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ABSTRACT

Common-image gathers (CIGs) are essential for migration-based velocity analysis and
amplitude-versus-angle (AVA) analysis, which could be utilized to predict lithology and
fluid properties. Velocity is necessary for migration-based velocity analysis, and angle-
dependent reflectivity is necessary for AVA analysis. To determine velocity and reflectivity
for subsurface models, seismic inversion has been a conventional approach, followed by at-
tribute calculation to aid interpretation. We present an iterative non-linear inversion method
to simultaneously predict both velocity and amplitude-preserved angle-domain-common-
image-gathers (ADCIGs). The key aspect of our technique is the extraction of angle infor-
mation from the solution of a direction-vector-based wave equation in acoustic with density
media. Because the extraction is solely dependent on the direction of wave propagation
and is not dependent on acquisition coordinates, it can be applied to blended acquisition,
which is another name for simultaneous seismic source acquisition. Our iterative inversion
method is based on the time domain FWI using the nonlinear conjugate-gradient method.
Throughout each iteration, the velocity model is sequentially updated at each reflection
angle.

INTRODUCTION
Common image gather

A common image gather/CIG for a reflection point is a series of prestack migrated trace at
the given image point (Jin et al., 2014), as shown in Figure 1.
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FIG. 1. common image gather

CIGs are the primary data for the techniques of amplitude variation with offset (AVO), or
amplitude variation with incidence angle (AVA), which has been used to predict subsurface
attribute interpretation for decades (Ostrander, 1984). CIGs can be extracted as a function
of the subsurface attributes, such as subsurface offsets or reflection angles. CIGs taking
offset are called offset-domain common-image gathers (ODCIGs).The offset in ODCIG
normally refers to the distance between the shot and receiver on the surface. Later the
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concept of offset was extended to the subsurface offset between the upgoing and down-
going wavefields (Rickett and Sava, 2002). Offset changes from a data-space parameter
to a model-space parameter by migration. In a reflection raytrace, the subsurface offset is
continuous as the depth increases.

The ODCIGs can be produced by either Kirchhoff migration or wavefield continuation mi-
gration (Sava and Fomel, 2003). However, ODCIGs fail to properly characterize commplex
propagation path because of the ambiguity of reflector positions caused by multipathing(?).

FIG. 2. In ODCIGs, two raypaths share the same source-receiver location and traveltime but differ-
ent image point.

v: migration dip
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FIG. 3. In ODCIGs, two raypaths share the same subsurface offset and image point but different
source-receiver locations. They have different raypath and reflection angles.

The problems in ODCIGs can be alleviated by ADCIGs. Similar to ODCIGs, the ADCIGs
can also be produced by pre-imaging methods like Kirchhoff methods (Xu et al., 2001)
or wave-equation methods (De Bruin et al., 1990). These two methods are based on the
wave equation, so there’s no sensitivity to the ray-traced angle. The ADCIGs can also be
computed after-imaging (Biondi and Shan, 2002; Rickett and Sava, 2002) or transferred
from ODCIG by Fourier Transform (Sava and Fomel, 2003).
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AVA response in elastic and acoustic media

The AVA response in elastic media can be described as Knott-Zoeppritz equations (Aki
and Richards, 2002). The assumption of continuity of displacement and traction across
an elastic boundary has led to four equations relating all relevant displacement amplitudes
above and below the boundary. In our terminology (see Figure 4) these equations relate P,
Sy, etc. as follows (Innanen, 2011):

sinfy (P + Pr) 4 cos ¢g (S1 + Sr) = sin ¢y (Pr + P{) + cos ¢1 (St + 57),
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FIG. 4. Displacement amplitudes associated with the Knott-Zoeppritz equations.
The AVA response in acoustic media can be described as (Innanen, 2014):
1 —Q(0)
R(O) = ——= 2
) =100 )

where
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p 1s density and « is acoustic impedance, as shown in Figure 5.
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FIG. 5. Displacement amplitudes associated with tAVA response in acoustic media.

If a media only has a velocity as its physical property, it’s called an acoustic medium and
only has one wavefield P in the wave propagation, as shown in equation:

1 02

where P is the potential, and c is the velocity.

If a medium has P wave velocity, S wave velocity and density as its physical properties, it
can be considered an elastic medium. For 2D wave propagation, the elastic wave eqaution
can be simulated using staggered grid Finite-difference method(Virieux, 1986a).

v, 1 (&Im &Im)
ot p Ox 0z 7’

ov, 1 <8(TZZ &TW)
ot p 0z ox "’

do ov ov
ot <)\+2M)8x+)\az’
do.. ov, ov,
ot (A +2p) 0z +)\8x’

00,. <8vz N 8%)
ot —# ox 0z’

where 0,,and o, are the normal component of stress tensor, o, is the shear component,
A is the Lamé parameter and p is the rigidity. A and p can be calculated through P wave
velocity v, S wave velocity v, and density p.

If a medium has velocity and density as its physical properties, it can be considered an
acoustic medium with density, or an elastic medium with only SH waves. The wave equa-
tion for this medium in 1D is:

0 10P 1 02
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where p is the density. If we replace P with new variable,

op
u= %
o )
V= _;E
The equation 6 will become
ou 2 dv
ot = p oz

This form can be used in staggered grid Finite-difference method for wave propagation
forward modeling. Extending the above equation in 3D, the wave equation 6 become

1y, 1 0*F
it can be changed into
1_, 1 9oF
V(-VP)— ——~—— =0 10
<,0 ) pot ot (10)
If we replace P* with new variable
_or
P= ot (11)
T =1vpP
The equation 10 will become
oP 2
AV
{%_ﬁ@ (12)
o~ poz

This form can be used in staggered grid Finite-difference method for wave propagation
forward modeling. If we take 2D , equation 12 will become

or __ _  2(0vy v

o = T PC <8x + 8,2)

bv. _ _10P

Bt T pox (13)
Ov. __ _10P

ot~ p oz

ADCIG extraction from RTM / two-way wave-equation migration

There are many migration methods that can extract ADCIGs. Compared with the formu-
lations of true amplitude Kirchhoff migration (Bleistein, 1987; Bleistein et al., 2001) and
one-way wavefield migration (Zhang et al., 2005), true amplitude RTM is much simpler
because the propagator itself naturally carries the correct propagation amplitude if the shot
record is well approximated by solving the wave equation (Zhang and Sun, 2009). Because
the RTM is based on the direct solutions of the wave equation, energy associated with
multiple scatter events, steep drops and a broad range of wavenumbers will be preserved.

Methods for extracting angle-domain common-image gathers (ADCIGs) during 2D reverse-
time migration fall into three main categories; direction-vector-based methods (DVB),
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local-plane-wave decomposition methods (LPWD), and local-shift imaging condition meth-
ods (Jin et al., 2014).

The DVB method computes angles from defined vectors. The angle can either be the
source and receiver wavefield propagation angle or the incident/reflection angle. There are
many definitions for the vectors in the DVB method: the Poynting vector (Dickens and
Winbow, 2011), polarization vector, instantaneous-wavenumber (Zhang and McMechan,
2011), energy norm (Rocha et al., 2016) etc. The DVB method is easy to compute and
produces high angle resolution, but is not stable for complicated wavefields that contain
overlapping events.

Let us take the Poynting vector in acoustic media as an example to show how the vectors
are computed. The Poynting vector represents the directional energy flux of a wavefield
(Stratton, 2007). The Poynting vector computation in acoustic wavefield is

dP
S=—-vP=-VP—P (14)
dt
where S is the Poynting vector, —uv is the velocity vector and P is the stress wavefield
(Cerveny, 2005). The S shares the same direction with the ray trace, so the angle between
Ssource aNd S,cceivers 18 twice the value of reflection value.

SSOUTCSSTGCEiUGTS
c0s20 = (15)

‘Ssource ‘ |Sreceivers ’

where 6 is the reflection angle. so the 6 is

1 SsourceSTeceivers
0 = —arccos (16)

‘Ssource ‘ |Sreceivers ’

In 2D, if we set the source stress wavefield as P, and receiver stress wavefield as P,, the
reflection angle # turns into

1 P 8PT + 8PS 8PT
0 = Farccos Ou Or 0z 02 (17)
\/ (8R2)2 4 (222 4 \/ OP:)> 4 ()2
and vector perpendicular to the reflection plane is
S = (Ssom‘ce + Sreceivers>/|0032€| (18)

The azimuth can also be computed, and in the 2D case, it is either 0° or 180°. With the
angle information, the common angle gather can be obtained after RTM without external
computation. To get the ADCIG, the reflection angle 6 is introduced in RTM’s image
condition from equation 5:

R(7.0) = / (T, 0: prk (7, 0: 1) dt (19)
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Review of full waveform inversion in time domain
In a standard FWI problem, we minimize a misfit function
E(m), (20)
subject to
F(m)u(x,t) = s(x,1), (21)

where E is a function with respect of model parameters m, F(m) characterizes the seismic
wave equation, u(x, t) denotes the particle displacement at time ¢ € [0, 7| excited by an
external source s(x,t) and x denotes spatial coordinates .

The wave equation F(m) in elastic media can be expressed as (Aki and Richards, 1980)

2

F(p, A ) = p(x) 5511 = V- [NV - [DE+ (VI + V)]

where [ - ] is a place-holder for the variable acted upon by F(m) and I is the identity oper-
ator. p, A and u denote density and the Lamé parameters. This elastic wave equation can be
solved by the stagger-grid finite-difference scheme (Virieux, 1986b; Levander, 1988). The

objective function taking the least-squares norm of the misfit vector Au is given by

1 1
E(m) = —AufAu = 5 | tons — usynH2

2
1 T
- 2 (Wobs — usyn) (Uobs — Ucar) (22)
1 o
- 2 Z Z/ |U’0bs (Xv'a t) — Usyn <X7'7 t; m)’2 dt,
s=1 r=1 T

where T denotes the adjoint operator (conjugate transpose), the data misfit Au is defined
by the differences between the observed seismic data u,,s and the synthetic seismic data
Uy, recorded at the r-th receiver and generated by the s-th source s, for model m. N, and
N, denote she number of sources and receivers.

Via the conjugate gradient method, the model is updated iteratively according to
my, 1 = my, + apdmy, (23)

where £ is the iteration number, « the step length, and dmy, is a search direction or descent
direction and can be derived from the gradient of the misfit function. The gradient of
E(m) with respect to m, V,,,E, can be calculated efficiently using the adjoint-state method
(Plessix, 2006):

LN OF
VaBx) =->" /T g (X, 1) + 5—tians (X, 1) . (24)
s=1

where ulbs is the adjoint wavefield.

CREWES Research Report — Volume 35 (2023) 7



Su

True amplitude RTM

RTM is a migration method that is based on the two-way wave equation. Compared with
migration methods based on the one-way wave equation, RTM has better results for com-
plex structures like salt structures. RTM is initially introduced by many authors (Baysal
et al., 1983; Whitmore, 2005; McMECHAN, 1983).

To migrate a shot gather Q(z, y; s, y.; t) using conventional RTM, we need to compute
wavefields shot at the source location and seismic traces recorded at the receiver location,
with a source at (x5, ys, zs = 0) and receivers at (x,y, z = 0). The two-way acoustic wave
equation goes:

18 NP
(Gappr(:t) =6(F = 2)f(t) (25)

and

{(Lg_ — V)ps(T;t) =0 (26)

p(z,y.2 =0;t) = Q(z,y; s, Y23 t)

where pr and pp are forward wavefield and backward wavefield respectively, ¢ = ¢(x, y, 2)
is the velocity, f(t) is the wavelet function, and V? is the Laplacian operator.

To get a common shot image with correct migration amplitude, we need to apply "decon-
volution" image conditions(ICs)(Zhang et al., 2005):

R(T) = / ps(T5py' (T3 t)dt 27)
This IC is simple to apply in frequency domain for one-way wave equation migration.

However, it’s difficult to apply in time domain RTM. In practice, the "cross-correlation” is
often preferable for the reason of stability.

R(T) = / pu(T 5t st)dt (28)

Although this IC doesn’t appear to be consitent with the true-amplitude migration, a modi-
fied IC from equation 25 can be used to obtain true-amplitude angle gathers (Zhang et al.,
2007).

(i = V2pe(T:) =0 29)
pe(@,y.2 = 0;t) = 6(T — ) [, f(t)dt’
If we set Ricker wavelet as the source wavelet.
1 2 r2 1\2
f(t) =[1—27"f*( e ™) (30)

"7

The Ricker wavelet is a normalized second derivitive of the Gaussian distribution, so the
source function in equation 29 will be

t
/ f(t/)dt, = (t _ %)e—wzfQ(t_})Q an
0
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Blended acquisiton

The blended acquisition technique targets at removing the limitation of no interference
between adjacent shots by allowing sources to be shot simultaneously (Berkhout et al.,
2009). While conventional acquisitions record energy coming from only one source at
a time, blended acquisitions record energy coming from multiple sources simultaneously
(Garottu, 1983; Beasley et al., 1998; Berkhout, 2008), as shown in Figure 6.

| /A i

WY
N

FIG. 6. (a) and (b) are illustrations of conventional single shot acquisition and (c) is blended shot

WA
acquisition.

W

When seismic sources are acquired simultaneously, data quality is improved (e.g., through
denser shooting) and acquisition costs are reduced. This is possible because simultaneous
seismic source acquisition permits temporal overlap between shot recordings (e.g., efficient
wide-azimuth shooting).

METHOD
Hypotheses

1. The earth’s response can generally be approximated as linear and any response to
any complex force can be calculated as a sum of the displacement of constituent
body forces. Similarly, the response to multiple seismic sources can be considered a
sum of responses to each independent source.

2. There is only one wave direction per image point per image time. (Vyas et al., 2011)

3. The AVA response curve is continuous when the angle interval is relatively small.

Wave propagation direction for ADCIGs

In acoutic media, the model property is Vp, P wave velocity, and there’s only one scalar
wavefield P. The spatial gradient of the wavefield P, which includes the Poynting vector
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and the polarization direction AP, is used to determine the direction of wave propagation.

The model properties in acoustic with density media are V'p and density. Scalar wavefield
P and vector wavefield U are the wavefields. The wave propagates directly in the direc-
tion ¥/, with an amplitude of P. Reflectivity is obtained from impedance, which can be
generated by the model properties Vp and density.

There are also other modified wave equations to get reflectivity, like (Whitmore et al., 2020)

2
%T]; — [V?*V?P+VVV . .VP -2V*R-VP)] =S (32)

where R is reflectivity, V'V is spatial derivitive of velocity model.

But unlike equation 13 which naturally has vector wavefield, these kind of method still
rely on spatial gradient of scalar wavefield to derive propagation direction.

The ADCIGs extraction method is based on direction vector of the image point and irrele-
vant of the acquisition coordinates. So the ADCIGs method can be applied to blended data
as well. For unblended data, the signal in source and receiver wavefield corespond to each
other, as shown in Figure 7. Regarding the blended data, as Figure 8 illustrates, crosstalk
between the incorrect pair of source and receivers will result from the cross-correlation of
RTM image condition if energy from different sources arrives at different times. Noise will
be increased by other sources’ crosstalk. We will take into consideration at each reflec-
tion angle in ADCIGs to reduce the crosstalk. The reflection amplitude at an image point
is proportional to the incident amplitude for a given reflection angle. The ratio remains
constant regardless of the acquisition coordinates. Nonetheless, the optimal source and
receiver signal pair is always indicated by the cross-correlation’s maximum value.

Source wavefield unblend  Receiver wavefield unblend Cross-correlation unblend

|

FIG. 7. Cross-correlation of source and receiver wavefield for unblended data
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Source wavefield blend Receiver wavefield blend Cross-correlation blend

< o <

<

FIG. 8. Cross-correlation of source and receiver wavefield for blended data
Time domain FWI and angle gathers
A conventional time domain FWI can be expressed (Yang et al., 2015)

;;;;;;;;;;; D, : Observed data from v,

Foris=1:ns

For it=1:nt S: shot wavefield
D.,=stepforward(s,y, wavelet) G: receiver wavefield from Ad
82Dy Do Am : gradient update
end
-2
For it=nt:1 Am=V-SxG
G+= stepforward(G,v Ad)
= ) ' )
Am=VE§ x G Velocity(x,2)=FWI(D,,)

end
End
grad= Am
cg=-grad+B*cg
a=line search(v)
v=v+ a*cg

== end

FIG. 9. Pseudo code of time domain FWI

The iterative optimization is nonlinear conjugate gradient method, and the step-size is de-
termined by a line search algorithm.

We add ADCIGs into the time domain FWI. It can be seen that inside each iteration that the
velocity model is update at each reflection angle. The model is updated in small reflenction
angle first, then the updated model from small reflection angle is used for large angle. There
are different stepsize for each angle at every iteration.
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= For iter=1:niter Fori©=1:n 6

Foris=1:ns

cg(i ©)=-grad+p x cg,4(i ©)
a=line search(v)

Forit=1:nt

D, =stepforward(S,v,

wavelet)
Ad= -DQal 'Dobs

end

V=V+a X cg

end

end
For it=nt:1 ~

G+= stepforward(G,v Ad)
Am (x,z,0) = ADCIG(V?S,G)
end
End

FIG. 10. Pseudo code of anlge domain FWI

RESULTS AND DISCUSSION

We are using a cutted marmousi model as our true velocity model. The model is 130 times
350 points and bin interval is 5 meters. The density model is homogenous contant model
with the same size.
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FIG. 11. True velocity model

The smoothed velocity model is taken as initial model.

12 CREWES Research Report — Volume 35 (2023)



angle-dependent reflectivity

3000

20

40
2500

60

80
2000

100
120 ‘ l .‘ 1500

50 100 150 200 250 300 350

FIG. 12. Initial velocity model

Using conventional time domain FWI, the velocity model after 10 iteration is
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120

50 100 150 200 250 300 350

FIG. 13. The velocity model after 10 iteration

It can be seen that shallow subsurface structure has been updated.

For the angle domain FWI, in the first iteration, the 0-30, 36-60, 60-90 degree reflection
angle velocity models are:
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FIG. 14. The velocity model with the 0-30, 36-60, 60-90 degree reflection angle at 1 iteration

50 100 150 200 250 300 350 50 100 150 200 250 300 3t

In the 9th iteration:

m
0 5¢

50 100 150 200 250 300 350 0 100 150 200 250 300 350

FIG. 15. The velocity model with the 0-30, 36-60, 60-90 degree reflection angle at 9 iteration

50 100 150 200 250 300 350

The small reflection angle velocity model has higher amplitude.

The unblended and blended velocity model from angle domain FWI in the 20th iteration is

3000 3000
2800 2800
e 2600
2400 2400
2200 2200
2000 2000

1800
1800

1600
1600

1400
100 1400

1200
d g

1000 120

50 100 150 200 250 300 350 50 100 150 200 250 300 350

FIG. 16. The left is unblended velocity and on the right is blended velocity

It can be seen that the general trend of unblended and blended velocity looks alike, but the
blended one is worse in the sharp contrast part in the black circle.

In order to compare the AVA information from angle domain FWI, we pick a point at the
velocity model:
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50 100 150 200 250 300 350

FIG. 17. The location of AVA information in velocity model

The result of the AVA response is

AVA response for vel change and constant density 201

avo fd
o
|
|
|
|
[
|
|
-
uw
AN
A\
/ ,
[~

—— Sumulated wave peak \
—— Theory AVA N\

o 20 40 60 80 100

FIG. 18. On the left is the contrast of the theory and simulated AVA response at the image point,
on the right is the AVA information from the angle domain FWI in 1st and 10th iteration

In the left of the Figure 18, we plotted the the theory and simulated AVA response at the
image point, the peak of the reflection angle is different. One possible reason is that theory
AVA is for plane wave source, not spherical wave. The AVA response from angle domain
FWI fits the trend of the theory AVA response.

CONCLUSIONS

Aamplitude variation with angle /AVA information can be extracted from ADCIGs . RTM
/ two-way wave-equation migration is used for ADCIGs extraction. Wave-equation mi-
gration with velocity and reflectivity are updated simultaneously in acoustic media with
density. The simultaneous prediction of velocity and angle-dependent reflectivity in time
domain FWI could be used in blended data.

The ADCIGs have been demonstrated to be amplitude-preserved and hence suited for more
complicated models after comparing the AVA response with the Zoeppritz equations and
simulating forward modelling in a layered model. We can also use our ADCIGs to retrieve
data from blended acquisition. The AVA response from blended data processed using the
direct migration approach displays attributes similar to those of unblended data, proving
that our ADCIG extraction method is fairly effective for blended acquisition.
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FUTURE WORK
3D applications

Despite the high cost, 3D seismic surveys have many advantages compared with 2D sur-
veys. 3D seismic acquisitions provide a volume of closely spaced seismic data in three
dimensions. In contrast, the 2D seismic survey provides a slice of data in two dimensions.
Therefore, 3D has a wider field coverage than 2D. Moreover, 3D seismic surveys enhance
the signal-to-noise ratio (S/N) significantly (Gaarenstroom, 1984).

In the 2D seismic acquisition, the data is 3D: time, receiver coordinates, and shots coordi-
nates. We could deblend blended shots by transferring data from the shots domain to other
domains like the receiver domain, offset domain, and angle domain. The target shot will
be coherent, while other shots will be incoherent. However, in a 3D seismic survey, there
are five dimensions to represent data in minimum space: inline, crossline, offset, azimuth,
and time (other parameterizations are also possible). Deblending through multiple domain
transform is difficult because different domains are connected through complex physics.
Nevertheless, I believe changing domains will make shots other than shots incoherent since
only the target shot has the correct header and time shift.
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