Time and frequency domain LSRTM

Comparison between time domain and frequency domain
least-squares reverse time migration

Lei Yang and Daniel O. Trad
ABSTRACT

In this report, we compare the algorithms of least-squares reverse time migration (LSRTM)
in both time and frequency domain and propose a full waveform inversion (FWI) based
LSRTM method in the frequency domain. First we show the mathematical equivalence
between the gradient of the FWI objective function and the reverse time migration (RTM)
imaging condition. Then, we use the FWI formulation with the truncated Newton’s method,
to solve the linear equation which relates Hessian, model perturbation and the gradient by
linear conjugate gradient method. We use simple layer models to compare the two for-
mulations, LSRTM in time and frequency domain. Because of convergence problems that
we have not solved yet, we get lower resolution images with the frequency domain FWI-
LSRTM method. On the other hand, when the model is inaccurate, the reflector depth
seems less affected in the frequency domain. The FWI-based LSRTM method seems to
be more robust to velocity errors even if we don’t correct the background model as usu-
ally done in FWI. Low frequencies seem to be less affected by the inaccurate velocities,
and by model smoothness than the high frequencies, suggesting using methods from low
frequencies to constraint the high frequencies can help to develop a more robust LSRTM.

INTRODUCTION

The recorded seismic data can be treated as the result of forward modeling problem
and this is associated with solving the wave equation. For seismic inversion, the migration
operator is adjoint to the forward modeling operator. RTM, as a two-way migration method,
migrates the data residual using a zero-lag cross-correlation on the forward and backward
propagated wavefields. For conventional LSRTM methods in acoustic medium, the velocity
model can be split into two parts: a long-wavelength component, which corresponds to the
low frequency feature, and a short wavelength component, which corresponds to the high-
frequency feature in the model (Geng and Innanen, 2016). Based on this, the wavefield also
consists of two parts: the incident wavefield using wavelets as the source and the scattered
wavefield using data residual as the source. By the iterative algorithm of Born modeling
and RTM, the reflectivity model is solved by the conjugate gradient method. However, this
method depends largely on the initial model, such that if the initial model is inaccurate then
the result is also wrong.

Similar to LSRTM, FWI also involves minimizing the misfit function between observed
data and synthetic data (Virieux and Operto, 2009). Usually, FWI problems can be solved
by a two-loop algorithm: the inner loop is to iteratively solve for the model perturbation and
the outer loop is to update the current model and compute the synthetic data to get the new
residual. The inner loop can be treated as the LSRTM problem (Chen and Sacchi, 2018). In
fact, the gradient of the objective function can be proved to be equal to the image condition
of RTM. Therefore, the optimization of the gradient is a way to implement LSRTM. By the
Gauss-Newton approximation, using truncated Newton’s method is a good way to solve
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this problem (Pan et al., 2017). The Hessian-vector product is calculated in each iteration
in a matrix-free form. This method seems to be more robust to the inaccuracies in the
velocity model although the convergence problems are not solved yet.

THEORY
Frequency domain least-squares reverse time migration

In LSRTM, a reflectivity model is iteratively solved by a forward Born modeling oper-
ator and an adjoint (migration) operator. In the frequency domain, the Helmholtz equation
is used to solve the forward modeling problem. For 2D acoustic case, the wave equation
with constant density can be expressed as:

(s + V) utx) = .0, 1)

v2(x)

where w is the angular frequency, V2 is the Laplacian operator, v(x) is the velocity and
f(x,w) represents the source. When the source is the Dirac delta function §(x,w), the
equation 1 changes to:

w2

Ty

where G(x,w) is the Green’s function. To solve equation (1), we use frequency domain
finite-difference modeling to discretize the Helmholtz equation. The derivation is based on
a 5-point 2D square mesh with constant grid spacing on both x and z direction and we use
¢ and 7 to represent the horizontal and vertical respectively. By discretizing equation (1),
we have

+ V)G(x,w) = d(x,w), 2)
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where Ax and Az are the grid spacing respectively. FIG. 1 shows the element locations for
the 5-point 2D finite-difference stencil.
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FIG. 1. Symbolic abbreviations for element locations on a 5-point 2D FD stencil (Ajo-Franklin, 2005)
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We can write coefficients of the 5-point FD method as:
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To avoid boundary reflections, we use absorbing boundary condition (ABC) first proposed
by Engquist and Majda (1977)

= _itu=0 (5)
Take the top boundary(j = 1) for example, the discrete form of ABC is
Uj2 — U

, i1 . W
—_|_1
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FIG. 2 shows the impedance matrix for a 5 x 5 discrete model and the imaginary entries are
just located in the main diagonal of the impedance matrix, which are introduced by ABC.

Uj1 = 0 (6)

F
0
o0 [ ]
(] o @ Real Entries
° ® e Imaginary Entries
Py ° ginary
5 [ X [
o0
o (X X} [ ]
[ ] (X X} [ ]
[ ] [ X X J [ ]
10 o0
o0
[ ] [ L 1 J [ J
[ ] [ X X J [
[ ] [ X X [
15} o0
eoe
[ ] [ X X ] [ ]
[ ] [ X X ] [ ]
[ ] [ X X ] [ ]
20} o0
® o0
o @
o [ ]
[ [
251 [ ] 00

FIG. 2. The impedance matrix for a 5x5 discrete model (Ajo-Franklin, 2005)

In Born modeling, we assume the velocity of the earth model can be split into a smooth
part vg and a singular part dv:

v(x) = vo(x) + 0v(x). (7)
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vo(x) represents the long-wavelength components of the velocity model and dv(x) is
the short-wavelength velocity model, which contains the singular features. This short-
wavelength component will produce reflections and contains high resolution features, which
is the main object of the LSRTM. Similarly, the wavefield u(x,w) in the medium 0v(x)
can be also split into two parts:

u(x,w) = up(x,w) + du(x, w), (8)

where u(x,w) is the background wavefield and du(x,w) is the perturbed wavefield. Using
the Taylor’s expansion, we have

I 1 _ 1 _25V(X) 2
V0 e LV VA Vi oY) ©

If we neglect the higher order term O(dv?), and substitute equation (8) into equation (1),we
have

(4 (o~ o))+ 9°) (o) 4 dut ) = Fx). (10

vp(x) Vo (x)

Rearranging equation (10) and consider du(x, w) is weak, we have the incident wavefield

2
w 2
= f 11
(V(z)(X) +V ) uO(Xa w) <X7w)7 ( )
and scattered wavefield
2
w 9 N 520V (x)

where ———= represents the reflectivity model. The Born approximation is applied in
vy(x

equation (12), where the scattered wavefield du(x,w) is considered very weak and ne-
glected in the right side of equation (12). These two wavefields can be calculated by two
finite-difference schemes respectively. For the incident wavefield ug(x, w), the wavefield is
generated by the source f(x, w) in the background model v3(x) while the source changes
520V (x)
i
Vo (x)
w? is the second time derivative in the time domain. Applying the ajoint state method on
equation (11) and equation (12), we have the RTM imaging condition:

ug(x,w) for the scattered wavefield in the same background model where

m,,;,(x) = Z éRe(éu(x, w) G (x4]x) G (x[x)fT (x, w)). (13)

ns Nw

20
Myyig(X) is the migration result ;’ ()
Vo (x)

G (xs|x) and G (x|x’) represent the conjugate transpose of the Green’s functions, which
illustrates the cross-correlation of two wavefields as the imaging condition of LSRTM. So
far, I have illustrated the forward modeling and migration process in frequency domain

, which is usually called reflectivity in LSRTM.
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LSRTM. I will use matrix form to show the linearized inversion process in the following
section.

The linear modeling step can be expressed as
d = Lm, (14)

and the migration step is
m = L7d, (15)

where d is scattered wavefield data, L is the modeling operator Go(xs|x)Go(x|x’) f (2, w)
and L7 is the conjugate transpose of L. By using the linear conjugate gradient method, the
reflectivity model m can be iteratively solved by the scheme (Dai et al., 2012):

g® = LT[L(m™") —d], (16)
(k)\T
0o 897k (17)
(Lg®))TLg)’
mED — k) ozg(k), (18)

where « is the step length. This step length is not accurate enough when the forward
modeling and migration operator are not exactly adjoint. To improve the convergence rate,
a line search method in quasi-linear approach can be applied in this circumstance.

FWI-based LSRTM in frequency domain

In this section, we propose a FWI-based LSRTM algorithm in the 2D acoustic constant
density case. This problem is formulated from the objective function of FWI:

1 1
Jm) =23 > [l dobs(xs, @) — deyn(m, xs, @)= 5 > > [léd], (19)

Nw MNs Nw Ns

where dgps is the observed data, dgy, = Ru is the synthetic data in which R is the extrac-
tion operator.

The gradient

Starting from equation (19), we will prove that the gradient of FWI objective function
is equal to the RTM operator. The squared data residual in equation (19) can be expanded
as

HddHQ = (dobs - dsyn)T(dobs - dsyn)*

=dl . df, —di . —dr di. +dL d:

obs ™ obs obs“'syn syn —obs syn -syn’

(20)

where * means conjugate and T means transpose. Inserting equation (35) into equation
(19) and taking derivative of equation (19) with respect to m, we have
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~ 0J(m)
&= om
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1 od; od
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Because

Z+ 7" =ReZ +iImZ + ReZ — iImZ = 2ReZ, (22)

we can rewrite the gradient as:

odX
g = —ZRe < 8rr}; 5d*>

(23)

T
syn

The term represents the Fréchet derivative and dd* is the conjugate of the data

m
residual. To derive the complete form of the Fréchet derivative, we write the acoustic wave
equation in the matrix form:

A(m,w)u(m,xs,w) = f(XS,UJ) (24)

A(m,w) = (w?m(x) + V?) (25)

where A (m, w) is the impedance matrix.

Take derivative on each side of the equation (24) with respect to model parameter m
and put one term in the other side of the equation, we have

du(m,xs,w)  OA(m,w)

om om

A(m,w) u(m, Xg, w). (26)

This equation shows that the Fréchet derivative can be obtained by solving the equation
(26) with a virtual source term

~ 0A(m,w)

om

f= u(m, xg, w) 27)

Therefore, the Fréchet derivative can be written as

Ju(m, x5, w)
Om

_ OA(m,w)
— A Ym ’
B (m, w) Om

= —G(x[X)w? G (xs]x)f (x5, w),

u(m, XSa (.U)

(28)
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Because dsy, = Ru and R is a real-valued operator which is independent of model m, the
gradient of FWI objective function is

ey ()
:_iZRe (RTau e )6d)

— Z Z w2Re RTGT(X|X )GT(X5|X)er(XS, W)R(Su)

n, ns

=R™R) ) wRe (Gl (x[x) G (x:[x)f" (x5, w)ou).

n, ns

(29)

Comparing the imaging equation (13) and the gradient equation (29), we conclude that the
imaging condition of RTM is equal to the gradient of the FWI objective function, except

1
for the small coefficient changes where the coefficient ) — changes to RTRY  w?
w w w

In fact, the term RTR is the number of the receivers on the surface.

If we take derivative of the transpose of wavefield u(m, xs,w) with respect to m and
substitute the result into equation (23), the matrix form of equation (29) can be formed as:

= Re <HZ:1WZ < u(m, x., w (%)T (A—l(m,w))TRTéd*))

The conjugate of the data residual in the frequency domain is equal to the data time reversed
in time domain and the data residual is back projected to the whole space using the operator
RT, before it is propagated back to the subsurface by the term (A~!(m, w))T (Geng et al.,
2017). Since only the real part is considered in the gradient computation, by using the
adjoint impedance matrix, we have

;
g = Re (ZZ( m, Xg, W (%) (Al(m,w))TRT(5d>>, (31)

O0A (m,w)
Oom
trix form of gradient computation. Now with the gradient equation, we are able to use steep-
est decent method to update the initial model in a FWI problem. However, the gradient-
based method only accounts for the first-order scattered data, which will cause severe faults
when the data contains second-order scattered data. In this situation, the second-ordered
derivative of the objective function (Hessian) can alleviate this problem. This requires the

Newton-based method to be applied in the model perturbation computation.

(30)

1
where we keep ) for different parameterization. Therefore, we have the ma-
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The Hessian
We expand the objective function of FWI in Taylor series
J(m + 0m) = J(m) + émTg + %(5mTH(5m + ... (32)
When the minimum of the misfit function is reached, and neglecting the higher order terms,
J(m +6m) — J(m) ~ omTg + %6mTH5m =0. (33)

Therefore, we have the linear equation which connects the gradient, Hessian and model
perturbation. Starting from this equation, we formulate the linear relationship:

Him = —g. (34)

Based on this, the objective function of FWI-based LSRTM in image domain is
1 2
®(sm) = || - g — Hom|?. (35)

Because Hessian is an extremely large and dense matrix for large scale inverse problem
and has large computation cost of its inverse, there are many ways to compute approximate
Hessian. If the model dimension is M x IV, Hessian will be a M N x M N symmetric square
matrix (M N means M x N). In the following section, I will derive the full Hessian by
taking the second derivative of the FWI’s objective function. Recall the objective function

of FWI
ZZHdObS Xs, W _dSyn(m7X87w)H2

= 233" (do — Ru)(dop — Ru)',

Ny MNs

(36)

Take first order partial derivative with m for objective function is

Z Z ( obs - 1:{11)Jr + (dobs — Ru)( ].:{,]L g;)) (37)

and the second order derivative is

2 T
3J Z Z R dope — Ru)' + LRRIIY
Om Om
e T (38)
ou ou' 0%u
el 77 _ Rt
+ 8mRR m R mZ (dobs — Ru)
Take the real part of equation (38), the full Hessian is
0J2(m)
H(m) = Re ( T2 ) = B(m) + C(m) (39)
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where

;
B(m) = Re (Z > %RR@%) : (40)

2
C(m) = Re (Z Y Ri(Ru- dobs)%> 41)

The matrix B(m) is known as the Gauss-Newton approximation of the Hessian operator
when the expression C(m) is neglected (Métivier et al., 2013). Substituting equation (28)
into (40), the Hessian vector product using Gauss-Newton approximation is

OA OA f
Hém = UMA_I(m, w)RR(A™ (m,w))! OA(m,w) u'dm (42)
Om om
To solve the linear equation Hom = —g, we use linear conjugate gradient method to get

om iteratively.

Time domain least-squares reverse time migration

The 2D acoustic wave equation with constant density in time domain is
1 9°p(x,t;xs)
v2(x) ot?

where f5(x, t;x5) = f(t')d(x — x5)d(t — t') represents the source. Similarly, the wavefield
can be split into 2 parts:

- V2p<X7 ta Xs) = fs(xa ta Xs)a (43)

1 02 9
(%w +V ) uo(x,t) = f(x,t), (44)
1 92 9 _20v(x) Q%ug(x,t)
(e +¥°) e = 5 5, @)

Equation (44) and (45) represent the incident wavefield and scattered wavefield respec-
tively. Different from frequency domain, we cannot write the wave equation as the matrix
multiplication form. Therefore, the wavefield is calculated by each time slice, which can
be describe as:

pn+1 — 2pn _ pn—1 4 At202v2p“ + Athn (46)
p" is the pressure at time step n and f™ is the source term. The imaging condition used in
time domain LSRTM algorithm is

Myig(X) = > Y ¢s(x,t)0p(x, T — t), (47)

ns Nt

which represents the process of the source wavefield ¢s(x,t) and the receiver wavefield
¢r(x, T — t) cross-correlation. This imaging condition is the same as the imaging condi-
tion in the frequency domain. In the following section, we will present some examples to
compare time domain LSRTM and FWI-based LSRTM in frequency domain.
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NUMERICAL EXAMPLES

In this section, we will show several tests to compare the time domain and the FWI-
based frequency domain LSRTM for cases when the velocity model is very wrong. The
goal is to observe if either approach is more robust than the other. The model dimensions
for all the tests are 126 points for the vertical axis and 384 points for the horizontal axis and
the grid spacing is 8m. FIG. 3. shows a 2-layer model with velocities of 3000m/s for the
upper layer and 4000m/s for the lower layer. The interface is at depth 560m and the wrong
velocity model is set to a constant value of 3300m/s. The migration results are shown in
FIG. 4. Because the velocity of the first layer is wrong (3300m/s instead of 3000m/s), the
reflector depth is wrongly mapped for the time domain RTM, to around 600m instead of
560m, deeper as expected for velocity too fast. On the other hand, the FWI-based frequency
domain LSRTM seems to provide the correct location, although the resolution is poor. One
of the goals of this ongoing research is to find out why the frequency domain migration has
this lower resolution but more robustenss.

True model Initial model
4000 0 4000
3800 200 3800
3600 g 400 3600
=
&
3400 A 600 3400
800 3200 800 3200
1000 3000 1 000 3000
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Distance (m) Distance (m)
(a) The true model (b) The initial model

FIG. 3. The true model and the initial model

RTM image FD RTM image TD

e |
100! 0
500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

Distance (m) Distance (m)

(a) RTM in frequency domain (b) RTM in time domain
FIG. 4. RTM of a 2-layer model in frequency and time domain

In the second test, we use a model with similar velocities as before, 3000m/s for the
first layer and 4000m/s for the second layer, but this time we insert a small block in the
second layer with the velocity of the first layer (3000m/s). We use a wrong velocity of
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3000m/s, which is incorrect for the second layer. Therefore we expect that the reflector
depth will be correct for both methods, but the block should appear smeared in both cases.
Also, we expect that the LSRTM will not be able to improve focusing since residuals will
not help convergence towards the true model (gradient will be wrong). FIG. 6. and FIG.
7. illustrate the results of RTM and LSRTM for this case. As expected, there is no obvious
improvement from RTM when using LSRTM. The side boundaries are poorly imaged,
which indicates poor focusing due to the wrong velocity. As before, the depth of the block
seems more accurate in the FWI-based LSRTM. Because the reflector should have been
correctly mapped for both cases, the fact that the frequency domain version shows low
resolution indicates that this method suffers from convergence problems when the velocity
1s wrong, which does not affect the time domain version at the location of the first reflector.
The nature of the frequency domain solution, direct instead of sequential as in the time
domain, maybe the reason behind this observation.

True model Initial model
4000 0 4000
3900 3900
3800 3800
3700 3ro0
3600 £ 400 3600
=
3500 S s00 3500
Q.
3400 8 600 3400
3300 700 3300
3200 800 3200
3100 900 3100
3000 ‘\DDD 3000
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Distance (m) Distance (m)
(a) The true model (b) The initial model

FIG. 5. The true model and the initial model for a blocky model

RTM image RTM image TD

600 |

Depth (m)
Depth (m)

500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Distance (m) Distance (m)

(a) RTM in frequency domain (b) RTM in time domain

FIG. 6. RTM of the blocky model in frequency and time domain

In the final test, we use the Marmousi model, again with wrong velocities. To create
the wrong velocities we apply a very heavy smoothing, much more than usually done to
honour Born modeling approximation. FIG. 8. shows the true model and the smoothed
model. Comparing the results in different domains (FIG. 9 and FIG. 10), the FWI-based
LSRTM can locate the reflectors at approximately correct locations but suffers from the
noise and convergence problems. The FWI-based LSRTM seems to have more details than
the time domain version, in particular deeper in the section.
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LSRTM image

Depth (m)
g 8 3

o 500 1000 1500 2000 2500 3000
Distance (m)

(a) LSRTM in frequency domain

LSRTM image TD

0 500 1000 1500 2000 2500 3000
Distance (m)

(b) LSRTM in time domain

FIG. 7. LSRTM of the blocky model in frequency and time domain
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(a) The true model
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(b) The initial model

Depth (m)

FIG. 8. The true model and the initial model of the resampled Marmousi model

RTM image FD

Depth (m)
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Distance (m)

(a) RTM in frequency domain

RTM image TD

Depth (m)
g g 8

0 500 1000 1500 2000 2500 3000
Distance (m)

(b) RTM in time domain

FIG. 9. RTM of the Marmousi model in frequency and time domain

CONCLUSIONS

In this paper, we first compare the LSRTM in frequency and time domains and then pro-
pose a FWI-based LSRTM in the frequency domain. This method is based on the objective
function of FWI and uses truncated Newton’s method to solve for the model perturba-
tion. We used three examples to compare these algorithms and understand the strength and
weakness of each method. The conventional time domain LSRTM has a good convergence
and sharper image when the velocity model is correct, but when the model is wrong, the
reflectors are not correctly located. For the FWI-based LSRTM in the frequency domain
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LSRTM image TD

// ,:,"l

Depth (m)
Depth (m)

o 500 1000 1500 2000 2500 3000 0 500 1000 1 500 2000 2500 3000
Distance (m) Distance (m)

(a) LSRTM in frequency domain (b) LSRTM in time domain

FIG. 10. LSRTM of the Marmousi model in frequency and time domain

with wrong velocities, although it suffers from convergence problems, it seems to locate
the reflectors at the correct locations. We speculate that low frequencies seem to be less
affected by the wrong velocities. If this is true, we expect to be able to develop a RTM in
the frequency domain that uses information from the low frequencies to constrain the high
frequencies. Also, we plan to investigate further how the convergence is affected in each
case when the velocities are wrong.
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