equation generates a
velocity and impedance perturbation image. 13. The method of claim 12, wherein said outputting
further comprises outputting said velocity and impedance perturbation image. 14. A node for
compensating for ghosts in seismic image data based on a Reverse Time Migration (RIM), said node
comprising: a seismic dataset; one or more processors configured to execute computer
instructionquQ,@Qm@mgQ(pggﬁgwgqm__sféﬂ—:);saiq computer instructions wherein said computer
instructions further comprise: a boiiddry, cohdition component for modifying boundary conditions
associated with RIM acoustic wave equations; an engine component for solving said RIM acoustic
wave equations configured with modified boundary conditions and generating a ghost compensated
modeled seismic image; and

6. The method of any one of claims 1 to 5, wherein said second RTM acoustic

wave equation is associated with said one or more seismic receivers.

7. The method of claim 6, wherein a modified second boundary condition is

Q(xﬂy;xs%ys;a))

Dy(X, v,z =0 X )=
Dy, y ) G (@,0,)

8. The method of claim 6, further comprising stabilizing said second RTM

acoustic wave equation for aliased seismic data.
9. The method of claim 8, wherein said stabilization is based on a regularization
remedy applied when said aliased seismic data produces instability in said second

RTM acoustic wave equation.

10.  The method of any one of claims 1 to 9, further comprising modifying an

imaging condition associated with said second RTM acoustic wave equation.

11.  The method of claim 10, wherein said imaging condition is

sin? 0% 4 cos? 9202 i 7(E) oo 0'5(6-0) L PO o i aor
v sin &' im

Vv
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an output component for outputting said ghost compensated modeled seismic image. 15. The node of
claim 14, wherein said engine component further comprises a stabilization component for applying a
regularization remedy during an RIM computation. 16. The node of claim 14 or 15, further comprising
an imaging condition component for modifying imaging conditions associated with RIM acoustic wave
equations, 17. The node of claim 16, wherein said engine.component further comprises a velocity and

impedancEpertUrBabRteampbrgitidr geerain g6 Sehy i ddf ek PEMAsaH8HImages. 18.

The node of claim 17, wherein said output component is configured to output said velocity and
impedand¥é3Y&r@H&HBA FRAGESS 8. valRGy RNErRRRAANCSPRHIFP 8HRNIIBEE component is

configured to simultaneously output said ghost compensated modeled seismic images and said
velocity and impedance perturbation images. 20. The node of any one of claims 15 to 19, wherein
said stabilization component is configured to apply said regularization remedy whenever instability is

detected iPan RINPAEGHAE RirlaiBy d4ts 8B Faid Puliv tingdbrdes vaoutitigs outputting

said velocity and impedance perturbation image.

14. A node for compensating for ghosts in seismic image data based on a
Reverse Time Migration (RTM), said node comprising:
a seismic dataset;
one or more processors configured to executie computer instructions and a
memory configured {o store said computer instructions wherein said computer
instructions further comprise:
a boundary condition component for modifying boundary conditions
associated with RTM acoustic wave eqguations;
an engine component for solving said RTM acoustic wave equations
configured with modified boundary conditions and generating a ghost
compensated modeled seismic image; and
an output component for outputting said ghost compensated modeled

seismic image.
15.  The node of claim 14, wherein said engine component further comprises a
stabilization component for applying a regularization remedy during an RTM

computation.
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16.  The node of claim 14 or 15, further comprising an imaging condition
component for modifying imaging conditions associated with RTM acoustic wave

equations.

17.  The node of claim 16, wherein said engine component further comprises a
velocity and impedance perturbation component for generating velocity and

impedance perturbation images.

18.  The node of claim 17, wherein said output component is configured to output

said velocity and impedance perturbation images.

19.  The node of claim 17, wherein said output component is configured to
simultaneously output said ghost compensated modeled seismic images and said

velocity and impedance perturbation images.

20.  The node of any one of claims 15 to 19, wherein said stabilization component

is configured to apply said regularization remedy whenever instability is detected in

an RTM acoustic wave equation associated with a recorded wavefield.
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