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Abstract

Full waveform inversion is a least squares technique that estimates rocks parameters by find-
ing the model that reduces the difference between synthetic and acquired seismic data. This
project is focused on acoustic inversion. The main goal is to understand and develop an
FWTI algorithm that is cheap and provides a higher quality inversion. The steepest-descent
method is shown to be robust with some level of guarantee to converge, when the geology
is simple, and when the starting model is close to the global minimum. Understanding that
the gradient can be estimated by any pre-stack depth migration of the residuals, the RTM
(reverse-time migration) is replaced by a PSPI (phase shift plus interpolation) migration, to
reduce cost. Even though the method was shown to be expensive, mostly by the number
of synthetic shots required and the pre-stack migration. By using a monochromatic aver-
aged gradient combined with a conjugate gradient algorithm, inversion is possible for more
complex geology, like a simulation on a 2D acoustic Marmousi model. However, the cost
to run the process increased significantly, as each frequency on a selected band is migrated
separately to form a pseudo-gradient, and are weighted averaged for the update. Inversion
is simplified by applying an impedance inversion on the reflection coefficients based gradient
using a band-limited impedance inversion (BLIMP) algorithm. Cost is reduced, being com-
parable to the standard steepest-descent, and the inverted model resolution is kept similar
to the one using the monochromatic averaged gradient. Later, we came with a new inter-
pretation of the gradient, understood to be the difference between current model and the
impedance inversion of the migrated acquired data. No forward modeling or source estima-
tion are required to compute the gradient. The cost per iteration is the same of the PSPI
migration. A post-stack method is shown to be even cheaper and promising. Using a well
sonic log to calibrate the gradient reduces method cost and improves its resolution, and is

our most impressive solution.
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Chapter 1

Introduction

Seismic inversion techniques are the ones that use intrinsic information contained in the data
to determine rock properties by matching a model response that ”describes” the data. Some
examples are the variation of amplitude versus offset, or AVO (Shuey, 1985; Fatti et al.,
1994), the traveltime differences between traces, named traveltime tomography (Langan
et al., 1984; Bishop and Spongberg, 1984; Cutler et al., 1984), or even by matching synthetic
data to the observed data, as it is done in full waveform inversion (Tarantola, 1984; Pratt
et al., 1998; Virieux and Operto, 2009; Margrave et al., 2010), among others. These inversions
can compute rock parameters such as P and S waves velocities, density, viscosity and others.
In this work we are focused in the inversion of the P wave velocity.

FWI is a least squares based inversion, whose objective is to find the model parameters
that minimizes the difference between observed (acquired) and synthetic data (Margrave
et al., 2011), called the residuals. This is accomplished in an iterative fit method by lineariz-
ing a non-linear problem. It is a machine learning method very similar to a Ridge Regression
(Chipman, 1999), which minimizes non-linear problems by adding a regularization term
to avoid over fitting (smoothing the model). In seismic processing, we can regularize the
inversion by convolving the model with a 2D Gaussian window (Margrave et al., 2010).

The full waveform inversion was proposed in the early 80’s, as reviewed by Pratt et al.
(1998), but the technique was considered too expensive in computational terms. Lailly (1983)
and Tarantola (1984) simplified the methodology by using the steepest-descent method (or
gradient method) in the time domain to minimize the objective function without calculating,
explicitly, the partial derivatives. They show that the gradient is equivalent to a reverse-time

migration (RTM) of the residuals. Pratt et al. (1998) develop a matrix formulation for the full



waveform inversion in the frequency domain and presented more efficient ways to compute
the gradient and the inverse of the Hessian matrix (the sensitivity matrix), using the Gauss-
Newton, and the Newton approximations. The FWI is shown to be more efficient if applied
in a multi-scale method, where lower frequencies are inverted first, and higher frequencies are
inverted as more iterations are done (Pratt et al., 1998; Virieux and Operto, 2009; Margrave
et al., 2010). An overview of the FWI theory and studies is compiled by Virieux and Operto
(2009). Lindseth (1979) showed that an impedance inversion from seismic data alone is
not effective due to the lack of low seismic frequencies during the acquisition but could be
compensated by the match with a sonic log profile. Margrave et al. (2010) and Romahn and
Innanen (2016) used a gradient method and matched it with sonic log profiles to compensate
the absence of the low frequency and to calibrate the model update by computing the step
length and a phase rotation (avoiding cycle skipping). Margrave et al. (2010) also proposed
the use of a PSPI (phase-shift-plus-interpolation) migration (Ferguson and Margrave, 2005)
instead of the RTM, so the iterations are done in time domain but only selected frequency
bands are migrated, using a deconvolution imaging condition (Margrave et al., 2011; Pan
et al., 2013) as a better reflectivity estimation. Warner and Guasch (2014) use the deviation
of the Wiener filters of the real and estimated data as the objective function, which provides
very accurate models.

The present project is focused on the implementation of the steepest descent (gradient)
method. I am presenting my tests and results following the order how developments were
implemented during the Ph.D program.

The starting point of the research is presented in chapter 2, showing the results of the
gradient method using the PSPI migration (Ferguson and Margrave, 1996, 2005) with a de-
convolution imaging condition to backpropagate the residuals (Margrave et al., 2010; Guarido
et al., 2014) on a simple velocity model. The method is applied in time domain where a 2D

finite difference algorithm generates the synthetic data but only a selected frequency band



is migrated (thanks to the way PSPI migration works), and a line search is used for the step
length estimation. Lately, the algorithm is tested on the Marmousi model (Versteeg, 1991),
which becomes the main testing model for the next chapters.

Following chapter 3, it is proposed that the gradient can be computed by taking the
average of each frequency migrated separately (Guarido et al., 2015). Improvement also
came by the implementation of a conjugate gradient algorithm (Zhou et al., 1995; Vigh and
Starr, 2008). The step length is estimated by a single forward modeling using Pica et al.
(1990)’s approximation.

In chapter 4, I introduce the band limited impedance inversion (BLIMP) to transform a
reflection coefficient gradient (migration output) to a velocity update that is optimized by
the step length (Guarido et al., 2016).

The most promising results of the research are presented on chapters 5, 6 and 7, with a
new interpretation of the gradient and the possibility for a forward modeling-free FWI. In
chapter 5, it is proposed a new approximation for the gradient that doesn’t require forward
modeling and source estimation while computing the residuals: we understood it as the
impedance (velocity) difference between the acquired data with BLIMP applied and the
current model (Guarido et al., 2016), reducing time and resource required to apply the FWI
routine in the Marmousi simulation.

In chapter 6 the understanding of the forward modeling-free gradient allowed the method
to be expanded to post-stack solution, allowing the routine to be applied by anyone with a
simple laptop.

Calibrating the gradient by using a sonic log as a pilot (Margrave et al., 2010; Romahn
and Innanen, 2016) combines with the pre and post-stack forward modeling-free gradient
methods, to create a method 100% forward modeling-free, and it is presented in chapter 7.
In the same chapter, we also show how the improvement of the velocity model after the FWI

can provide a better migration velocity.



Finally, this thesis ends with the conclusions and an analysis of the time/resolution

trade-off of each methodology tested.



Chapter 2

First analysis of the full waveform inversion method

This section presents the basic mathematical approximation of a full waveform inversion that
to estimates the gradient from the objective function by a reverse time migration (RTM),
the matrix representation for the Newton, Gauss-Newton and gradient (steepest descent)
methods and the deconvolution imaging conditions for the gradient.

Analysis and validation of the method is done on a simple acoustic model using the
steepest descent approximation. Residuals are migrated with a phase-shift plus interpolation
(PSPI) migration, with a deconvolution imaging condition, instead of the RTM. I do an
analyze in how the migrated residuals must be muted before stacking to avoid the addition
of artifacts in the inverted model. The step length is estimated by trial and error and
interpolation.

The inverted models shown high resolution on a simple geology model, but its accuracy
varies with the quality of the initial model. T also tested the algorithm in the Marmousi
model, showing convergence of the objective function with the divergence of the inverted

model, suggesting the minimization to a local minimum.

2.1 Theory

2.1.1 The objective function

The goal of the FWT is to minimize the difference between the acquired data and the synthetic
data obtained from an initial guess model by iteratively updating the model. The misfit

function, or residual wavefield, is:

SP(rg, 75, w|s) = Plry, 1y, w) — G(rg, 7y, w|si™) (2.1)



where P(rg, rs,w) is the acquired data, G(rg,rs,w\sé")) is the synthetic data, sén)(r) =
1/¢§ ,(r) is the squared-slowness in the nth iteration, ¢j(r) is the velocity, r4 and r, are the
receiver and source position vectors respectively, and w is the angular frequency. On each

iteration, I update sq until the objective function ® is minimized:

o (sén)> = %/ (g |5P|2> dw (2.2)

Margrave et al. (2011) derive the parameter update 538” (r"”) by calculating the first

derivative of <I>( ) 4 550 ) and setting it to zero. The expression is:

5 () = /H r",r’ g™ (r")dr! (2.3)
where
0P (s(()n)>
9" = — (2.4)
sy (')
and

(n)
40 = —af(() 3
0

:_Z/ G (ry, 7y, wlsl" )5P*(rg,rs,w|8(()")) dw (2.5)
dsy” (r)
0

is the gradient. The Hessian is

o2 n)
HO(r 1) = — (5 (n>) (2.6)
Jsy(r")0sy (1)

where r, r’ and 7" are arbitrary positions into the slowness model. The Hessian defines the

curvature of the misfit function at my.



Margrave et al. (2011) compute the gradient in terms of the Green’s function applying
a small perturbation 53(()n)(r) leading to small changes in the field, which I represent by
6G(ry,7s, w|s(()n)). Now, I have the relationship:
oG G (g, 74, w|s)

lim — — — %G NG, r,, w|s™ 2.7
6;210 Ss 88(()”)(1") w (T97T’w|30 ) (Tvr 7w|30 ) ( )

Substituting equation 2.7 into equation 2.5, the gradient can be written:

§r) =[Gl wls) X (Gl ol )P (el (28)

5,9
Equation 2.8 can be interpreted as a depth migration of the data residuals (more specif-
ically, a reverse-time migration). Margrave et al. (2010) use a similar representation for the
gradient but for the time domain and recognize that the gradient is a pre-stack reverse-time
migration (RTM) with a cross-correlation imaging condition.
In the next section, I present a matrix approximation for the FWI and the Newton,

Gauss-Newton, and gradient approximations of the Hessian.

2.1.2 The Newton, Gauss-Newton and gradient methods

The objective of the FWI is to find a model that generates synthetic data equal to the
observed data (where the misfit function vanishes).

Rewriting equation 2.1 as a misfit vector, I have Ad = dys — dsyn(m) of dimension N,
where dgs is the acquired data, dg,, is the data prediction (forward modeling) and m is
the model. The minimization of the misfit function is done using least-squares method. The

L2-norm of the misfit is:

C(m) = %AdTAd (2.9)

where 1 denotes the transpose conjugate.



Virieux and Operto (2009) minimize equation 2.9 with a second-order Taylor-Lagrange
expansion around a initial model mg plus a perturbation model Am (the updated model is
m = my + Am), with L2-norm as C(mg + Am). They compute the derivative with respect
to the model parameter m and set it equal to zero to find the minimum. The solution is

written as:

(2.10)

Am = — [320(mo)} 1 9C (mo)

om? om
On the second part of the equation 2.10, the first derivative of the objective function is

the gradient and can be written as:

_ 9C(my)

VCn m

= —R [JTAd] (2.11)

where J is the sensitivity or the Frechet derivative matrix (Jacobian) and R denotes the real
part of the gradient.
The first term of equation 2.10 is found by a differentiation of equation 2.11 and evaluating

it at m = my:

92C(my)

Om?

— R [JTJ } R {E(Ad* AdY) (2.12)
= 0Jo om? 0--- 0 .

where the symbol * denotes complex number and (Adg . .. Ady) is a vector with the same size
of parameters m. More details can be found in Pratt et al. (1998). Substituting equations

2.11 and 2.12 into equation 2.10:

-1

3T .
Am=—{ R J$J0+a O (Ady ... Adp) R [IFAd] (2.13)
NS g
He;s’ian Gradient

This result is known as the Newton method and has a quadratic local convergence. This
solution is used for nonlinear problems (as in most seismic problems), but demands a big

effort to be calculated (Pratt et al., 1998).



As an approximation of equation 2.13, the problem is assumed to be linear and the second

term of the Hessian vanishes, leading to the solution:

Am = — {a% [JgJO} }_1 R [JTAd] (2.14)

This approximation is known as the Gauss-Newton method.

The gradient method is another simple approximation of the solution of the equation
2.13 where the Hessian is taken to be equivalent to the indented matrix I, and the gradient
is multiplied by a scalar «, which is determined, in general, by a line search (Pratt et al.,

1998) to make the convergence faster. The gradient method can be written as:

Am = —aR [JTAd] (2.15)

In the next section, the Gauss-Newton solution is used to demonstrate the deconvolution

imaging condition in the migration (gradient) as another type of Hessian approximation.

2.1.3  Deconvolution imaging condition

At this point, let me first introduce the forward problem (namely, modeling the full seismic

wavefield). The wave equation in time domain is:

d*u(x,t)

M(x)—z

= A(x)u(x,t) + s(x,t) (2.16)

where M and A are the mass and stiffness matrices, respectively (Marfurt, 1984), s is the
source, u is the wavefield, ¢ is the time and x represents the spatial coordinates. In frequency
domain (taking the Fourier transform of equation 2.16), the wave equation reduces is reduced
to a system of linear equations, with the source in the right-hand side and the wavefield as

the solution (Virieux and Operto, 2009). Equation 2.16 can be compacted to:

B(x,w)u(x,w) = s(x,w) (2.17)



where B is the impedance matrix, or a forward-problem operator (Marfurt, 1984).

Now, let me go back to the Gauss-Newton method and introduce an approximation of the
inverse Hessian in terms of a deconvolution imaging condition. Usually a correlation imaging
condition is used during migration due to its stability, but it lacks true amplitude. Margrave
et al. (2010) use a deconvolution imaging condition in the migration of the residuals and

Margrave et al. (2011) develop a numerical assumption. Let’s rewrite the equation 2.14 as:

Am = —R [(JTW,I) +eW,,] ' R [TTW,Ad]

— —R[(IIW,I) +eW,,] ' R [ITW,Ad"] (2.18)
Inverse of ﬁgssian term Gradi;nrt term

where W, =SS, is a data-weighting matrix, W,,, = St S, is a regularization matrix and
e is a stabilization factor (to avoid zeros during computation). The operator S, can be used
as a diagonal weighting operator to control the weight of the elements of the misfit vector.
The operator S,, is, in general, used as a roughness operator, to penalize the roughness of
the model m. The symbol * is the complex conjugate.

The Jacobian can be explicitly written as:

ou 0B
- —_pB1==
op op v

where B is the forward modeling operator, also known as the impedance matrix (Marfurt,

J (2.19)

1984), B! is the Green’s operator and u is the wavefield.
Now, replacing the Jacobian of equation 2.19 in gradient term of equation 2.18, expanding

and letting Wy = I, the gradient is:

VOp=R|u'— B Ad (2.20)

back-propagated time
reversed residual

The gradient of the equation 2.20 is a reverse time migration with a cross-correlation

imaging condition (Tarantola, 1984).
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Doing the same in the Hessian term, I have:

scatterer weighting
OB\ OB
H=% |u (a_) B ''B! Sou (2.21)
p N p

geometrical spreading

The term (0B/0dp)? is equals to w? and (B71)T(B™!) is, for a homogeneous medium,
equals to r=2 (Margrave et al., 2011). Substituting equations 2.20 and 2.21 into equation
2.18, T get:

2 R (W!'BPTR
A — () 2L )
w R (ufu)
decon;glution
imaging condition

(2.22)

where the BPTR is the backpropagated time-reversed data residual BT Ad (in other
words, a reverse-time migration), which is divided by the autocorrelation of the downward
propagated field. This is equivalent to a deconvolution imaging condition (Claerbout, 1971).

Equation 2.22 shows that the model update can basically be computed by a reverse-time
migration of the residuals with a deconvolution imaging condition. Margrave et al. (2010)
used a WEM (wave-equation migration), combined with well information to do a velocity
inversion. Our goal is to follow the same assumption as Margrave et al. (2010), interpreting
the FWI routine as combination of seismic processing tools and using a PSPI (phase-shift-

plus-interpolation) migration to compute the gradient.

2.1.4 Trial and error line search to estimate the step length

Gradient is a result of the migrated residuals (which are stacked for all shot positions) and it
is a reflection coefficients model. Coming back to equation 2.15, the gradient requires to be
multiplied by a scalar « before updating the current model. This scalar determines the step
length (Lines and Treitel, 1984). On the steepest descent method, the step length can be

understood in two different ways: 1) as the gradient is a matrix of small numbers (reflection
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coefficients), the step length can be understood as a scale factor that optimizes the update
and, 2) it can be interpreted as an impedance inversion operator (if an impedance inversion

is not applied on the gradient). I am going to refer the step length as a scale factor.

10210”
% Tested Scale Factors
—Quadratic Fit
9 g
8- . o i
,"(’ *5
7 * _
5 ' *
g e 1
w
*
5- 4
4 i
3 i
2 L L L
2 -1 0 1 2 3
Scale Factor x10°

Figure 2.1: The trial and error line search. 21 tries (red dots) are performed around a minimum
and maximum and a quadratic interpolation (blue line), using the 3 tries with the smallest error,
contains the optimized scale factor for the model update.

On this initial test of the FWI method, the scale factor (step length) needs to be selected
in a way to minimize the objective function (equation 2.1). This can be accomplished by a
line search. I use 21 different values of step lengths (by find the maximum and minimum
difference of the gradient and current model, and using 21 values equally distant inside the
interval), update the model with each one of them, generate a synthetic shot for each one,
and compute the error (objective function) for each one of the models (the red dots on figure
2.1), so I can draw the objective function to analyze its behavior and be able to optimize it.
Later, the 3 points with the smallest errors are used to interpolate a quadratic curve (the

blue line on figure 2.1). The optimized scale factor is the minimum value of the quadratic

fit.
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2.1.5 Migration cost analysis

One of the main proposals of this work is to replace the pre-stack depth migration from RTM
to PSPI. The main reason is to reduce cost, but preserving its resolution the most. Gray
(1999) compares the RTM, PSPI and Kirchhoff migrations by their computational cost in
terms of Fourier transforms and grid points for each depth step.

Let N be the total number of grid points of a seismic data (N = n x m of a matrix
with size n x m). The Kirchhoff migration is a ray-tracing based migration and its costs is
estimated (Gray, 1999) as approximately in the order of O(N), mainly dominated by the cost
of the interpolation (summation over the number of the traces in the aperture). Kirchhoff
migration can handle step dips, but lacks in retrieve an accurate amplitude in the process
and has limitations for lateral variations of the velocity model.

The total cost of a Fourier transform is Nlog(N). The PSPI migration transforms the
data to the frequency domain by a Fourier transform and apply a downward continuation
of a depth step Az for N, reference velocities. The cost for that is, for all the reference
velocities, of O(N,Nlog(N)). The PSPI migration provides a more accurate amplitude and
handles lateral velocity variation, but can not image steep dips with high accuracy.

The reverse-time-migration (RTM) does not have any of the limitations listed above, but
it comes with a high computational cost (O(N?)). In table 2.1 T summarize the advantages

and disadvantages of the three times of migration discussed.

Table 2.1: Comparing the advantages and disadvantages of the Kirchhoff, PSPI and RTM migra-
tions.) are simulations of well positions.

H H Kirchhoff \ PSPI \ RTM H
Lateral velocity variation No Yes Yes
Can image steep (> 70°) dips Yes No Yes
Accurate amplitude No Yes Yes
Computational cost O(N) O(N,Nlog(N)) | O(N?)

In my work, I selected a migration algorithm that provides a high resolution image with

13



lower costs. By selecting the PSPI to be my standard migration operator, I have a balanced
algorithm in the cost-benefit trade-off. However, I believe that FWI can be executed with
any pre-stack depth migration. For more simple areas, maybe the Kirchhoff migration is
enough for the inversion. On areas with presence of salt bodies, the RTM (back to the

standard FWI) would be the perfect choice.

2.2  Simulation

2.2.1 Mute selection

The FWI using a PSPI migration with a deconvolution imaging condition is tested on syn-
thetic data only. A velocity model (figure 2.2) is used for the forward modeling, simulating

a 2D seismic marine acquisition, and has a resolution of 10x10 meters. The red line is the

== Water Bottom
— Well 50
= = = Well 75

3500

3000

- 12500

Depth (m)

I 2000

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Distance (m)

Figure 2.2: Velocity model used to create the shots for the FWI test. The color bar represents the
wave propagation velocity in m/s. The red line is the water bottom picking and the vertical black
lines (solid and dashed) are simulations of well positions.

water bottom picking and the vertical black lines (solid and dashed) are simulations of well
positions. The water bottom picking is used as a mute edge (everything above the picking is

muted, even for initial model as for each updated iteration) and the well positions are used
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in the next session to create initial velocity models.

a)“ Shot 3 b)n Shot 50 C),. Shot 98

1 ..

2.5 25 2.5

Time (s)
o

3 3
500 1000 1500 2000 “3000 3500 4000 4500 5000 5500 6000 6500 8000 8500 9000 9500
Receiver Position (m) Receiver Position (m) Receiver Position (m)

Figure 2.3: Shots created using the velocity model of the figure 2.2. a) Shot 3, b) shot 50 and c)
shot 98.

Synthetic shots are generated to be used as the "recorded” data. To simulate a seismic
acquisition, 100 shots were created using the velocity model of the figure 2.2 with an acoustic
finite difference forward modeling algorithm with a second order Laplacian approximation
(Youzwishen and Gary, 1999). Shots and receivers are at the surface (z = 0). Some examples

are found on figure 2.3.

o)

80 ]
Froquancy (Hz) Frequency (Hz)

Figure 2.4: Amplitude spectrum for the a) wavelet and b) shot 50.

The shots have a split-spread receiver pattern and they may have different numbers of
receivers that go from 201 in the borders to 401 in the center, with 3s of record time. The
shot spacing is 100m and the receiver spacing is 10m (maximum offsets of -2000m to 2000m).

However, for the FWI code, only 96 shots were used (the same number of nodes in the super-
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computer available, for parallel processing). The dominant frequency of the source wavelet
used is 10Hz, but the dominant frequency of the recorded data is about 8Hz (probably due

some relationship between wavelength and layers thickness), as shown on figure 2.4.
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0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Distance (m)

Figure 2.5: The initial model for the test is a smoothed version of the correct model (figure 2.2).

The initial velocity model (figure 2.5) for this test is a smoothed version of the real velocity
model (figure 2.2). The Gaussian window for smoothing is calculated as Apom = faom/Vineans
where Vjean 18 the mean velocity of the real velocity model, equals to 2539 m/s. This
equation is the same as used by Margrave et al. (2010). A mute is applied above the water
bottom (red line) to eliminate any artifact above it. The same water bottom mute is applied
at each iteration in the stacked migrated residuals. It is important to remember that this
kind of velocity model is very hard (if not impossible) to be obtained in a real case. But, for
now, I just want to analyze if my algorithm is stable and converges.

New shots are generated with the velocity model of the figure 2.5, as shown in figure
2.6: a) is the real shot, b) is the synthetic data and c) are the residuals. It is important to
remember that the same wavelet of the input shots is used to create the synthetic shots at
each iteration. This is the reason the direct wave is perfectly removed in the residuals. I also

note a small WB in the synthetic shot, due to the WB mute applied in the initial model.

16



a ) o Real Shot b ) R Synthetic Shot of Iteration 1 C) N Residuals

0.5 A 0.5

=
Y
E
=
2 2 2
2.5 4 25 2.5
3 3 3
"3000 3500 4000 4500 5000 5500 6000 6500 “3000 3500 4000 4500 5000 5500 6000 6500 "3000 3500 4000 4500 5000 5500 6000 6500
Receiver Position (m) Receiver Position (m) Receiver Position (m)

Figure 2.6: Shot number 50 in the first iteration (synthetic shots created using initial velocity model

of figure 2.5a), where a) is the real shot, b) is the synthetic data and c¢) are the residuals.

The residuals are migrated using the PSPI migration (Gazdag and Sguazzero, 1984;
Ferguson and Margrave, 1996, 2005), using selected frequency bands, same procedure as
Margrave et al. (2010). However, different frequency bands are used in this work. It is
usual to start the inversion with low-frequency content (Pratt et al., 1998; Plessix et al.,

2010), to avoid a local minimum, and then invert higher frequencies. In the absence of low
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Figure 2.7: Differents mutes applied in the migrated residuals: a) no mute, b) narrow mute, c)
normal mute and d) wide mute.

frequencies in the data, a deconvolution can be applied to recover and invert the pseudo-low
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frequencies (Fei et al., 2012), but the success of the inversion is questionable. Warner et al.
(2013) invert only the frequencies with a high signal to noise ratio, starting with the lowest
frequency possible. In this work, I am using frequencies where the amplitude spectrum is
above -10dB. Looking back at figure 2.4 b, I decided to use frequencies from 6 to 15Hz.
The PSPI migration algorithm allows us to choose the frequency bands to migrate. Here
[ am using the frequencies above where the amplitude spectrum is -10dB as the maximum
frequency of the band, and the minimum will always be 1Hz. This way, the first iteration
has the residuals migrated in the frequency band of 1 to 6Hz (as the frequencies above -10dB
goes from 6Hz to 15Hz). Pratt et al. (1998) invert for a chosen frequency until stability of
the objective function is reached and then vary the frequency content. 96 residuals (acquired
minus synthetic shots) are migrated and then stacked to create the model update. A line
search, with 21 guesses, is used to calculate the step length, and it is controlled by the shot in
the central position in the model. Plessix et al. (2010) repeat same frequency band 20 times
before change to next frequency band. Here, I repeat the same frequency band 10 times
before increasing the maximum frequency by 1Hz. In other words, I repeat the inversion in
the frequency band of 1-6Hz 10 times, then 1-7Hz 10 times and keep this process until reach
the maximum frequency of 15Hz, or until I decide to stop the process.

Margrave et al. (2010) suggest the use of a mute in the migrated residuals to avoid
artifacts. Figure 2.7 shows 4 different mute tests applied in the migrated residuals during
the process: a) no mute, b) narrow mute, ¢) normal mute and d) wide mute, for the data
inverted using the initial velocity model of the figure 2.5.

The absence of a mute drives the inversion to a final model with great resolution (figure
2.8), but allows the appearance of artifacts, such as the almost vertical object in the central
area of figures 2.8b, ¢ and d, leading the line search to stop updating the model by selecting
a step length close to zero. These artifacts may be the sum of some far offset effects in the

migrated residuals and a mute looks to be necessary. It is possible to observe some shadows
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Figure 2.8: Inverted velocities with no mute applied in the migrated residuals at a) iteration 1, b)
iteration 40, c) iteration 50 and d) iteration 79. Artifacts are observed in the data.

around and inside the high velocity body. They are larger for the first iterations, but start

to decrease as the migrated frequencies increase.
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Figure 2.9: Inverted velocities with the narrow mute (figure 2.7b) applied in the migrated residuals

at a) iteration 1, b) iteration 40, c) iteration 85 and d) iteration 101.
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A first test of a mute is the narrow and very aggressive mute of the figure 2.7b, allowing
only a small amount of data to pass the selection. The results are presented in figure 2.9.
Artifacts due to far offset effects are not observed anymore. However, the mute is too
aggressive at lower depths, and the borders of the mute windows are present in the velocity
model (diagonal events in the shallow area of the whole model). T also see the presence of
the shadows close to the high velocity body, same as seen in figure 2.8. Even so, the result

is encouraging.
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Figure 2.10: Inverted velocities with the normal mute (figure 2.7c) applied in the migrated residuals
at a) iteration 1, b) iteration 30, c) iteration 60 and d) iteration 99.

Apparently, the mute needs to be chosen carefully. If too aggressive, a mute can re-
move important signal from the migrated residuals, and a too generous one can allow the
appearance of artifacts. Let me analyze the other muting options.

Figure 2.10 shows the results of a less aggressive mute of the figure 2.7c. No artifacts are
observed and, differently of the narrow mute results, the lower depth parts of the inverted
velocities show a better resolution. The shadows around high velocity bodies are still present.

It is possible to say that I had a great improvement by choosing a not so aggressive mute.

20



This bring us one important question: can I be even more generous with the mute and allow

more information to be integrated to the model without the addition of artifacts?
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Figure 2.11: Inverted velocities with the wide mute (figure 2.7d) applied in the migrated residuals
at a) iteration 1, b) iteration 40, c) iteration 85 and d) iteration 112.

Now, more data is allowed to pass with a conservative mute (figure 2.7d). I am trying
to have a more accurate model update without adding artifacts. However, the inverted
models of figure 2.11 show that this goal is not reached. Strong artifacts appeared in the
edges and center portions of the inverted velocity model, similar of the artifacts in the figure
2.8, suggesting that the mute cannot be too generous, or artifacts can be ”included” in the
inverted model. Curiously, a wide mute allowed the appearance of more artifacts than using
no mute at all. Apparently, the far offset events cancel each other in the borders of the
model if it not removed, but these same events are still evident in the central area.

Figure 2.12a compares the shots errors (the average residuals of all the synthetic shots
relative to the real shots, per iteration. In other words, the objective function per iteration)
for all the mute tests done, showing a best behavior for the inversion with normal mute

(blue line). As this is a synthetic test, it is possible to compare each inverted velocity model
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Figure 2.12: a) objective function and b) model deviation. In both plots, the normal mute (blue
line) shows the best behavior.

per iteration to the real velocity model (model deviation), which is plotted in figure 2.12b.
Again, the normal mute shows a better behavior, with the lowest errors. The worst behavior
happens with the wide mute, due to the strong artifacts in the borders. The test with no
mute applied has a better behavior than the narrow mute test, even with the artifacts that
appeared in the middle of the model. The low depth stripes in the narrow mute test must
have a high weight in the errors calculations.

The narrow and normal mute tests do not appear to have the errors stabilized (figures
2.12 a and b), suggesting that I must keep with the iterations at higher frequency. In the next
session, it is done for the normal mute, until the algorithm reaches 40Hz as the maximum
inverted frequency.

Comparing all the resulted velocity models with the initial (dashed line) and real (black
line) velocity models in figure 2.13, the normal mute test (red line) placed the reflectors
(layers interfaces) more precisely than the others ones. For this 1D analyzes, no mute (green
line) and the wide (magenta line) look to provide a reasonable inversion, in contrary of the
conclusion by checking figures 2.8 and 2.11, respectively, where artifacts are present in the
model. The narrow mute (blue line) do not match the reflectors properly, as the wide mute

shows higher effect of the shadows around the high velocity body (around 2000m).
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Figure 2.13: Comparing the velocities models in the center position of the real model (black line),
initial model (dashed line) and the last iteration of all the tests. The normal mute test (red line)
placed the reflectors (layers interfaces) in a more precise position than the others tests.

The results so far show that a not too aggressive and not too conservative mute is the
best choice, and showed that I must keep inverting higher frequencies. However, the initial
velocity model is a "good” start, as it is a smoothed version of the real velocity model. In

the next section, the smoothed and other initial velocity models are tested.

2.2.2  The initial velocity model

Warner et al. (2013) use a PSDM velocity as starting model. The reason is to start the
process as close as possible to the global minimum, avoiding the inversion to be "trapped”
in a local minimum. I am testing this effect using different initial velocity models. All the
tests here are done using the normal mute (figure 2.7c). For now on, I am inverting higher
frequencies, going up to 40Hz. However, for frequencies higher than 15Hz the frequency
range is repeat 5 times instead of 10, and, for frequencies higher than 25Hz, the maximum
frequency of the range is increased by HHz instead of 1Hz. This choice is due to the low
convergence rate.

Different initial velocity models were tested. One is simply the same as used for the mute
test, but using only the normal mute and continuing the iterations for higher frequencies.

Others two are initial velocity model based in well simulations, drawn in figure 2.2. One is
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Figure 2.14: Initial velocity models using as base a) well 50 and b) well 75 in the right (as draw in

figure 2.2).

generated from the ”Well 507, and the other is generated from the ”Well 75”. In both cases,

the initial velocity model consist on flat layers, which were smoothed and plotted in figure

2.14.
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Figure 2.15: Inverted velocities with different initial velocity models, where a) is the real model, b)

is the iteration 55 of the inversion using the smoothed initial velocity model (figure 2.5),

c) is the

iteration 55 of the inversion using the well 50 as the initial velocity model (figure 2.14a) and d) is

the iteration 55 of the inversion using the well 75 as the initial velocity model (figure 2.14b).

Inversion results are shown on figure 2.15 (the iteration 55 for all the cases), and in figure
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Real Model Iteratlon 164 (1 - 40 Hz) - Smoothed Initial Velocity Model
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Figure 2.16: Same as figure 2.15, but for the iteration 164. The inversion started to diverge after
~60 iterations for almost all the cases. For the inversion using Well 75 (c), the inversion is still
converging.

2.16 (final model). Inversion is more successful when using a smoothed initial velocity model
(figures 2.15b and 2.16b). I also have a reasonable result when using the initial velocity
model based on Well 75 (figures 2.15d and 2.16d), where the shallow and deep layers have a
good resolution, as the high velocity body edges, but not correctly "filled in”. Even the sharp
layers around 2000m have a better resolution. The results when using the initial velocity of
figure 2.14a, showed on figures 2.15¢) and 2.16¢, biased at higher depths, where the interface
of the layers and the high velocity body edges were found, but the correct velocities not. For
the shallow part, the resolution looks better than when the smoothed initial velocity model
is used.

Note that the inversions of figure 2.16 start to show some high sharp layers that do not
exist (for example, around 2500m at figures 2.16b and 2.16d), due to high frequency noise.
I also observed that, in both tests using the simulated wells, artifacts started to appear in
the borders of the models. This might be due to line search be controlled by the shot in the

middle of the model (step length is optimized only for the selected shot). This suggests that
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the line search must be improved, using more shots on different positions.
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Figure 2.17: a) objective function and b) model deviation, using different initial velocity models.
For the shots errors, the inversion using the well 50 as initial velocity model looks more stable.
However, comparing the models errors, the best result is the one using a smoothed velocity model
as the initial model.

When I compare the shots and models errors per iteration (figure 2.17), I have a very
interesting observation. If we look to the models errors (figure 2.17b), we have the same
conclusion as looking the figures 2.15 and 2.16: the best inversion comes when using a
smoothed initial velocity model (black line at figure 2.17b), and the worst result comes when
using the Well 50 as initial velocity model (red line). However, if we look at the shots’ errors
in figure 2.17a (the error that I can calculate on a real data inversion), I have a different
result: the best shot errors comes when using the Well 50 as initial velocity model (red line).
I believed it happened because the shot I selected to be the pilot one (to compute the step
length and the objective function) has the same horizontal coordinate as the Well 50 (in the
center of the model), making the initial model optimized in this shot position. I chose to
compute the objective function (shot errors) only at the pilot position (shot in the center of
the model). Maybe the previous observation would differ if I chose to compute the objectve
function for all the shots and average. Interpreters and seismic processors can be biased to
use the less optimized starting model if the choice is careless.

Looking at the 1D velocity comparison on figure 2.18, I observe that the inversion using

the Well 75 as initial velocity model (red and blue dashed lines in figure 2.18b) is more

26



—— Roal Veloclty —— Real Velooity —— Roal Velocity
= = =Initlal Model = = =Initial Model = = =Initlal Model
= = = Smoothed - teration 164 -~ - Well 50 - teration 184 - -~ Well 75 - eration 184
= = = Smoothed - Heration 55 = = = Well 50 - leration 55 = = = Well 75 - teration 55
500 500" 500
1000 1000 1000
- - -
£ £ £
£ £ E
1500 < 1500 < 1500
g g g
[ [] [
(=] o (=]
2000 20001 2000
N
:\J
2500 N 2500 2500 b
,
3,
\‘\
.
3000 3000 3000
1500 2000 2500 3000 3500 4000 1500 2000 2500 3000 3500 4000

1500 2000 2500 3000 350‘0‘ 4000
Velocity (m/s}) Velocity (m/s) Velocity (m/s)

Figure 2.18: Comparing the velocities models of iteration 164 (red dashed line) and iteration 55
(blue dashed line) in the center position of the real model (black line) and the initial model (dashed
line) with the a) last iteration of the smoothed initial model test, b) the well 50 as initial velocity
model test and c) the well 75 as initial velocity model test.

accurate in the shallow part than the inversion when using the smoothed initial velocity

model (red line in figure 2.18a).
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Figure 2.19: Comparing a) the real shot, b) synthetic shot of iteration 164 and c) the difference,

with the smoothed initial velocity test.

Comparing the differences between real and synthetic shots of the iteration 164 of the
inversion using smoothed initial velocity model (figure 2.19¢) and inversion using the Well
50 as the initial velocity model (figure 2.20c), it is notable that the final model of the Well 50

inversion leads to synthetic data more similar to the real data than with the final model of
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Figure 2.20: Comparing a) the real shot, b) synthetic shot of iteration 164 and c) the difference,
with the well 50 as the initial velocity test.

the smoothed inversion. In others words, I found a bad solution that can generate synthetic
shots closer to the real ones. Treitel (1989) has a similar experience and suggested that a
good fit of the shots is necessary but it is not a sufficient condition for an accurate inversion.

It can be avoided if the initial guess is not too far off the true model.
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Figure 2.21: Results for the a) constant velocity initial model with b) 164 iterations. The inversion

stopped in a local minimum.

Figure 2.21 shows the result when I apply the FWI in the dataset using an initial velocity
model with a constant velocity of 1500m/s (water velocity). The inversion stopped in a local

minimum after a few iterations.

I can say that the better the initial velocity model is, better will be the inversion. How-
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ever, I had reasonable results for the wells tests. Maybe, if I have an initial model generated
by an interpolation of two or more wells, the final model can have a comparable resolution

to the one inverted from the smoothed version of the correct model.

2.2.3 First analysis using the Marmousi model

After good results using a simple velocity model, now I increased the challenge by applying
the algorithm in the Marmousi model (figure 2.22). It has 3000m depth, 10420m width and
10m of resolution. The minimum wave propagation velocity in the model is 1500m/s and

the maximum is 5500m/s
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Figure 2.22: The Marmousi 2D model. The colors bar indicates the wave propagation speed in
m/s.

102 shots were generated to simulate acquired data. Shot spacing is 100m, with a maxi-
mum of 401 receivers (varying in the borders), and 2000m of maximum offset. Register time
is 3s, and sample rating of 4ms. Some examples of the shots shown on figure 2.23. The
dominant frequency of the wavelet is 10Hz (figure 2.24a) which generated data with similar
dominant frequency of 10Hz (figure 2.24b).

The starting model (figure 2.25) is a smoothed version of the model on figure 2.22 using a

Gaussian window which width is calculated by Mo = faom/Vinean, where Vi, eqn is the mean
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Figure 2.23: Three of the 102 shots used in the test. a) shot 3, b) shot 52 and c) shot 102.

velocity of the correct model.
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Figure 2.24: Amplitude spectrum of the A) wavelet and B) shot.

For this test, inversion starts with a frequency band of 1-4Hz, and the maximum frequency
of the range is increase by one after 5 iterations (the second range is 1-5Hz), up to 13Hz, and
then increased by 5Hz each two iterations. A normal mute similar to the mute of the figure
2.7c is applied at each migrated shot. The difference of the mute is that it starts at 300m
in the surface. Stack is smoothed at each iteration by convolving it with a 2D Gaussian
window (Margrave et al., 2010), whose width follow the relationship hy, = vmean/ (6 fimaz)-
The difference is that the v,,.q, is the mean velocity of the current model.

Inversion ended after 66 iterations, and results are shown at figure 2.26, where a) is the

real model, b) is the initial model, ¢) is the model at iteration 18 and d) is the model at
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Figure 2.25: Initial velocity model is a convolution of the Marmousi model with a Gaussian window
of 290m.

iteration 66. The inversion shows higher resolution after 66 iterations (figure 2.26d), as I
migrate higher frequencies and with reasonable high resolution on shallow depth (2000m)
but looks to lose resolution for deeper events if compared with the iteration 18 (figure 2.26¢).
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Figure 2.26: a) Marmousi model b) initial model, ¢) inversion at iteration 18 (lowest model error)

d) iteration 66 (lowest shots errors).
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Figure 2.27: a) objective function and b) model deviation. The models look to be fitting better the
data at each iteration but the precision of the models decrease starting from iteration 20.

Shots errors and model errors are shown at figure 2.27. Analyzing the shots errors (figure
2.27a), I note that models are updating in a way to minimize the difference of synthetic
and real shots with the best fit at iteration 66. But the models errors plot (figure 2.27b),
shows that the best model (lowest error) is the model of the iteration 18. I am getting a
better fit with a model far from the global minimum. The fit is still not as good as I expect.
Apparently, higher frequencies have a lower signal to noise ratio (noise was not added in the

synthetic data. We may be observing the presence of numerical noise).
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Figure 2.28: Comparing the velocities models in the center position of the real model (black line),
initial model (dashed line) and the last iteration of all the tests. The normal mute test (red line)

placed the reflectors (layers interfaces) in a more precise position than the others tests.
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The 1D plot of figure 2.28 compares the inverted velocities (iteration 66 in red and
iteration 18 in blue) with the real (black line) and initial (black dashed line) models in
the middle of the survey. The FWI routine worked to find several reflectors positions but
couldn’t invert thinner layers. This must be caused by the absence of higher frequencies in
the shots.

In the next chapter I will present a new gradient approximation, based on a deconvolution
idea, where each frequency is migrated separately and then weighted averaged, using the step

length as weight, and will be combined with a conjugate gradient algorithm.

2.3  Conclusions

In this chapter I presented the gradient descent method of the full waveform inversion applied
for an acoustic inversion. I showed that the PSPI migration has less computational cost than
the RTM, and that the PSPI migration can be used to compute the gradient, with some
trade-off in cost and resolution. The step length is estimated by a line search and quadratic
interpolation with high accuracy, but requires several synthetic shots. The migrated residuals
need to be muted before stacking to prevent the appearance of artifacts in the updated
velocity model, but can not also be too aggressive. I also tested the gradient descent FWI
on a simple model with different initial models, whose were a lateral extrapolation of two
sonic logs in the model. I observed that the accuracy of the inverted model depends on how
close the initial model is to the true model. Finally, I tested the algorithm in the Marmousi
model, showing a convergence of the objective function (difference between acquired and
synthetic shots), but the inverted model was diverging, suggesting the minimization to a

local minimum.
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Chapter 3

A monochromatic averaged gradient approximation

and impedance inversion

On the chapter 2 our first analysis of the FWI methodology is applied on a simple model. In
this section, I am focusing on synthetic simulations in the Marmousi model. Here, I propose
a new approximation for the gradient, based on monochromatic migrated shots, stacked, and
then averaged. It is also shown a faster and cheaper method to compute the step length. As
preliminary test, an impedance inversion is applied on the gradient, seeking improvements
on the working flow, but it requires a better strategy. Impedance inversion of the gradient

will be explored deeply on chapter 4.

3.1 Theory

3.1.1 Monochromatic averaged gradient

Minimizing the objective function of equation 2.4, one of the approximate solutions is the

gradient (steepest descent) method:

my,+; = My — ngn (31)

where « is the step length (or scale factor), g is the gradient computed by back-propagating
the data residual and n is the n-th iteration. Here, the gradient is understood to be the PSPI
migrated residuals with a deconvolution imaging condition (Margrave et al., 2010, 2011; Pan
et al., 2013; Guarido et al., 2014, 2015).

In this work I am proposing to estimate the gradient as the weighted average of each

frequency content of the data migrated separately, using the step length for each frequency
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as weight. This means that for an iteration that I selected the frequency band from 1Hz to
5Hz, 1 migrate each frequency (1Hz, 2Hz, 3Hz, 4Hz and 5Hz) of each shot independently,
generate a pseudo-gradient for each frequency, estimate one step length for each pseudo-
gradient, and compute the weighted average of the pseudo-gradients using the step length

as weight. This way, equation 3.1 can be written as:

N
mo = m, - > o (w)ga(w) (32)

i=1
where w; is the i-th frequency in the total of N frequencies used to compute the gradient.
The early iterations use very low frequencies only (=~ 2 — 4Hz) and next iterations have
the lower frequency fixed and the maximum frequency increased, ending up with a larger
frequency band. This means that, for each iteration, N migrations are computed. The step
length a will be computed for each frequency prior the stack. This way I expect to flat the

amplitude spectrum of the gradient and avoid the source effect.

3.1.2  Step length computation

As a cheaper way than a trial and error, Pica et al. (1990) computed the step length by

minimizing the objective function:

C(mn-i-l) = C(mn + angn) = [dO —d (mn + angn)]T [dO —d (mn + angn)] (3'3)

I also have:

Fém — lim d(m + ¢m) — d(m)

e—0 €

(3.4)

where F is an operator that takes the derivative of d at the point m, and édm is the pertur-
bation in the model.

Equation 3.3 can be written as:
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Clmyi1) = [dy —d (m,,) + @, Frg,]” [do — d (m,,) + @, Frg,] (3.5)

Minimizing equation 3.5 relative to «a, (taking the derivative and making it equals to

zero), leads to the optimal ay,:

o — [ann]T [dyp — d (m,)]
" [ann]T [ann]

This reduces the problem for the step length to a single forward modeling in a pertur-

(3.6)

bation in the velocity model m = m,, + €g,. It is cheaper than a step length computed by
trial and error (Guarido et al., 2015).
For our tests, estimation of the step of equation 3.6 is done by using a single reference

shot (the one in the center of the model).

3.1.3 The conjugate gradient

Equation 3.1 can be rewritten substituting the gradient g, by the conjugate gradient h,,
(Zhou et al., 1995; Vigh and Starr, 2008; Ma et al., 2010):

m,,; = m, — a,h, (3.7)

where

T _
hy = g, B, = 22 (‘ii” i) p gt Buhas (3.8)
gn—lgn—l

The conjugate gradient is an algorithm that has the goal of finding the nearest local
minimum. It is based on using conjugate directions (a combination of gradients of previous
iterations and the current gradient), instead of the downhill approximation of the steepest-
descent method. This implementation comes in hope to reduce the number of iterations,

and increase the resolution of the inversion.
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3.1.4 Impedance inversion

The tests done until now use the migration output (reflection coefficients) as the model
update, as I used very low frequencies (starting in 2H z). However, I believe that the gradient
must be processed and an impedance inversion should be applied (Margrave et al., 2010,
2011).

For normal incident P-waves, the reflection coefficients due to impedance contrast in the

interface of two mediums is (Treitel et al., 1995):

R, = pis1Vigr — piVi (3.9)
Piv1Vigr + piVi

where R; is the reflection coefficient on the ith interface, p is the density and V' is the P wave
velocity propagation. The multiplication of density and velocity is the acoustic impedance I;.
For small contrasts of acoustic impedances in geological interfaces (usually < 0.3), equation

3.9 can be written:

Al
21;

R; = (3.10)

Assuming the reflection sequence as continuous in time, and taking the limit A, — 0:

R(t) = %d(ln[(t)) (3.11)

Integrating over time and assuming constant density:

V(t) = Vpe? o B (3.12)

The gradient can be inverted from reflection coefficients to impedance by taking the

exponential of the integrated trace in time.
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3.2 Simulation

3.2.1 Computation of the monochromatic averaged gradient approximation

The synthetic test is done in the Marmousi model (figure 3.1). Simulated acquired shots
were generated using an acoustic finite difference algorithm, in a total of 102 shots. Shot
interval is 100m, and a maximum of 401 receivers (varying in the edges of the model), with
2000m of maximum offset. The register time is 3s and sample rate is 4ms (figure 3.2). The
dominant frequency of the wavelet is 5Hz. In the previous chapter is was 10Hz. I decided to

change the dominant frequency to be the same as in Margrave et al. (2010).
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Figure 3.1: The Marmousi 2D model. The color bar indicates the wave propagation velocity in
m/s.

During the FWI routine, synthetic shots are created with the same finite difference for-
ward modeling algorithm, wavelet and acquisition parameters as the acquired shots. I am
not giving any special treatment for the wavelet. I am just assuming that the wavelet is
perfectly recovered. The only difference is the velocity model used to generate the synthetic
shots. For the first iteration, the synthetic shots are generated over the starting model,
usually a depth migration velocity (Virieux and Operto, 2009), and then the updated veloc-

ity models from the second iteration. The residuals are migrated with the PSPI migration
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Figure 3.2: Three of the 102 shots used in the test. a) shot 3, b) shot 52 and c) shot 102.

with a deconvolution imaging condition. For the first iterations, only very low frequency
are used (2 — 4Hz), with the top frequency of the band increasing by 2H 2z when errors are
stable (when variation of the 3 last iterations is less than 0.1%). Each frequency is migrated
independently, i.e., for the range of 2 — 4H z three migrations are necessary (one for 2H z,
one for 3Hz and one for 4Hz). All the migrated residuals are muted (Guarido et al., 2014),
stacked, and smoothed (Margrave et al., 2010; Guarido et al., 2014). For now, an impedance
inversion is not applied. The step length is calculated using equation 3.6 for each monochro-
matic gradient. The final gradient is the average (equation 3.2) of all scaled monochromatic
gradients and it is used to update the model for the next iteration.

To analyze the initial guess, I am using the steepest-descent method. Application of the
conjugate gradient will be studied later. Three different initial guesses are tested (figure
3.3). All the models are a smoothed version of the correct model 3.1. Each one of the initial
models represent a different level of difficult for the routine. The model of figure 3.3a is a
starting model closer to the global minimum, the model of figure 3.3¢ is more challenging
(and is the main initial model for all the others tests) and the model of figure 3.3e contains

only trends of the Marmousi model.
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Figure 3.3: The tested initial velocity guesses. All of them is the original Marmousi model convolved
is a different Gaussian window.Also the inverted models. Closer to the global minimum the initial

guess is, better is the inverted model.

Figure 3.3 shows, as well, the inversion results using the correspondent initial model. It
is notable that closer to the global minimum the initial model is (i.e., closer the initial model
is to the true model), the inverted model has higher resolution. This can be explained by the

quality of the migrated residuals. The interfaces are placed closer to the correct position and
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inversion has a higher change to converge to the global minimum. Figure 3.3b is a higher
resolution model that contains mostly characteristics of the Marmousi model (figure 2.22),
and is a remarkable result. When the initial guess starts to get far from the global minimum
(as figures 3.3c and 3.3e), the inverted model loses resolution. However, the velocity models
of figures 3.3d and 3.3f are still impressive (the model of figure 3.3d has, mostly, equal or
more features than the good initial guess of figure 3.3a). I am confident that all the final

models can be used as migration velocity.
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(a) Migrated shots using Marmousi model (b) Migrated shots using velocity of figure 3.3b

3000 4000 5000 7 1 2 4000 5000 6000
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(c¢) Migrated shots using velocity of figure 3.3d (d) Migrated shots using velocity of figure 3.3f

Figure 3.4: Migrated shots using the inverted models of figure 3.3. Better the model, higher is the

migration quality.

The next step is to use the resulted models of figure 3.3 as migration velocities. A
pre-stack depth migration (in here the same PSPI algorithm) is used to migrate each shot,

and then they are stacked. Figure 3.4a is the migrated section using the Marmousi model
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(slightly smoothed). The figures 3.4b, 3.4c and 3.4d are migrated sections using velocities
of figures 3.3b, 3.3d and 3.3f, respectively. Again, as better the model gets, the migrated
section using an inverted velocity converges to the real solution.

Convergence is checked on figure 3.5a, where errors (normalized norm—2) of the reference
shot is computed per iteration. For the three tests, errors decrease at each iteration until
stability is reached at maximum frequency of 61 H z. Note how the error decreases as inversion
uses an initial guess that is closer to the global minimum. When analyzing figure 3.5b, I
see similar behavior as the shot errors. The difference is on model 2 (blue line), with the
minimum at iteration 34 (model deviation started to increase. The shot error may converge,
but the model deviation can diverge), suggesting that the inversion encountered a local

minimum.
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Figure 3.5: Errors (norm — 2) of the inversions for each initial model. a) are the errors related
to real synthetic reference shots and b) is the error of the inverted model of each iteration when
compared to the Marmousi model.

Figure 3.6 is the 1D plot of the center row of the real, initial and inverted model for all
the three tested models. In the left is the inversion using the best initial model and the final
answer gets closer to the real one. As the initial guess gets far of the global minimum (center
and right plots), I can still invert very reasonable models, but the resolution decreases as
the distance of the initial model to the global minimum increases. Even though, all the runs

were able to add important information to the initial guess.
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Figure 3.6: The 1D plot of the center row of the real, initial and inverted model for all the
three tested models. The inverted model is more accurate when the initial model contains some
information of the true model (figure 3.5).

3.2.2  Application of the conjugate gradient

Now the conjugate gradient is estimated using equation 3.8 and model is updated according

to equation 3.7. Impedance inversion is not applied yet.
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Figure 3.7: Inverted model using the conjugate gradient. The initial guess is the one on figure 3.3c.

The final model has higher resolution than the model of figure 3.3d.

I used the same routine as I used on previous section, but the conjugate gradient is
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computed after the scaled monochromatic gradients are averaged. Figure 3.7 is the inverted
model using as starting of figure 3.3c. Conjugate gradient improved the inversion quality if

compared with the steepest-descent one (figure 3.3d).
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(a) Shot errors (b) Model errors

Figure 3.8: Errors of the inversions for each initial model. a) are the errors related to real synthetic
reference shots and both classic and conjugate gradient show very similar behavior, and b) is the
error of the inverted model of each iteration when compared to the correct model.

Reference shot errors (normalized L2 — norm) of the conjugate gradient inversion (red
line) is compared with the errors of the classic gradient inversion (blue line) on figure 3.8a.
Both lines have a very close "path” until iteration 52, when the classic gradient stabilized
while the conjugate gradient kept updating the model and reducing the error for 10 more
iterations. This indicates that the conjugate gradient was best seized while inverting higher
frequencies, providing a final model with improved quality. Actually, the real improvement
of the conjugate gradient can be easily checked on figure 3.8b. The error of the models per
iteration shows that the conjugate gradient leads the inversion closer to the global minimum.
This is a very important observation, as the conjugate gradient strongly increase inversion
resolution with insignificant computational cost.

Figure 3.9 is the 1D plot of the center row of the real, initial and inverted model comparing
classic and conjugate gradients. Both inversions look close to each other. However, the
conjugate gradient inversion (red dashed line) looks slightly closer to the Marmousi model

(black line). As it was discussed before, the conjugate gradient method improves the inverted

44



T
——Original Model
= = Initial Model

= = Classic Grdient
--cC

500

1000

1500

Depth (m)

2000

2500

3000 .
1500 2000

| I == o L
3000 3500 4000 4500

Velocity (m/s)

I
2500

Figure 3.9: The 1D plot of the center row of the real, initial and inverted model comparing classic
and conjugate gradients. Both inversions have close behavior, but the conjugate gradient inversion
shows a slightly better (closer to the real model) result.

model if compared to the steepest-descent.

Analyzing the migrated section of the figure 3.10b, that used as velocity model the
conjugate gradient inversion, there is significant difference when compared with the migrated
section that used the steepest-descent inversion model. Shallow structures are clearer, more
correctly positioned, and deep layers are less shifted when compared with the migration

using Marmousi velocity of figure 3.10a.
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(a) Migrated shots using Marmousi model (b) Migrated shots using model of figure 3.7

Figure 3.10: Comparing the migrated section when using a) the Marmousi model and b) the

inverted model of figure 3.7. The second one is very similar to the one of figure 3.4c.
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The conjugate gradient is cheap to be applied and results in a great improvement to the
inversion quality. It increases the number of iterations to finish the inversion because stop

criteria is not reached, meaning that it keeps improving the model for a longer period.

3.2.3 Impedance inversion

Impedance inversion is applied according to equation 3.12 for each monochromatic gradient,
and then averaged. However the resulting gradient shown to be phase shifted. Margrave et al.
(2010) computed the required phase rotation by least squares minimization using well log as
reference. I compute the least squares minimization comparing pilot shot with a synthetic
one. The gradient is then converted from depth to time, phase shifted, and then converted
back to depth. After, the step lengths for each monochromatic gradient are estimated, then

averaged, and the conjugate gradient is computed to update the model.
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Figure 3.11: Inverted model using the conjugate gradient and impedance inversion. The initial
guess is the one on figure 3.3c. I still have a big room for improvement.

The inverted model of figure 3.11 is promising with great potential for improvement, but
I could not have an inversion with the same quality of the ones that used scaled reflection

coefficients contrasts. Some of the main structures were inverted and the most impressive ob-

servation is the inversion of the thick high velocity bodies. Apparently, the use of impedance
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inversion is a good solution in areas with large continuous structures.

I believe that the main reason for the inversion had converged to a local minimum is
due to the phase rotation. I compute the necessary phase by comparing the pilot shot with
a synthetic shot (finding the phase shift required to minimize their difference). Maybe a
more sophisticated strategy to optimize the phase is required. In chapter 4, I introduce a

band-limited impedance inversion (BLIMP) successfully.

3.3 Conclusions

I showed an approximation of the gradient that is the interpolation of pseudo-gradients
formed from the monochromatic migrated residuals. It showed to have higher accuracy and
resolution than the gradient descent method of chapter 2, but with increased cost to compute
the gradient due to the number of migrations required at each iteration (it is the same as
the number of unitary frequencies inside the chosen frequency band). The resolution of
the inverted model is also improved by the implementation of the conjugate gradient, with
neglectable addition in cost. Estimating the step length by an analytical solution (Pica
et al., 1990), reduced the number of forward modeling from 21 (our old parameter) to only
1, but its accuracy is equivalent. The impedance inversion of the gradient was tested with

promising ending model, and working will continuing on that in the next chapter.
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Chapter 4

A band-limited impedance inversion based gradient

This chapter focus on an impedance inversion of the gradient prior the estimation of the
step length (Guarido et al., 2016). I apply a band-limited impedance inversion (BLIMP) in
the gradient, using the initial model to fill the low-frequency content of the velocity model.
This method is stable, faster then the monochromatic averaged gradient, but this saving in
cost comes with some loss in the resolution in the shallow area of the inverted model, but

with improvements at the deeper area.

4.1 Theory

4.1.1 Gradient method

As presented previously on section 2.1, the goal of the full waveform inversion is to minimize

the objective function:

C(m) = [|do — d(m)|[* = [|Ad(m)][* (4.1)
where Ad is the data residual, m is the model (P-wave velocity) and || represents the norm-2.
The minimization is done by calculating the Taylor’s expansion of the objective function of

the equation 4.1 around a perturbation ém of the model and taking the derivative equal to

zero (Tarantola, 1984; Pratt et al., 1998; Virieux and Operto, 2009). The solution is:

m,, =m, - H,'g, (4.2)

where H is the Hessian (or sensitive matrix), g is the gradient computed by back-propagating
the data residual and n is the n-th iteration. It is known as the Newton method. For the

steepest-descent method, the Hessian matrix is approximated to the identity matrix:
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myy; =My, — Gpgp (43)

where « is the step length (or scale factor) is estimated using equation 3.6. At this part,
the gradient is understood to be the PSPI migrated residuals with a deconvolution imaging
condition (Margrave et al., 2010, 2011; Pan et al., 2013; Guarido et al., 2014). g, is the

conjugate gradient as showed on equation 3.8.

4.1.2 Band-limited impedance inversion (BLIMP)

On chapter 3 I used the stacked migrated residuals (reflection coefficients) to update the
model (Guarido et al., 2014, 2015). However the FWI formulation implies that by integrating
the trace of the migrated residuals to end up with the gradient converted from reflection
coefficients to velocity. In other words, an impedance inversion should be applied (Margrave
et al., 2010, 2011).

Previously, on section 3.1.4 and in Guarido et al. (2015), an simple exponential of the
trace integration in time is used as impedance inversion with promising results. Now I
am using the algorithm of Ferguson and Margrave (1996) to apply a band-limited impedance
inversion (BLIMP) in the gradient (instead of a trace integration as showed on section 3.1.4).
The BLIMP goal is to add the missing low frequency of a seismic trace during the estimation
of the impedance inversion by extracting if from a sonic log. To simulate a situation where
no well logs are available, I chose to use the initial model as pilot to include the low frequency
content. At this point I am assuming that the low frequency trend of the initial model is
equivalent to the Earth’s low frequency trend for that specific area.

BLIMP is applied in time domain. Inputs (initial model and migrated residuals) are
converted from depth to time using the current inverted velocity model and lately, after the
process, converted back to depth using the same model. The first step of BLIMP is to specify

the relationship between the migrated residuals and the pilot model. Thus, the migrated
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residuals need to be ”converted” to acoustic impedance (P-wave velocity) using the normal

incidence approach (Treitel et al., 1995):

_ Pi+1Vigr — piVi

R;
Pi+1Vig1 + piVi

(4.4)

where R; is the reflection coefficient on the ith interface, p is the density and V' is the P wave
velocity propagation. The multiplication of density and velocity is the acoustic impedance I;.
For small contrasts of acoustic impedances in geological interfaces (usually < 0.3), equation

4.4 can be written:

Al
21;

R = (4.5)

Assuming the reflection sequence as continuous in time, and taking the limit A, — 0:

R(t) = %d(ln[(t)) (4.6)

Integrating over time and assuming constant density:

V(t) = Vpe? o 1O (4.7)

Ferguson and Margrave (1996) replace the reflection coefficients R(7) by a scaled reflec-

tivity S(7) = 2R(7)/~. Then 4.7 becomes:

V(1) = Vpe S0 (4.8)

v is a scale factor estimated by minimizing the objective function:

L= Wiarw) * B+ (y = )V (W)’ (4.9)

where V' (w) is the Fourier spectra of equation 4.8, V. (w) is the Fourier spectra of the pilot

velocity model and B is a low-pass filter.
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The output impedance is the inverse Fourier transform of the equation 4.10:

Vour(w) = Vpitor(w) % B + 7V (w) (4.10)

Ferguson and Margrave (1996) use the methodology for impedance (velocity multiplied
by the density). I simplified it for acoustic inversion only (constant density).

Equation 4.10 shows that the scaled Fourier spectra of the input migrated residuals,
converted to velocity, is added to the low frequency content of the pilot velocity. This means
that the missing low frequency on seismic data can be compensated by an initial model that
contains a good estimation of the local linear velocity trend. Usually a migration velocity is

used for this task.

4.2 Simulation

4.2.1 Input data

Marmousi Model

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Distance (m)

Figure 4.1: The Marmousi 2D model. The color bar indicates the wave propagation velocity in
m/s.

The Marmousi model is used for the synthetic test (figure 2.22). Pilot shots (used as

the real shots), were created using an acoustic finite difference algorithm. In the total, 102
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shots are used to simulate field data. Shot spacing is 100m. Each shot has a maximum of
401 receivers (varying in the edges of the model) totalizing 2000m of maximum offset. The
register time is 3s and sample rating of 4ms (figure 2.23). The dominant frequency of the

wavelet is bHz.
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Figure 4.2: Three of the 102 shots used in the test. a) shot 3, b) shot 52 and ¢) shot 102.

During the FWI routine, synthetic shots are created with the same finite difference for-
ward modeling algorithm, wavelet and acquisition parameters as pilot shots. They differ
from each other by the velocity choice, initially a guessing model, usually a depth migration
velocity (Virieux and Operto, 2009), and then the update models. The residuals are then
migrated with the PSPI migration with a deconvolution imaging condition. For the first
iterations, only very low frequencies are used (4 — 6Hz), and the range is increased by 2H z
when errors are stable (variation of the 3 last iterations is less than 0.1%). Each residual is
migrated separately using the initial or updated model. A mute is applied before stacking
the migrated residuals (Guarido et al., 2014), and the stack is preconditioning by convolving
it with a 2D Gaussian window (Margrave et al., 2010; Guarido et al., 2014). Ferguson and
Margrave (1996)’s algorithm for impedance inversion is used after the conjugate gradient
step (Guarido et al., 2016). Lastly, the step length is estimated using equation 3.6, and the

model is updated for the next iteration.
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4.2.2 Initial model as well control

The band-limited impedance inversion (BLIMP) algorithm is applied on the migrated resid-
uals to estimate the gradient, on an expectation to compensate the lack of low frequencies

on the data (the lowest frequency of the seismic data used is 4Hz) following those steps:

e Residuals are computed as the difference between synthetic and acquired seis-

mic shots.

e Each residual is depth migrated using the PSPI algorithm with a deconvolution

imaging condition.
e The migrated residuals are muted and stacked to form a pseudo-gradient.
e The pseudo-gradient and current model are stretched from depth to time.

e The band-limited impedance inversion is applied on the gradient using the

current model’s low frequency (in time).
e Gradient is stretched from time to depth using current model.
e Step length is computed using equation 3.6.

e Model is updated using the scaled gradient.

Even if I compute a gradient that points on the opposite direction to the global minimum
and estimate a step length to converge faster to the same point, the gradient descent method
is known to converge to a local minimum (Pratt et al., 1998). One way to minimize this
effect is to start the inversion with very low frequencies (multi-scale approach). Another way
is to start the inversion closer to the global minimum (a good initial model).

I expect a better result for the model closest to the global minimum because it enhances

the gradient in two ways: 1) the migrated residuals are in a more correct place with the best
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model and 2) more details of the low frequency in the initial model (1 to 3Hz) results on a

better impedance inversion of the migrated residuals.

Initial Model 1 Inversion 1
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Figure 4.3: Inversion as a function of the initial model. The inversion 1 has more details than the

inversion 2 due to the initial model be closer to the local minimum.

Figure 4.3 illustrates the different inversions with varying qualities of the initial model.
In both cases, the multi-scale approach is implemented. When the starting point is closer
to the global minimum, the inversion leads to a higher resolution resulting model (Guarido
et al., 2015). In both cases, it is noticeable of how much information is included to the
model. Most of the features from low to mid frequencies were successfully recovered. The
faults with high dip angle in the shallow (central portion of the model) are present on both
inversions. Even the simulation of a gas anomaly (x = 6500, z = 2500) could be interpreted
for the inversion with the best initial model.

The algorithm worked successfully for low to mid frequencies (up to 16Hz) and had no
updates on higher frequencies (the gradient exists but the step length goes to zero, meaning

that the inversion was too close to a minimum point).
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Figure 4.4: Plots of the objective function per iteration (left) and model deviation per iteration
(right) of models 1 (blue) and 2 (red).

For the validation of the tests, the errors are plotted on figure 4.4. On the left is the
objective function (difference between acquired and synthetic shots) of the two models (1
in blue and 2 in red) and on the right the model deviation (difference between inverted
and correct Marmousi models). The most notorious observation is quite obvious: higher
resolution of the initial model (closer to the global minimum) leads to a higher resolution
inverted model.

It is also possible to observe another behavior on figure 4.4. For both initial model tests
there are two steep decrease of the errors: one when I start to update the initial model at very
low frequencies (4 — 6Hz) and another when the inversion reaches the dominant frequency
of the data (~12H z). When comparing the two plots, an odd observation came to our eyes.
Even with the objective function decreasing at each iteration, the model deviation has a
slight increase on both models. That is the point when the inversion reached frequencies on
the data with low signal to noise ratio (numerical noise).

At this point I remember the update is based on equation 3.1. It is, considering the
computer power to calculate it, cheaper than equation 3.2, method used by Guarido et al.
(2015), as it requires only one migration pass per iteration. Figure 4.5 is a group of images

comparing both works. BLIMP FWI model (top left) seems to work better on deeper events,
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shows more continuity of the geological structures at the model and suffer from less borders
effects, while the monochromatic averaged gradient FWI model (bottom left) did a better
job on the shallow part of the model, and shows a ”cleaner” image. In the end, both inverted
models are good representations of the Marmousi model. However, the costs on computing
the gradient are very different. I could change the interpretation of the gradient to make its

estimation cheaper and still have a similar model.
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Figure 4.5: On the left are the resulting velocity models on BLIMP FWTI (top) and monochromatic
averaged gradient FWI (bottom). On the right are the comparison of the objective function (top)
and models deviations (bottom) per iteration.

Checking the plots of the objective function behavior (top right) and model deviation
(bottom right) per iteration, BLIMP FWI (blue lines) converge faster (less number of itera-
tions) than the monochromatic averaged gradient method (red lines). Actually it converges

with less than a half of iterations of the other method. But the errors do not look similar
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to each other as the models do. The shot differences are much lower on the monochromatic
averaged gradient inversion than on the current one. However, the same can not be said
about the model deviation. There is still a difference but not so large as the shot differ-
ences. The normalized model errors were reduced from 0.024 to 0.017 (BLIMP FWI) and
0.015 (monochromatic averaged gradient FWI). In others words, the resulted models are
equivalent, but the costs are not.

The inversion applying the BLIMP algorithm on the migrated residuals showed to be
cheaper than the work on Guarido et al. (2015) in two points: the costs on computing the

gradient, and the number of iterations required to reach convergence.

4.3 Conclusions

To apply a band-limited impedance inversion (BLIMP) in the gradient provides me with
a model update that is actually a residual velocity model, and not a model of reflection
coefficients. As I am using the initial model to fill the low frequency gap of the seismic data,
it must contain the general trend of the subsurface. When compared to the monochromatic
averaged gradient of chapter 3, the BLIMP gradient loses resolution for shallower events,
but it has improved resolution at deeper areas. The BLIMP gradient also has reduced cost,
as [ am not migrating individual frequencies, but the whole frequency band at once (for each

iteration).
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Chapter 5

The forward modeling-free gradient: a pre-stack

approximation

This chapter is focused on the implementation of a new interpretation of the gradient in
the FWI theory. We treat the gradient as the difference between the current model to
the impedance inversion of the migrated acquired data. This method requires no forward
modeling to estimate the gradient, only two forward modelings to estimate the step length
using Pica et al. (1990)’s algorithm. It is stable and cheaper than any method presented

until now, but the inverted model has comparable resolution.

5.1 Theory

5.1.1 New approximation for the gradient

Computing the gradient requires three very known seismic processing steps: PSDM of the
residuals, stacking and impedance inversion (Guarido et al., 2016). We call those steps as
operators: M for migration, S for stacking and I for impedance inversion. Equation 3.1 can

be re-written as:

m, = m, — a,g,
=m, — a,l {5[M (Ad(my))]}
=m, — o, [ {S[M (dy — d(my))]} (5.1)
where Ad(m,,) is the n-th iteration residual dyg — d(my,,), do is the acquired data, d(my,)

is the synthetic data of the n-th iteration and m,, is the n-th iteration inverted model. For

simplification and easier visualization, let’s set d(m,) = d,,. Then equation 5.1 is:
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my,; =m, — O./n] {S [M (do - dn>]} (52)

Considering the linearity property of the migration operator, the acquired and synthetic

shots can be migrated separately:

My = m, — a,l {S[M (do) — M (dy)]} (5.3)

The next step is to use the linearity property of the stacking operator. Then equation

5.3 becomes:

m, 1 = my, — o, [ {S[M (do)] = S [M (dn)]} (5.4)

For the impedance inversion operator, the first approximation we tried was I(x; — z5) =

I ﬁ;g Then equation 5.4 can be written as:

I{S[M (do)]}
[{S[M (da)l}
—_—

Current model

my,+; = m, — anIO

(5.5)

where the denominator is the impedance inversion of the stacked depth migrated synthetic
shots, and it is equivalent to the velocity model on which the forward modeling algorithm
is ran into. In others words, it is the model of the current iteration, m,,. Then equation 5.8

can be simplified to:

[{S[M (do)]}

m,,

myy = m, — anly

(5.6)

Equation 5.6 shows to be unstable as it can be divided by zero (as we are inverting for
lower frequencies greater than 3Hz and not capturing the Earth linear trend, it can result on
zeros and even negative impedances). On a tentative to avoid this we added a stabilization

factor SF:
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[{S[M (do)]}

m, + SF (5:7)

myy = m, — anly

Choosing a value for the stabilization factor showed to be challenging. A too small value
can lead areas of the gradient to have a huge value compared to its neighbors. A large value
(around 1 and above) can change the denominator significantly. And the stabilization factor
needed to be chosen by trial and error at each iteration. To avoid the division of equation
5.7 looks to be the best strategy at this point. So I took the risk to say that the impedance
inversion operator is approximately linear (for that, we assume Earth impedance to follow
a linear trend and a Taylor expansion of the reflection coefficients is used to estimate the
update as a perturbation of Earth’s impedance), and we end up with another solution for

equation 5.4:

m,, 1 = my, — on (I {S[M (do)]} — [{S5[M (dn)]}) (5:8)

Again, on the second hand of the gradient approximation we have the model of the

current iteration m,,. Then equation 5.8 is simplified to:

m, 1 =m, — o, ([ {S[M (do)]} — m,) (5.9)

Equation 5.9 understands the gradient as a residual impedance inversion of the acquired
data relative to the current model. With this approximation, the gradient can be estimated
without the need of forward modelings and source estimation. The objective function is
minimized during the estimation of the step length (that requires 2 synthetic data: one
for the current model and one for a gradient perturbation of the same model). I previous
chapters, at each iteration, it was required 105 forward modelings (104 to estimate the
gradient and 1 more for the step length) on the Marmousi model. With the approximation
of equation 5.9, it only requires 2 forward modeling to estimate the step length (1 for the

current model and 1 for a perturbation of the model, showed on equation 3.6). Actually, the
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amount of forward modelings required for any project does not depend on how many shots
it has, but on how many control points for the step length estimation we want to use (2 for

each control location).

5.1.2 Linearity of the migration operator

Claerbout (1971) suggests to map a reflection point (or layer) by a cross-correlation of the

downgoing and upgoing wave fields:

Im(z,z) =gz, z,t) @ u(z, 2,t) (5.10)

where u(z, z,t) is the upgoing residuals wavefield d,,, — dy, d,, is the synthetic data using
model m, dy is the acquired data and g¢(z, z,t) is the downgoing source wavefield. From
now on we will omit the coordinates x and z on the notation, and keep in mind that we
are imaging in depth. In the frequency domain (after a Fourier Transform) equation 5.10

becomes:

Im=U(w)G*(w) (5.11)

where * denotes the complex conjugate, U(w) and G(w) are the Fourier Transform of u(t) and
g(t), respectively. The linear property of the Fourier Transform leads to U(w) = Dy, (w) —
Dy(w), where D,,(w) and Dy(w) are the Fourier Transform of d,,, and dy, respectively. From

equation 5.11:

Im=U(w)G*(w)
= [Dm(w) = Do(w)] G*(w)
= D (w)G*(w) — Dy(w)G* (w)

Im(z,z) = g(z,2,t) @ dp(x, 2, t) — g(z, 2,1) @ do(z, 2, 1) (5.12)
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This means that applying the imaging condition of equation 5.10 on the residuals w is
equivalent to subtract the imaging condition of dy to the d,,, proving the linearity property

of the migration operator.

5.1.3 Linearity of the stacking operator

For a common imaging point of a seismic survey we have N traces tr,, of the residuals
try, = trpy, — tro, (i is the shot position or number, m relates the trace to the synthetic shot

and 0 to the acquired data). Stacking them is:

al try,
Su=>_ ~ (5.13)
=1

Now solving the sum of the residual terms of equation 5.13 we demonstrate the linear

property of stacking operator:

T,

t
Sy =
N

try,, — tro,

N

N
i=1
N
=1

1
= —(trm, —tro, +trmy —tro, + -+ + trmy — troy)

N
1
= N[trml + iy + - Aty — (tro, +tro, + -+ -+ troy )]
| N
LS Ym)
i=1 i=1
=S, — S (5.14)

5.1.4 Linearity approximation of the impedance inversion operator

Another way to re-write the reflection coefficients R and impedances I of equation 3.9 is

given by Treitel et al. (1995) for the reflection at point k is:
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N
1+R
L=0n]] (1 - R’;) (5.15)

The next step is to apply a Taylor expansion of the denominator. But first let’s un-
derstand what values the reflection coefficients can have. A strong water bottom reflector
(water velocity = 1500m/s and first layer velocity = 2100m/s) has a reflection coefficient of
around 0.21, which squared is 0.04. On a ”well behaved” Earth (not considering the water
bottom and high impedance layers as salt or basalt), the reflection coefficients have values of
around 0.03 or less, which squared are 0.0007 or less. The reason of this analysis is to neglect
terms of power 2 and higher on the Taylor expansion and products. With this information
in mind, equation 5.15, by a Taylor expansion of the denominator and neglect term with the

power of 2 or higher, is approximately:

N
=T [J [0+ Re) (1 + Re+ Ry + Ry + -]
k=1

~ I [ [ (1 + Re)(1 + Ry)] (5.16)

k=1

Equation 5.16 leads to an easier solution for the impedance. Now we can open the product

and, as previously, neglect powers of 2 and higher of the reflection coefficients:

N
Ii=Io [J(1 + 2R + RY)
k=1

N
~ I [[(1+2Ry)
k=1
= Io(1 4+ 2Ry )(1 + 2R2)(1 + 2R3) - - - (1 + 2Ry)
= Io(1 + 2Ry + 2Ry + 2R3 - - - 2Ry + O(power > 2))

=Io(1+2) Ry (5.17)
k=1

This last result ended up to be very interesting. The sum of the reflection coefficients

is a perturbation linear impedance trend with slope equals to 2[y and intercept Iy. For the

63



FWI problem, if we have an initial model that contains the local Earth’s linear trend (low
frequency content), we can update only the perturbation, or the cumulative sum of the mi-
grated acquired data with the low frequency removed. The resulting impedance perturbation
will have zeros and negative values. As a model update, this means reducing equation 5.17

to:

N
Ikupdate ~ [0 Z Rk (518)
k=1

It is clear equation 5.18 has the linearity property if we understand that the reflection
coefficient of the residuals is the difference of the reflection coefficients of the synthetic and
acquired data, and the approximation of equation 5.8 is valid.

In practice, we do not update the model by using equation 5.18. Instead we compute
a more precise impedance inversion by the BLIMP method and then removing the low
frequency’s linear trend (slope) and the intercept (water velocity in our marine simulation),

resulting in the velocity perturbation over the Earth’s global trend.

5.2 Simulation

5.2.1 Pre-stack depth migration based gradient

Equations 5.9 and 5.7 reduced abruptly the computer power required for the inversion. From
now on, all the tests were done on a personal gaming laptop (ASUS Intel Core i7-4700HQ
2.40GHz, 4 cores, 16Gb of Ram memory) in Octave (free scripting software) on a Linux
terminal and no parallel processing.

Figure 5.1 shows the inversion based on equation 5.9, starting from the model on the
top left of figure 4.3, and with the computer specification cited previously. The result is
impressive, and the process stopped after 29 iterations in about 36 hours of run time with no
parallel processing (it was repeated using the 4 cores of the computer for parallel processing

and elapsed time decreased to 18 hours). The method worked well in the whole model, but
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Figure 5.1: Inverted model using the initial model on the top left of figure 4.3 and based on equation
5.9. The algorithm ran on a personal laptop, and no parallel processing in about 36 hours.

was better at shallower areas. Major structures are successfully inverted. Even the fault
zones in the center of the model can be interpreted. Using no forward modeling to compute
the gradient shows to be a valid approximation. BLIMP provides us an impedance model
which includes the perturbation (high frequency) of the impedance to the low frequency
model. The difference of the perturbations of current and previous iterations (the proposed
gradient) points to the correct minimum, but it is not optimized to minimize the objective
function of equation 2.4. The step length (that requires 2 forward modeling per iteration
to be estimated) works as the minimization operator. The conjugate gradient was not used
(we tested with and without it and the ending models were equivalent).

Objective function and model deviation plots are on figure 5.2. We ran a total of 29
iterations (the code stops when a maximum frequency, selected by the processor, is reached,
and it changes the frequency content of the current iteration when the errors converge or
start to diverge). The inversion process has 2 major decrease in errors: one inverting up
to 6Hz and another up to 10Hz. We believe those are the dominant frequencies related to
the wavelength as same ”size” of layers in the model. It is interesting to note that even

with the objective function keeps decreasing by iteration, the model deviation can diverge
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Figure 5.2: Plots of the objective function per iteration (left) and model deviation per iteration
(right). There was a total of 23 updates in the model but the convergence is reached with only 12.

at some point (close to iteration 17). The meaning is that the process is trapped on a local
minimum of the objective function. With all these information in mind, we can say the
method is stable and leads to a optimized model that gets closer to the global minimum

than the initial model.

5.3 Conclusions

In chapter 4 T implemented an impedance inversion of the gradient. This lead me to un-
derstand the FWI routine as a combination of seismic processing tools, most specifically
a pre-stack depth migration, stacking and impedance inversion, which I also called seismic
processing operators. By assuming linearity those operators, I ended up with a solution on
which I can compute the gradient without any forward modeling (only two forward modeling
to estimate the step length). This resulted on a huge reduction is cost, as the main compu-
tation power in the FWI routine goes to generate synthetic shots. The inverted model has

high accuracy and resolution, and is comparable with previous inversions.
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Chapter 6

The forward modeling-free gradient: a post-stack

approximation

In this chapter, it is presented the post-stack approximation as an extension of the forward
modeling-free gradient method introduced in chapter 5, on which i apply a zero-offset PSPI
migration the NMO corrected and stacked CMP gathers. This new approximation is possible
when I started to look to the FWI as a seismic processing flow. Its inverted model has lower
resolution and is strongly dependent of the initial model, but it has reduced computational

cost.

6.1 Theory

6.1.1 Post-stack depth migration-based gradient

Looking back again at equation 5.9, I understand the gradient is estimated by applying a
few seismic processing tools. The two first processes consist on apply a pre-stack depth
migration in the acquired data and then stack the outputs to create a subsurface image of
the Earth. And this is the same goal of a post-stack depth migration, to estimate such
image. As both the pre-stack depth migration and the post-stack depth migration are trying
to deliver the same kind of output (of course, with different mathematical approximations
and different resolution), I am commuting the migration and stacking operators M and I,
respectively. This is a philosophical statement based on my interpretation of what do the
migration outputs are: if the outputs have the same meaning (a subsurface image), than
both migrations (pre and post-stack) are a reasonable approximation for the FWI gradient

(in this case, for P-wave velocity only). Pre-stack and post-stack depth migrations have
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equivalent outputs in an area where the stratigraphy contains only horizontal layers. In a
more complex model, I am assuming it is approximately true enough so we can apply the

same commutation (equation 6.1).

my, 1 =m, — o, (I {M[S(do)]} — m,) (6.1)

This means I can input in the algorithm a stacked section (figure 6.1) and apply a post-
stack depth migration algorithm (I used a zero-offset based PSPI with a cross-correlation
imaging condition). This allows the FWI method to be applied on non-usual data, such as
1D surveys (those are rare, and mostly academic surveys). However, at this point, I am
dealing with zero-offset data, with no AVO information, and it can be used only to invert

impedance.

6.2 Simulation

6.2.1 Post-stack depth migration-based gradient with BLIMP
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Figure 6.1: Stacked section used as input in the post-stack method.

The input data for the post-stack method is the data stacked where the stacking velocity

used is the same initial model of the others tests. The difference is that it was converted
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to a RMS velocity. Analyzing the stacked section on figure 6.1, I noticed the presence of
diffractions on the center area of the model caused by the fault zones. We can also observe
a strong horizontal event close to the surface and some internal multiples are very evident
in the deeper areas. I took note of all those observations and studied how they affected the

inversion.

Raw Gradient
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Figure 6.2: Inverted models using: pre-conditioned gradient (left) and the "raw” one (right).

I ran two different preliminarily tests. On the first I pre-conditioned the gradient by
convolving it with a 2D Gaussian window. This step was neglected during the second test,
where I only scaled the "raw” gradient. In both I used the starting model of the top left of
figure 4.3 and results are on figure 6.2. The left model is the resulted inversion when the
gradient is smoothed and on the right the gradient was kept raw. In both cases information
is included to the starting model, but with reduced resolution when compared to previous
inversions. Inversion got truncated by the horizontal event close to the surface that I observed
on figure 6.1. Pre-conditioning the gradient did a better job when compared with the raw
one. However, it suffers with borders effects. Comparing the objective function (figure 6.3
left) I can say that both are stable with the smoothed gradient (blue line) doing a better
job. The borders effects are not notice in the plot as the objective function is computed
on a control shot in the center of the survey. Borders effects are more pronounceable on
the model deviation plot (figure 6.3 right) where the smoothed gradient initially reduces the
model difference and, from iteration 10, it starts to diverge.

This method showed to be even cheaper than the pre-stack one, and the inversion im-
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Figure 6.3: Plots of the objective function per iteration (left) and model deviation per iteration
(right) with the "raw” gradient (red) and pre-conditioned one (blue).

proved the initial model, retrieving major structures, when compared with the true model.

6.2.2 Post-stack depth migration-based gradient with trace integration
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Figure 6.4: Inverted model with the simplified post-stack method. The border effects were sup-

pressed, but with some loss in resolution at the central portion of the model.

In previous chapters and analysis, I have been using the BLIMP to transform the reflection
coefficients of the migration output to impedance. However, I was using only the update

impedance, and not the whole BLIMP output (the impedance inversion of the migrated trace
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combined with the initial model). This leads us to think that a simple exponentiation of
the trace integration in depth is enough to do such transformation. This also avoid some
time-to-depth and depth-to-time conversions, whose slower the method.

Figure 6.4 shows the inversion result. The resolution is improved where the model is
simpler (outside the center part). However, when I apply a simple trace integration as the
equivalent of the impedance inversion, I ended up with some vertical stripes on the model.
To attenuate this effect, I apply a horizontal smooth on the gradient with one side effect:
loss in resolution on complex (lateral variation) areas of the model, like the central portion,

where the faults are not so clear anymore.
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Figure 6.5: Plots of the objective function per iteration (left) and model deviation per iteration
(right) with the "raw” gradient (red) and pre-conditioned one (blue) compared with the trace
integration ones (black). the dashed black line is the objective function on a random shot position.

Another difference on the method is on the choice of the shot position to estimate the
step length. For the previous analysis, I was selecting the shot in the middle of the survey as
a fixed point in space. It was biasing the updated model be focused only on the central part,
"forgetting” to optimize the sides. For the inversion showed on figure 6.4, at each iteration,
a random shot position is selected to estimate the step length, so the update is not biased.
On the other side, I lost track of the objective function at each iteration, as shown on figure
6.5. It compares the trace integration method (black lines) with the BLIMP ones (red and

blue lines). The dashed black line is the objective function of a random shot position. The
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objective function ends up to be random, with a trend to decrease. The black line is the
objective function of the shot in the middle. As I lose resolution in the central portion of the
model, the objective function diverges. Looking to the model deviation, the trace integration

provides us a model closer to the real Marmousi.
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Figure 6.6: A velocity analysis simulation used as initial model.

The post-stack FWI shows to be stable, fast and simple the initial model is a smoothed
version of the Marmousi. For the next test, I will use a simulation of a velocity analysis as
initial model to understand better the limits of the method (figure 6.6). I will follow the
same procedure as before, increasing the maximum frequency of the range by 1Hz at each
iteration, and selecting a random shot position for the step length.

The inverted model is presented on figure 6.7 and it has reasonable resolution, remember-
ing that I am using a post-stack approximation. Geological features were better "recovered”
at the shallow portion of the model, following the same trends as the real Marmousi. The
bottom part of the model is dominated by multiples of the high velocity bodies and the
central part is still unclear. I started to believe that this inverted model can be used as that
starting point for a second pass of the routine, and it resulted on the inversion of figure 6.8.

The resolution is improved and some parts in the deep started to gain more clarity, mostly
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Figure 6.7: Inverted model os the simplified post-stack FWI using figure 6.6 as initial model.

the shapes of the high velocity bodies on the sides of the model. Multiples are stronger after

second pass.
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Figure 6.8: Second pass of the post-stack FWI, increasing the resolution of the inverted model.

The model deviation on figure 6.9 shows the behavior of the updates during the first (left
of vertical red line) and second (right of vertical red line) passes. It is clear how the inverted
model gets closer to the real Marmousi after two passes of the routine, resulting on a very

reasonable model, considering its cost. In next chapter I will present a new improvement
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Figure 6.9: Model deviation of the first and second passes of the post-stack FWI using the figure
6.6 as initial model.

that showed to be even cheaper, but leading to more accurate inversions.

6.3 Conclusions

By interpreting that the gradient in the impedance inversion of a subsurface image (migrated
gathers), I proposed that the pre-stack depth migration can be replaced by a post-stack depth
migration. The inverted model shows the recovering of low-mid frequency content, related
to thicker layers. In other words, I could recover the general background structures of the
Marmousi model, but with limited resolution, and it can only invert P-wave velocity. This
approximation showed to be strongly dependent of the initial model, but it has reduced cost
and can be an useful tool to estimate a initial model closer to the global minimum, to be

the input of a pre-stack FWI.
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Chapter 7

The forward modeling-free gradient: well calibration

In this chapter I am proposing to replace the step length estimation of Pica et al. (1990)
for a matching filter (Margrave et al., 2010, 2011; Romahn and Innanen, 2016) estimated by
minimizing the difference between a sonic log to the gradient at the same spatial location.
This leads to a 100% forward modeling-free FWT approximation. By knowing the true answer
at a local area, the gradient is calibrated and the updated model is accurate. The inverted
model for the pre-stack approximation has a resolution comparable with the one obtained
with the BLIMP gradient in chapter 4, when the same initial model is used. The post-stack
approximation is improved when compared with the previous chapter, and can provide an

initial model for the pre-stack FWI that is closer to the global minimum.

7.1 Theory

7.1.1 Well calibration

Until now I have used Pica et al. (1990)’s approximation to determine the step length and
to calibrate the gradient. However, it goes against our seeking for a forward modeling-free
routine, as I still require two forward modeling to estimate the step length. So, I still require
a modeling code with reasonable physics embedded and some reasonable source estimation.
Margrave et al. (2010) and Romahn and Innanen (2016) calibrate the gradient by matching
it with a sonic log at the same spatial location. They estimate a scalar and phase rotation to
create a match filter to convolve with the gradient. This would lead us with a FWI algorithm
100% forward modeling-free. So I decided to implement it.

To find the scalar o that minimizes the impedance inverted gradient trace Sg.qq to the

impedance (sonic log) well trace Sy, I 