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SYSTEMS AND METHODS FOR
IMAGING SEISMIC DATA

CROSS-REFERENCE TO RELATED APPLICATIONS
10001] Not applicable.
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
10002] Not applicable.
FIELD OF THE INVENTION

[0003] The present invention generally relates to systems and methods for imaging
seismic data. More particularly, the present invention relates to imaging seismic data using
hybrid one-way wave equation migrafion in filted transverse 1sotropic media (“hybrid TTI-
WEM™) and/or hybrid two-way reverse time migration in filted fransverse isotropic media
(“hybrid TTI-RTM”).

BACKGROUND OF THE INVENTION
[0004] As a commonly applied technique for 1imaging seismic data, conventional tilted

transverse 1sotropic (“TTI”} reverse fime migration (“RTM”) (collectively “TTI-RTM™)

nropagates a source wave field forward 1n time and a recelver wave field backward 1n time to
image the subsurface reflector by any well-known two-way wave equation such as the two-way
wave equation described in the paper “Reverse Time Migration: Geophysics™ by Baysal, et al.
and in the paper “Migration by Extrapolation of Time-Dependent Boundary Values: Geophysical
Prospecting” by G. A. McMechan. Although wave equation migration and/or reverse time
migratton are referred to herein as two-way, they may also be referred to as full-way. In the
paper “Acoustic Approximations for Processing in Transversely Isotropic Media” by T.

Aikhalifah, for example, conventional TTI-RTM is referenced to propose a pseudo-acoustic
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approximation in transversely isotropic media with a vertical axis ("VTI7). Based on the
pseudo-acoustic approximation in VTI media, research such as, for example, that described in
the papers “An Anisoiropic Acoustic Wave Equation jfor Modeling and Migration in 20D 1711
Media” by Zhou, et al. and “Reverse Time Migration in Tilted Transversely Isotropic ({11)
Media” by Fletcher, et al. extended this approximation from VTI to TTI media. These
techniques enable structures with strong anisotropy to be imaged. Although conventional TTI-
RTM has been applied widely, the computation cost and storage for wavelields are still
disadvantages for current computer systems. In other words, the computation cost and memory
requirement are still problems for large dataset migration, especially for three-dimensional
(3D} conventional TTI-RTM.

[0005] Instead of a two-way wave equation associated with conventional TTI-RTM, a
one-way wave equation can provide faster processing and handle strong lateral velocity
variation. One-way wave equations, such as a Finite Difference propagator, a Phase-Shift-Plus-
Interpolation propagator, and/or a Generalized Screen propagator, demonstrate good accuracy in
ceneral. By extending the one-way isotropic wave equation migration (“WEM”) to TTI-WEM
as described in the papers “3D Wavefield Extrapolation in Laterally Varying Tilted TI Media” by
San, et al., “Implicit Wave Egquation Migration in 111 Media Using High Order Operators” by
A. A. Valenciano, and “3D TTI Implicit Finite Difference Migration With Nonlinear Optimized
Four-Direction Splitting Expansion” by Hua, et al., one-way WEM 1s able to produce an
anisotropic image with high efficiency. Nevertheless, because the one-way WEM ignores up-
poing waves, one-way WEM fails to handle extremely complex structures, such as steeply dip

events and overturned reflectors.
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10006] To combine the advantages of one-way WEM and two-way WEM, a hybrid
propagator for prestack migration 1n 1sotropic media was developed and 1s described in the
paper “Hybrid One-Way and Full-Way Wave Equation Propagator and Prestack Migration” by
Luo and Jin ("Luo and Jin") . The hybrid propagator combines one-way and two-way WEM 1o
extrapoiate a wavefield progressively. In this manner, a one-way propagator may be applied to
iess complex media while the two-way propagator may be applied to extremely complicated
media. Although the use of the Luo and Jin hybrid propagator in isofropic media generates
comparable image results with two-way WEM for RTM with less noise and computational costs,

it has not been applhied to TTI media. Moreover, the Luo and Jin hybnd propagator does not

contemplate the use of Pade approximation, which could provide maximum accuracy for wave
propagation,
SUMMARY OF THE INVENTION

10007] The present invention therefore, meets the above needs and overcomes one or
more deficiencies in the prior art by providing systems and methods for imaging seismic data
using hybrid TTI-WEM and/or hybrid TTI-RTM.

[0008] In one embodiment, the present invention includes a method for imaging seismic
data, which conﬁprises: 1) approximating TT1 coefficients using a Pade approximation and a
dispersion relation equation; 1i) applying hybrid TTI-WEM to a velocity model and anisotropic

parameters for a pre-stack shot gather using the approximated TTI coefficients and a computer

system to determine a source side wavefield propagation value and a receiver side wavefield
propagation value in a frequency-space domain; 111) converting the source side wavefield
propagation value and the receiver side wavefield propagation value from the frequency-space

domain to a time-space domain; and 1v) applying a zero-lag cross-correlation image condition
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equation to form a partial output image using the converted source side wavefield propagation
value and the converted receiver side wavefield propagation value.

[0009] In ancther embodiment, the present invention includes a non-transitory program
carrier device tangibly carrying computer exccutable instructions for imaging seismic data, the
mstructions being executable to implement: i) approximating TTI coefficients using a Pade
approximation and a dispersion relation equation; 1) applying hybrid TTI-WEM to a velocity
model and anisotropic parameters for a pre-stack shot gather using the approximated TTI
coefficients and a computer system to determine a source side wavefield propagation value and a
receiver side wavefield propagation value in a frequency-space domain; ii1) converting the
source side wavefield propagation value and the receiver side wavefield propagation value from
the frequency-space domain to a time-space domain; and 1v) applying a zero-lag cross-
correlation image condition equation to form a partial output image using the converted source
side wavefield propagation value and the converted recciver side wavefield propagation value.

(0010] Additional aspects, advantages and embodiments of the invention will become
apparent to those skilled in the art from the following description of the various embodiments
and related drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The present invention is described below with references to the accompanying
drawings in which like elements are¢ referenced with like reference numerals, and in which:

(0012] FIG. 1 is a flow diagram illustrating one embodiment of a method for
implementing the present invention.

[0013] FIG. 2A is an image illustrating an exemplary velocity model.
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[0014] FIG. 2B 1s an image illustrating an anisotropic parameter epsilon (g) for the
velocity model 1n FIG. 2A.

[0015] FIG. 2C 15 an image illustrating an anisotropic parameter delta (0) for the velocity

model in FIG. 2A,

10016] FIG, 2D 1s an mmage 1ilustrating an amsofropic parameter theta (0) for the
velocity model in FIG. 2A.

10017] FIG. 3A 1s an image illustrating the results of conventional hybrid one-way WEM
and conventional two-way RTM m 1sotfropic media.

0018} FIG. 3B is an image illustrating the results of conventional hybrid one-way WEM
and conventional two-way RTM 1n VTI .media.

[0019] FIG. 3C is an image 1llustrating the resuits of the method in FIG. 1.

[0020] FIG. 3D 1s an umage illustrating the results of conventional two-way RTM in TTI
media.

[0021] FIG. 4A is an image illustrating the results of conventional two-way TTI-RTM.

100221 FIG. 4B 1s an image illustrating the results of the method in FIG. 1.

100231 FIG. 5 18 a flow diagram illustrating one embodiment of a method for
implementing step 106 in FIG. 1.

[0024] FIG. 6 is a block diagram illustrating one embodiment of a system for

implementing the present invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
10025] The subject matter of the present invention is described with specificity, however,
the description itself is not intended to limit the scope of the invention, The subject matter thus,

might also be embodied in other ways, to include different steps or combinations of steps similar
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to the ones described herein, in conjunction with other fechnologies. Moreover, although the
term “step” may be used herein to describe different elements of methods employed, the term
should not be interpreted as implying any particular order among or between various steps herein
disclosed unless otherwise expressly limited by the description to a particular order., While the
following description refers to the o1l and gas industry, the systems and methods of the present
invention are not limited thereto and may also be applied to other industries to achieve similar
results.

[0026] The present invention significantly reduces the computational time associated
with conventional two-way TTI-RTM by applying a hybrid TTI-WEM with an implicit finite
difference algorithm and by applying a hybrid TTI-RTM with an explicit finite difference

algorithm. The present invention also provides better image quality with less artifacts and can

also handle geological topography naturaily.
Method Description

10027] Referring now to FIG. 1, a flow diagram of one embodiment of a method 100 for
implementing the present invention 1s illustrated.

'0028] In step 101, seismic survey data such as, for example, prestack shot gathers in
fime-space (“I-X") domain, a velocity model and anisotropic parameters such as, for example,
epsilon (g), delta (8), tilted dip angle (0) and azimuth angle (¢) are input using the client mterface
and/or the video interface described further 1n reference to FIG. 6.

100291 In step 102a, a migration depth 1s set between the hybrid TTI-WEM and the
hybrid TTI-RTM using the client interface and/or the video interface' described further in
reference to FIG. 6. The migration depth may be used to separate the velocity model and

anisotropic parameters into an arca where the hybrid TTI-WEM will be applied from a surtace of
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the earth to the migration depth below the surface and an area where the hybnid TTI-RTM will
be applied below the migration depth to an extent of the velocity model.

[0030] In step 102b, a prestack shot gather is selected from the prestack shot gathers 1n
step 101 using the client interface and/or video interface described further in reference to FI1G. 6.
Alternatively, the prestack shot gather may be selecfed automatically. In either event, it may be
selected at random or in any other predetermined manner.

[0031] In step 103, the method 100 determines if the migration depth 1s zero. If the
migration depth is zero, then the method 100 proceeds to step 111 where only the hybrid TTI-
RTM will be applied in the T-X domain to the prestack shot gather selected in step 102b using
the velocity model and anisotropic parameters from a surface of the earth to the extent of the
velocity model. If the migration depth is not zero, then the method 100 proceeds to step 104

where the hybrid TTI-WEM will be applied in the frequency-space (“F-X”) domain to the

prestack shot gather selected in step 102b using the velocity model and anisotropic parameters
from a surface of the earth to the migration depth and the hybrid TTI-RTM will be applied in the
T-X domain to the prestack shot gather selected in step 102b using the velocity model and
anisotropic parameters from the migration depth to the extent of the velocity model.

[0032] In step 104, the prestack shot gather selected 1n step 102b 1s converted from 1ts
native T-X domain to the F-X domain using techniques well-known in the art such as, for
example, a fast fourier transform (“FF17) algorithm.

100331 In step 105, a TTI dispersion relation equation, which is also be referred to as a
quartic equation, is created from the well-known phase velocity function and rotation matrix. By

extending dispersion relation in laterally varying TTI media to 3D TTI medtia, including varying
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dip angle (8) and azimuth angle (@), and keeping the shear velocity non-zero to stabilize one-way

wave extrapolation, the dispersion relation equation in 3D TTI media can be written as:
‘947: +CBY;3 +C27;2 +cl, +¢, =0 (1)

where:

/ \
c,=f—1+2esin*@(f-1)- \%(5 ~ §)sin’ 29J

e, =—((f—1)2esin 20— f (e -6)sin40)(T, cosp - T, sin )
c, = (2 (/-1 (1+e)- f{e —5)(2 cos” 2a —sin’ 2&))(7} cos@ — 1, sin gf))z

+2((f ~1)(+ &)+ (f ~Desin? 0 f (¢ - 8)oos 0)(T, sin g +T, cosp)
+(2gsin2 6'+2—-f)

e, = (2650 20(f ~1)+ f(e—8)sin46)(7, coso — T, sing) +

+2s1n2 6 ((f — 1)8 + f(g - 5))(}'; cosp — T, sin go)(TI sing + T cos go)z
+255ir12t‘9(1’”I cos@ — 7, sin cp)

((f —1){1+ 2& cos’ 9)-- %(5 — & )sin” 29](?; cosg — T, sin @)4
\

3
&
1l

+(f ~ 1)1+ 25)(Tx-sin @+ T, cos t,z':b)4

+2((f — 1)(1 + &+ &cos” 49)— f(&—5)sin’ 6‘)(1‘; cos@ — T, sin ga)z (T:r sin @ + 1, ¢os ga)z

+(2~— f+2&cos? 6’)(2; cosp— 1, sin(p)2 +((2+28 —-f)(TIsin p+T, cosqo)z -—2)
There exists four solutions, two of them are related to up and dom—goihg P-waves and the other
two are related to up and down-going S-waves. The TTI dispersion relation equation (1)
includes the anisotropic parameters from step 101 for the prestack shot gather selected in step
102(b).

[0034] In step 106, TT1 coefficients are approximated using the TTI dispersion relation

equation {1). One embodiment of a method 500 for approximating the TT1 coefficients 1s

described further in reference to FIG. 5.
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In step 107, a hybrid TTI-WEM and/or a weil-known phase shift algorithm are applied 1n
the F-X domain to the velocity model and anisotropic parameters for the prestack shot gather

selected 1n step 102b. If water 1s present 1n the velocity model and the migration depth 1s not

below a subsurface where the water meets the carth, then only the phase shift alporithm 1s
applied. If water is present 1n the velocity model and the migration depth 1s below a subsurtace
where the water meets the earth, then the hybrid TTI-WEM and the phase shift algorithm are
applied. If water 1s not present in the velocity model, then only the hybrid TTI-WEM 1s applied.

Because the velocity of water 1s a known constant, the anisotropic parameters are all zero when

applying the phase shift algorithm. The hybrid TTI-WEM 1s applied from a surface of the carth
or a subsurface where the water meets the earth to the migration depth. The phase shaft

algorithm 1s only applied from a water surface to a subsurface where the water meets the earth.
In order to apply the hybrid TTI-WEM in the F-X domain, Ty, Ty and T, tfrom equation (8) are

replaced by the partial differential operators i or Y : 24 and z-aiz , which produce the

z
ox @ 0Oy w 0z @

following equation:

/ >

v P v ap "V@PT ver
a + I, 25 TGy s
oP Oy \®OX) wdx \O%y) @ (2)
oz V| V 6P | v op
. 1+5 1+ b,
\ 0 OX @ Oy

where P 1s the source side wavefield or the receiver side wavefield that must be propagated, V 15
velocity, @ is angular frequency, T, 1s the solution for equation (1) when Ty and T, are zero and
a;, by, ¢;, az by ¢y are the values of the TTI coeflicients from equation (8). Equation (2) can
then be solved using a well-known implicit fimite difference (“FID”") algorithm and the following

equations:
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oF 0
Rl Bty & 3.1)
& VP (
[ (verY | vVer
oP | w - @ Ox HCIEE;
gz ¥V b Vv opP
1
-\ A
C (verY | vor
- a, +ic,
0P | w w oy @ Oy
2 v v opP -2}
1+ b,
@ Gy

Thus, the solution from equation (3.1), which is the value of P, is used as input to solve equation
(3.2) and obtain the value of P, which 1s used as input to solve equation (3.3) and obtain the final
value for P. In this manner, cascading is used with the implicit FD algorithm to obtain the final
value of P; for source side wavefield propagation and the final value of P, for receiver side
wavefield propagation. For source side wavefield propagation, the input is a Ricker wavelet (t).
Assuming the source side wavefield is Py (iw, ix, iy, 1z} and P = 0, then Py (1w, 1x, 1y, 1z) = P,
(iw, ix, 1y, iz) + Ricker wavelet (iw), which is used to solve for P; in equation (3.1). For receiver
side wavefield propagation, the input is gather (t, X, y), which is the prestack shot gather selected
in step 102b. Assuming the receiver side wavefield is P> (iw, ix, 1y, iz) and P> = 0, then P2 (1w,
ix, iy, 12) = P5 (iw, ix, iy, iz) + gather (iw, ix, 1y), which is used to solve for P, in equation (3.1).
In order to apply the phase shift algorithm in the F-X domain when water is present in the
velocity ﬁwdel, equation (3.1) is solved for P; and P,. For source side wavetield propagation,

the input is a Ricker wavelet (t}, Assuming the source side wavefield is Py (1w, 1x, 1y, 1z) and P;

10
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= (), then P; (1w, 1x, 1y, 1z} = P (iw, ix, 1y, 1z) + Ricker wavelet (iw), which is used to solve for P;
in equation (3.1). For receiver side wavefield propagation, the input 1s gather (1, X, v), which 1s
the prestack shot gather selected in step 102b. Assuming the recetver side wavefield 1s Py (1w,
ix, 1y, 1z) and P, = 0, then P, (iw, i1x, 1y, 1z) = P> (1w, ix, 1y, iz} + gather (iw, 1x, iy), which is used
to solve for Py in equation (3.1). In this manner, P and Pz may be used as the input in equation
(3.1) to solve for Py and P> when applying TTI-WEM 1n the FX-domain instead of using the

assumed P and P, described hereinabove when only hybrid TTI-WEM is applied.

10035] In step 109, the source side wavefield propagation value (Py) and the receiver side

)

wavefield propagation value (Py) from the hybrid TTI-WEM and/or the phase shift algorithm in
step 107 are converted from the F-X domain to the T-X domain using techniques well-known 1n
the art such as, for example, an inverse fast founer transform (“IFFT”) algorithm.

[0036] In step 110, the following zero-lag cross-correlation image condition equation 18
applied to form a partial output image (Iime (X, v, 2)) using Py and P, from the hybrid TTI-WEM

and/or the phase shift algorithm in step 107:

Hf
[”-mc(X,y,Z) — Zﬁ(x,y,Z,fr)*%(X,y,Z,ff) . (4)

it=]
[0037] In step 111, a hybrid TTI-RTM 15 applhied m the T-X domain to the velocity
model and anisotropic parameters for the prestack shot gather selected in step 102b. The hybrid
TTI-RTM is applied from the migration depth, which may be a surface of the earth 1f 1t 1s zero,

to the extent of the velocity model. P1 and P2 from the hybrid TTI-WEM and/or the phase shift

algorithm 1n step 107 are used as input to solve equation (5):

11
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( 2 2 2
(1-sin’ O cos’ @) 82 +(1=sin’ @sin’ @) 62 sin” 4 52
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M=« 52 5’ 5 >
—sin2@sin @ sin 26 cos @ sin’ @ sin 2¢
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' ax ay (32
N'=+ A2 32 5 >
+sin 28 sin @ +5in 260 cos @ +sin’ @sin 2¢
k 0yOz 0x0z Oxoy

and where oy, oy are horizontal and vertical stress components, respectively, and  and ¢ are dip
and azimuth angle, respectively. Equation (5) thus, may be solved using a well-known explicit
FD algorithm in the manner described in International Patent Application Publication No.
WO/2011/053327. When 6 and ¢ are set to zero with ¢ and J, equations (1) and (8) become
hybrid VTI-RTM schemes, when 6, ¢, ¢, and J are all set to zero, they will become traditional

hybrid 1sotropic RTM schemes.

[0038] In step 112, the zero-lag cross-correlation image condition equation (4) is applied
to form a partial output image (Iime (X, y, z)) using P and P, from the hybrid TTI-RTM in step

111.

10039] In step 113, low wave number and migration artifacts are removed from the
partial output images in steps 110 and 112 by filtering and smoothing to generate amplitude
consistent partial output images. A well-known low-wave number filter is applied to the partial

output images from steps 110 and 112, then each filtered partial output image is divided by the
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source-side wavefield propagation value P, from step 111 to generate the amplitude consistent
partial output images.

100407 In step 114, the method 100 determines if there are more prestack shot gathers
from the seismic survey data in step 101. If there are more prestack shot gathers, then the method

100 returns to step 102b to select another prestack shot gather. If there are no more prestack shot

gathers, then the method 100 proceeds to step 1135.
[0041] In step 115, the amplitude consistent partial output images from each iteration of
step 113 are stacked and displayed using techniques well-known m the art. As a result, noise

will be significantly cancelled and the final image will be enhanced.

[0042] Referring now to FIG. 5, one embodiment of a method 500 is illustrated for

performing step 106 in FI1G., 1.

'0043] In step 502, a Jenkins-Traub algorithm 1s applied to equation (1) to solve for T,
which represents polynomial zeros that relate to a down-going P-wave.

10044] In step 504, the TTI dispersion relation equation (1) is split by Pade
approximation into x and y directions. Equation (1) then becomes::

Zn
7 J
>l 2.

Y S (6)

YA =X A)

=i

In step 506, a least square optimization method 1s applied to equation (6), which forms equation

(7} and is solved for ¢; and f; to ultimately approximate the 111 coetficients.

2n 2H
J J
Z Cﬁjj; 2 a.;'T ¥
i=1

ji\" 1§ ] 1 A :i;f kEY _l

. . ch , i -

min _[ I Tz — (]; e
:’:‘y min T:-: [$1TH)

-3 g (72)
i=]

NAT.dT, (7

1_2@(?;2);

i

13



CA 02881807 2015-02-11

WO 2014/028030 PCT/US2012/051387

A least square optimization method such as, for example, the well-known Bonded Variable Least
Square optimization method may be used. Once o; and [ are known, a second order Pade
approximation may be used to approximate the TTI coefficients. For second order
approximation, the maximum propagation angle 1s up to 50°. Thus, the upper Iumit of Ty and T
for least square optimization is less than +0.85 and the lower limit of Ty and Ty 1s greater than -
0.85. For fourth order approximation, the maximum propagation angle 1s up to 70°. Thus, the
upper limit of Ty and Ty, for least square optimization 1s less than +0.90 and the lower limit of T,
and T, is greater than -0.90. Because the hybrid TTI-WEM may be applied in shallow places,

second order approximation is satisfactory for good image quality, however, any order for

approximation could be used. In this manner, a large propagation angle is obtainable over other
well-known methods that produces better 1image quality. By second order Pade approximation,

o; and f3; are transferred to approximate the TTI coefficients (a;, b; ¢;) in the following equation:

aT!+eT, a7, +c¢T, (8)

| — 5,77 I - b,T,

I =Tz{}H

Z

The TTI coefficients (a;, b, c;} from equation (8) may be saved 1n respective tables before
applying the hybrid TTI-WEM.
EXAMPLES

[0045] In this example, hybrid TTI-RTM and conventional two-way TTI-RTM are
applied to offshore data for a comparison of their resulting 1mages. A phase shift algorithm was
applied according to step 107 in FIG. 1 from a water surface to a subsurface where the water
meets the earth. The hybrid TTI-WEM was applied according to step 107 in FIG. 1 from the
subsurface to a migration depth of 2 km. The hybrid TTI-WEM was applied from 2 km to the

extent of the velocity model at 16 km according to step 111 in FIG. 1. An image of the velocity
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model is illustrated in FI1G, 2A. The anisotropic parameters for the velocity model in FIG. 2A
are illustrated in FIGS. 2B(g}, 2C(0) and 2D(0).

[0046] As 1llustrated by a comparison of FIGS. 3A and 3B with FIG. 3C, the application
of the hybrid TTI-RTM as a result of the method 100 in FIG. 1 produces a much cleaner and
clearer image (FIG, 3C) than the images produced by conventional techniques in isotropic media
(FIG. 3A) and conventicnal techniques in V11 media (FIG. 3B). Moreover, the image in FIG,
3C 1s much cleaner and clearer than the mmage in FIG. 3D at the water layer, which was
produced by a conventional two-way RTM in TTI media. For example, the image ghost within
circle 302d and circle 304d in FIG. 3D is not as evident within circle 302¢ and circle 304¢ 1n
FIG. 3C. In the example illustrated by FIG. 3C, hybrid TTI-RTM saves 20% computational
time than conventional two-way TTI-RTM when the migration depth 1s set at 2 km out of a total
16 km. If the migration depth is set deeper, more computational time may be saved. In table 2
below, the relative computation time for hybrid TTI-RTM and two-way conventional TTI-RTM

in isotropic, VTT and TTI media 1s illustrated for this example.

- Two-Way TTI- |  Hybrid TTI-
. RTM(s) | RTM (s)
[sotropic 1.0 0.75
VTI 20 . le3
11l 40 . 2.79
Table 2

00471 In another example, the application of the hybrid TTI-RTM 1s tested on 2007 TTI
data from BP. The image in FIG, 4A illustrates the results of conventional two-way TTI-RTM.

The image in FIG. 4B illustrates the hybrid TTI-RTM as a result of the method 100 1n FIG. 1.

Although the conventional two-way TTI-RTM image in FIG. 4A accurately illustrates a salt

boundary, noise appears on the top of the image and an image ghost appears within the circle
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402a. By applying hybrid TTI-RTM, the noise at the top of the image in FIG. 4B weakens and
the image ghost within the circle 402b beside a salt boundary is significantly reduced.

10048] Hybrid TTI-RTM thus, will handle rugged topography and complex near surface
layers by wave equation datuming. Conventional two-way TTI-RTM, however, cannot handle
topography or must apply vertical static shift to the pre-stack shot gather. Wave equation
datuming is therefore, more accurate than applying a vertical static shifi, especially for areas
where the velocity contrast between the near surface and the substratum is not large. Hybnd TTI-

WEM will also generate better results than applying a vertical static shift.
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System Description

[0049] The present invention may be implemented through a computer-executable
program of instructions, such as program modules, generally referred to as software applications
or application programs executed by a computer. The software may include, for example,
routines, programs, obiects, components, and data structures that perform particular tasks or
implement particular abstract data types. The software forms an interface to allow a computer to
react according to a source of input. SeisSpace , which is a commercial software application
marketed by Landmark Graphics Corporation, may be used as an interface application to
implement the present invention. The software may also cooperate with other code segments to
initiate a variety of tasks in response to data received in conjunction with the source of the
received data. The software may be stored and/or carried on any variety of memory media such
as CD-ROM, magnetic disk, bubble memory and semiconductor memory (e.g., vartous types of
RAM or ROM). Furthermore, the software and its results may be transmitted over a variety of
carrier media such as optical fiber, metallic mre free space and/or through any of a variety of
networks such as the Internet.

[0050] Moreover, those skilled in the art will appreciate that the invention may be
practiced with a variety of computer-system configurations, including hand-held devices,
multiprocessor  systems, microprocessor-based or programmable-consumer electronics,
minicomputers, mainframe computers, and the like. Any number of computer-systems and
computer networks are acceptable for use with the present invention. The invention may be
practiced in distributed-computing environments where tasks are performed by remote-
processing devices that are iiﬁked through a communications network. In a distributed-

computing environment, program modules may be located in both local and remote computer-
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storage media including memory storage devices. The present invention may therefore, be
implemented in connection with various hardware, software or a combination thereof, 1n a
computer system or other processing system.

[0051] Referring now to FIG. 6, a block diagram of a system for implementing the
present invention on a computer is illustrated. The system includes a compufing unit, sometimes
referred fo as a computing system, which contains memory, application programs, a client
interface, a video interface and a processing unit that includes a graphics processor or graphics
card. The computing unit 1s only one example of a suitable computing environment and 1s not
intended to suggest any limitation as to the scope of use or functionality of the mvention.

[0052] The memory primarily stores the application programs, which may also be
described as program modules containing computer-executable instructions, executed by the
computing unit for implementing the present invention described herein and illustrated 1n FIGS.,
1-5. The memory therefore, includes a hybrid TTI-WEM module and a hybrid TTI-RIM
module, which enable the method illustrated and described in reference to FIG. 1. and integrates
functionality from the remaining application programs illustrated in FIG. 6. The hybrid TTI-
WTM module therefore, may be used to implement steps 104-110 in FIG. 1 and the hybrid T11-
RTM module may be used to implement steps 111-113 in FIG. 1. Alternatively, the TTI-WEM
module and the TTI-RTM module may be combined into a single module to implement steps
104-113 in FIG. T. The memory also includes SeisSpace, which may be used as an interface
application to supply input data to the hybrid TTI-WEM module and the hybrid TTI-RTM
module and/or display the data results from the hybrid TTI-WEM module and the hybrid TTi-
RTM module. SeisSpace™, therefore, may be used to implement steps 101-102b and 114-115

in FIG. 1. Although SeisSpace may be used as an interface application, other interface
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applications may be used, instead, or each hybnd TTI-WEM module and hybrid TTI-RTM
module may be used as a stand-alone application.

10053] Although the computing unit 1s shown as having a generalized memory, the
compulfing umt typically inciudes a variety of computer readable media. By way of example,
and not limitation, computer readable media may comprise computer storage media and
communication media. The computing system memory may include computer storage media in
the form of volatile and/or nonvolatile memory such as a read only memory (ROM) and random
access memory (RAM). A basic input/output system (BIOS), containing the basic routines that
help to transfer information between elements within the computing unit, such as during start-up,
is typically stored in ROM. The RAM {ypically confains data and/or program modules thaf are
immediately accessible to, and/or presently being operated on, the processing unit. By way of
example, and not limitation, the computing unit includes an operating system, application
programs, other program modules, and program data.

10054] The components shown in the memory may also be included in other
removable/nonremovable, volatile/nonvolatile computer storape media or they may be
implemented in the computing unit through an application program interface (“API”) or cloud
computing, which may reside on a separate computing unit connected through a computer
system or network. For example only, a hard disk drive may read from or wrife to
nonremovable, nonvolatile magnefic media, a magnetic disk drive may read from or write to a
removable, nonvolatile magnetic disk, and an optical disk drive may read from or write to a
removable, nonvolatile optical disk such as a CD ROM or other optical media. Other
removable/non-removable, volatile/nonvolatile computer storage media that can be used 1n the

exemplary operating environment may include, but are not limited to, magnetic tape cassettes,
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flash memory cards, digital versatile disks, digital video tape, solid state RAM, solid state ROM,
and the like. The drives and their associated computer storage media discussed above provide
storage of computer readable instructions, data structures, program modules and other data for
the computing unit.

10055] A chient may enter commands and mformation into the. computing unit through
the client interface, which may be input devices such as a keyboard and pointing device,
commonly referred to as a mouse, trackball or touch pad. Input devices may include a
microphone, joystick, satellite dish, scanner, or the like. These and other input devices are often
connected to the processing unit through the client interface that 1s coupled to a system bus, but
may be connected by other interface and bus structures, such as a parallel port or a universal
serial bus (USB).

[0056] A monitor or other type of display device may be connected to the system bus via
an interface, such as a video interface. A graphicai user interface (“GUI™) may also be used with
the video interface to receive instructions from the client interface and fransmit instructions to
the processing unit. In addition to the monitor, computers may also include other peripheral
output devices such as speakers and printer, which may be connected through an output
peripheral interface.

[0057] Although many other internal components of the computing unit are not shown,
those of ordinary skill in the art will appreciate that such components and their interconnection
are well-known.

[0058] While the present invention has been described in connection with presently
preferred embodiments, it will be understood by those skilled in the art that it is not intended to

limit the invention to those embodiments. It is therefore, contemplated that various alternative
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embodiments and modifications may be made to the disclosed embodiments without departing

from the scope of the invention defined by the appended claims and equivalents thereof.

21



CA 02881807 2016-09-29

I, A mecthod for imaging seismic data, which comprises:

approximating TTI coeflicients using a Pade approximation and a dispersion
relation equation;

applying hybrid TTI-WEM to a velocity model and anisotropic parameters for
a pre-stack shot gather using the approximated T1T coefficients and a computer
system to determine a source side wavcelield propagation value and a receiver side
wavelield propagation value 1n a frequency-space domain;

converting the source side wavetield propagation value and the recerver side
wavclield propagation value from the frequency-space domain to a time-space
domain; and

applying a zero-lag cross-correlation image condition cquation to form a
partial output image using the converted source side wavefield propagation value and
the converted recerver side wavetield propagation value.
2. The method of claim 1, further comprising:

applying hybrid TTI-RTM to the wvelocity model and the anisotropic
paramcters for the pre-stack shot gather using the converted source side wavelield
propagation value and the converted receiver side wavefield propagation value 10
determine another source side wavefield propagation value and another receiver side
wavcetield propagation value in the time-space domain; and

applying the zero-lag cross-correlation image condition cquation to form
another partial output image using the another source side wavefield propagation
valuce and the another receiver side wavefield propagation value.

T'he method of claim 2, further comprising:

'
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stacking each partial output timage; and
displaying the stacked partial output images.

4. The method of claim 1, whercin the dispersion relation cquation 1s created

from a phase velocity function and a rotation matrix.
5. The method of claim 2, further comprising applying a phase shift algorithm to
the veloceity model and the anisotropic parameters for the pre-stack shot gather belore
applyimg the hybrid TTI-WEM to determine the source side waveficld propagation value and
the recerver side wavefield propagation value.

0. The method of claim 5, further comprising sctting a migration depth between
the hybrid T'TT-WEM and the hybrid TTI-RTM.

7. The method of claim 6, wherein the phase shift algorithm 1s applied to the
velocity model and the anisotropic parameters from a water surface to a subsurface where the
watcer mects earth.

8. The method of claim 6, wherein the hybrid TTI-WEM 1s applied to the
velocity model and the anisotropic parameters from an earth surface or a subsurface where
water meets the earth to the migration depth.

9. The method of claim 6, wherein the hybrid TTI-R'T'M is applied to the velocity
modcl and the anisotropic parameters from the migration depth to an extent of the velocity
model.

1 0. I'he method of claim 2, turther comprising:

filterng and smoothing cach partial output image to generate a respective
amplitude-consistent partial output image:
stacking each amplitude-consistent partial output image; and

displaying the stacked amplitude-consistent partial output images.
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1. A non-transitory computer-readable medium carrying computer executable
instructions for imaging scismic data, the instructions being exccutable to implement:

approximating TTI coetficients using a Pade approximation and a dispersion
rclation cquation;

applying hybrid TTI-WEM to a vclocity model and antsotropic parameters for
a pre-stack shot gather using the approximated T'I'T coctlicients and a computer
svstem to determine a source side waveticld propagation valuc and a recciver side
wavcelield propagation value 1n a frequency-space domain;

converting the source side wavetield propagation value and the receiver side
wavcelield propagation value from the frequency-space domain to- a time-space
domain; and

applying a zero-lag cross-correlation image condition equation to form a
partial output 1mage using the converted source side wavefield propagation value and
the converted receiver side waveficld propagation value.
12. ['he computer-readable medium of claim 11, further comprising:

applying hybrid TTI-RTM to the velocity model and the anisotropic
parameters for the pre-stack shot gather using the converted source side wavefield
propagation value and the converted receiver side waveficld propagation valuc to
determine another source side wavefield propagation value and another receiver side
wavelield propagation value in the time-space domain; and

applying the zero-lag cross-corrclation image condition cquation to form
another partial output image using the another source side wavelicld propagation
value and the another receiver side waveficld propagation valuc.
13. T'he computer-readable medium of claim 12, further comprising:

stacking each partial output imagc; and
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displaying the stacked partial output images.

|4, T'he computer-readable medium of claim 11, wherein the dispersion relation
cquation is created from a phase velocity function and a rotation matrix.

15, The computer-readable medium of claim 12, further comprising applying a
phasc shift algorithm to the velocity modcl and the anisotropic parameters for the pre-stack
shot gather before applying the hybrid TTI-WEM to determine the source side wavefield
propagation value and the receiver side waveficld propagation valuc.

16. I'he computer-readable medium of claim 15, further comprising sctting a
migration depth between the hybrid TTI-WEM and the hybrid TTI-RTM.

17. The computer-rcadable medium of ¢laim 16, wherein the phase shift aleorithm
s applied 1o the velocity model and the anisotropic parameters {rom a water surface to a
subsurface where the water meets earth.

[8. T'he computer-readable medium of claim 16, wherein the hybrid TTI-WEM is
applied to the velocity model and the anisotropic paramecters from an carth surface or a
subsurtace where water meets the earth to the migration depth.

19, T'he computer-readable medium of claim 16, wherein the hybrid TTI-RTM is
apphed to the velocity model and the anisotropic parameters from the migration depth to an
extent of the velocity model.

20. I'he computer-readable medium of claim 12, further comprisine:

filtering and smoothing cach partial output image 1o eencrate a respective
amplitude-consistent partial output image;
stacking each amplitude-consistent partial output image; and

displaying the stacked amplitude-consistent partial output imagcs.
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