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ABSTRACT

Depth imaging of seismic reflection data plays an fimportant role in discovering oil and gas
reservoirs as well as in characterizing and defining the extent of previously discovered reser-
voirs. The quality of the image produced by current depth imaging algorithms is inextricably
linked to the adequacy of the velocity model, which can be difficult to estimate, especially
in geologically complex areas.

The inverse scattering series, a multidimensional direct inversion procedure, can be applied
to the seismic inverse problem to directly achieve seismic processing objectives without a
priori knowledge of the Earth’s material properties. As a result, it has the potential to image
reflectors in depth without requiring the actual propagation velocity. The inverse series is
non-linear in the scattered field, which includes the source wavelet and a chosen reference
medium’s properties.

Building on concepts laid out by Weglein et al. (2001), an imaging subseries of the inverse
series for a 1-D constant density variable velocity acoustic medium is isolated and analyzed.
This imaging series is recognizable as a Taylor series expanded about each mislocated reflec-
tor whose approximate coefficients are leading order in the scattered field.

The leading order imaging series is shown numerically and analytically (through the deriva-
tion of a closed form) to converge for arbitrarily large finite contrasts between the actual and
reference velocities and for data whose maximum frequency is finite. A condition is derived
which, when satisfied, shows that the leading order imaging series improves the depths of
reflectors over a linear imaging algorithm using the reference velocity. The impact of residual
internal multiples on the imaging series is also studied. While the computational expense of
the series algorithm is proportional to the number of terms required for a particular example,
the closed form efficiently encapsulates an infinite number of terms in a single operation.

The impact of missing low frequencies on the leading order imaging series is examined. It is
found that, while the algorithm benefits from having low frequency information, it retains
effectiveness even when zero and some low frequencies are absent. Some improvement in the
effectiveness of the algorithm when low frequency information is missing can be achieved by
fixing the limits of the algorithm’s integral to be over the known extent of the perturbation.
The acquisition of lower frequency data, and the development of low frequency spectral
extrapolation techniques support the progression of this work to eventual field data tests.
To that end, some remarks are included that describe extensions of this algorithm to include
higher order imaging series terms, a variable background velocity, and more complex wave
propagation.
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1. PROBLEM STATEMENT AND RESEARCH
OBJECTIVES

The primary goal of depth imaging is to produce a spatially accurate map of reflectors below
the Earth’s surface. This structural map is important to the oil and gas industry because it
plays a key role in determining where to drill for hydrocarbon reserves which, in turn, can
have an enormous global economic, environmental and political impact. The same principles
that underly imaging the Earth’s subsurface also apply to problems in medical and space
imaging and other remote sensing and nondestructive testing methods.

Current depth imaging algorithms can be formulated from a linear inverse scattering model
in which the reference velocity is assumed to be close enough to the actual velocity that
reflectors are placed at their correct spatial locations. In practice, especially in complex
geological environments, the most accurate methods for deriving the reference velocity model
may be inadequate for linear imaging algorithms inasmuch as they fail to focus the reflected
wavefield at the correct location. This motivates the search for new imaging algorithms that
have the ability to accurately locate reflectors, even when the precise velocity model is not
known.

Weglein et al. (2000) have proposed using the inverse scattering series, a multidimensional
direct inversion procedure, to derive a velocity-independent imaging algorithm. The primary
objective of this thesis is to progress that idea by developing an embryonic algorithm for
the simplest models in which unknown reflectors may be imaged accurately without precise
knowledge of the velocity field. Once the algorithm is derived, it will then be analyzed for
convergence and under conditions where the input data are bandlimited.

1 Introduction, motivation and background

Producing oil and gas at a pace that meets current global demand while also replacing
reserves to meet future demand are important objectives that have enormous economic,
environmental and political implications in the world today. Seismic exploration plays a key
role in defining and characterizing existing reservoirs as well as in discovering new oil and
gas reservoirs.

In the seismic experiment (see Figure 1.1), a controlled source sends an incident wave into the
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Fig. 1.1: An illustration of the seismic experiment. A seismic survey consists of repeated shots
(excitations of the source) at different locations above the measurement surface. A wave
incident upon a reflector produces a reflected wave. The displayed travel paths give rise to
a primary event in the recorded data.

Earth. Rapid changes' in Earth properties will cause the incident wave to reflect or diffract
and a portion of the reflected wave will return to the surface where it will be recorded by
groups of receivers. The reflected wave contains information about the source that created
it, the medium that the wave has travelled through, and the inhomogeneities (or reflectors)
that caused part of the incident wave to return to the surface.

The recorded seismic data are processed to reveal information about the Earth’s subsurface.
Ultimately, this information is interpreted to deduce the geological structure and the size and
type of possible hydrocarbon accumulation. The quality of the processed seismic data has
a direct impact on our ability to find and describe reservoirs. False or inaccurate reservoir
prediction can lead to drilling wells in the wrong location — an expensive mistake given that
an offshore deep water well can cost more than $70 million. Such high stakes motivate
research into new, more effective, seismic data processing algorithms.

Seismic data processing can be considered in the context of an inverse problem. Naturally, the
seismic inverse problem will be different depending on whether we consider acoustic, elastic,
or more complex wave propagation. Furthermore, methods to solve the inverse problem will
depend on how many acoustic or elastic parameters govern wave propagation, and on how
many spatial dimensions the Earth is considered to vary in. However, these details aside, to
solve the seismic inverse problem is to process seismic reflection data to reveal the Earth’s
subsurface properties, including the spatial location of reflectors and contrasts in density
and mechanical properties at these reflectors.

In practice, seismic data processing is carried out in a sequence of steps, e.g., random noise

1 “Rapid changes” means rapid relative to the wavelength of the incident wave, which is a function of its
temporal frequency.
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attenuation, source wavelet deconvolution, removal of multiple reflections, imaging and, fi-
nally, inversion for changes in Earth properties. The order in which these steps are carried
out can be important because most algorithms assume that the data have been precondi-
tioned by preceding processes. Imaging is the processing step addressed in this thesis. To
produce a seismic image is to generate a picture, or image, of the subsurface from the data
recorded on the measurement surface. The most ambitious seismic imaging algorithms out-
put a spatially accurate map of the reflectivity below the Earth’s surface. In these cases,
seismic imaging is the process of locating reflectors while also preserving the strength of
these reflectors, which will be proportional to the impedance contrasts.

There are many different ways to produce images from seismic data. Seismic data are, in
general, a function of five independent variables: source and receiver surface coordinates (s,
Ys, Ty Yg)? and source-to-receiver travel time (¢). A natural way to display raw seismic data
is to plot a subset of the traces (e.g., for a fixed source-receiver offset) as some function of
surface location (e.g., source-receiver midpoint) on the horizontal axis and time (increasing
down) on the vertical axis. A display such as this (an example of a seismic section) would be
considered to be one of the most primitive images of the subsurface. It is primitive because
the events on the section are (1) a superposition of primaries and reverberatory multiples
(2) distorted by the wave’s spatially-variable propagation velocity between the surface and
the subsurface reflectors, and (3) composed of diffracted energy that has scattered in all
directions from single points in the subsurface. In short, the events on this primitive seismic
section are not located in a position that well-represents the subsurface reflectivity and
therefore do not constitute a good image. Fortunately, many seismic processing and imaging
algorithms exist that can improve upon this primitive image.

In the development of seismic imaging theory and practice (e.g., Hagedoorn, 1954; Claerbout,
1971; French, 1974; Schneider, 1978; Stolt, 1978), the term “migration” is widely used.
Seismic migration refers to the moving, or migrating, of seismic events on a section to
locations that better represent the structure of the subsurface. For example, migrating the
primitive image just described would collapse diffractions thereby improving coherence, move
dipping reflectors in an up-dip direction while making them appear steeper, and correct the
distortions resulting from the wave propagating through the overburden.

Probably the most important prerequisite of current imaging algorithms is the need to know
the propagation velocity a priori. In order to know where an unknown reflector is located
in the Earth from travel times recorded at the surface, these algorithms require the velocity
with which the wave has travelled on its journey from the source down to the reflector and
then up to the receivers. To have this information is to have the “velocity model”, which
may be described in terms of, e.g., an interval velocity as a function of spatial coordinates.
In one spatial dimension, and for a normal incidence experiment, it is easy to see that the
relationship between the depth, zg, to a reflector buried below an overburden with interval

2 Consistent with much of the literature, subscript s derives from the word “shot” or “source” while
subscript g derives from the word “geophone” and signifies the receiver.
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velocity ¢(z) and the travel time, tg, for that reflection event is

vl @ @ 2

where the source and receiver depths are, for convenience, assumed to be at z, = z, = 0.
The depth to the reflector may also be written as an integral:

tr/2
2R = / c(t)dt (1.2)

where the velocity must be known as a function of the travel time, t. Equation (1.2), or some
approximation to it, is at the heart of all current imaging algorithms. These algorithms use
the velocity to predict the wavefield in the Earth from measurements at the surface. This
process is called “downward continuation of sources and receivers” or “survey sinking” and
is the map

D('Iga yg7 Zg - O|IL‘3, ysa Zs - 07 t) - D(xp7yp7 Zp|xp7ypa Zp; t) (13)

At each point (z,,yp, 2,) in the Earth that the wavefield is predicted, an imaging condition
is applied that returns the strength of the local reflectivity, or image I, at that point (see,
e.g., Stolt and Benson, 1987, p. 141). The t = 0 imaging condition relies on the reflected
wavefield at small times carrying information only about the medium near the location of
the coincident source and receiver:

There is an inherent paradox in current imaging theory called the velocity paradoz (Stolt and
Benson, 1987). The data are back propagated through a volume, whose velocity is assumed
to be known, in search of sharp discontinuities (i.e., reflectors). However, reflectors are
themselves likely to be evidence of rapid changes in the velocity. How can we be propagating
the wavefield through the correct velocity model if we don’t know where the rapid changes
are? This dichotomy is also evident when we consider current imaging as part of the general
inverse problem. On the one hand, we often consider imaging as a preprocess to amplitude
versus angle (AVA) analysis, which is a procedure for estimating the changes in parameters
across reflectors in the Earth. Since velocity is one of these parameters, then how is it that
we need the velocity to image, and yet we still consider it an unknown when we perform
AVA analysis?

The velocity paradox has been explained by the fact that, while the wave does indeed
respond to rapid changes in the velocity, in the end, its net response is to an integral of
the velocity over the distance that it has propagated. Another point of view considers
the notion of “two velocities”: one slowly-varying known background velocity, upon which
is superimposed a rapidly-varying unknown velocity. The latter discontinuous velocity is
one possible mechanism responsible for generating the unknown reflectors. The background

7
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Fig. 1.2: The model behind current linear seismic imaging algorithms. In order to image a reflector,
the algorithms downward continue the data from the surface, Sg, to points in the subsur-
face, e.g., &, = (xp,Yp, 2p), using a velocity model that is assumed to be adequately known
inside the source-free volume, V. By applying an imaging condition, the reflectivity in the
subsurface is estimated.

velocity is assumed to be adequate in its ability to focus the wavefield at depth and, hence,
it should correctly position reflectors.

The second viewpoint is closer to the one adopted in this thesis where we are using scattering
theory to address the problem of imaging. However, the important distinction between
current imaging and the approach we are taking here is that we formulate the problem in
terms of chosen background, or reference, velocity model that we anticipate is inadequate.
In doing so, the solution to the inverse problem is an infinite series: the inverse scattering
series. As a multidimensional direct inversion procedure, the inverse series has the ability, in
principle, to locate the sharp discontinuities using only the approximate reference velocity
model (Weglein et al., 2000). In the event that the chosen reference velocity is equal to the
actual velocity in the medium, then the solution to the imaging problem is linear in the data,
non-linear terms in the series will be zero, and the algorithm should behave in a manner
similar to a current, conventional, imaging algorithm.

The requirement in current imaging theory to have the velocity model can be illustrated
using a constant-density acoustic wave equation. Considering the situation illustrated in
Fig. 1.2, the wave equation valid inside and on the surface of the volume, V', is

2

(v2 + CQ‘("f,)) (@ w) =0 (1.5)

where ¢ is the velocity. Predicting the wavefield in the subsurface (i.e., inside the volume,
V') from measurements on the surface is the first step in a current imaging algorithm and is
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the one that requires the velocity model. We write an equation for the Green function, G,
that has its source located at the subsurface point 7,

w? o P
<V2 + 02(97:”)> G(Z'|Z,;w) = =0(Z' — T,) (1.6)
and then apply Green’s Theorem to derive a wavefield prediction formula (Morse and Fesh-
bach, 1953)

2|7 . =217 .
satie) = § (w250 20T - g PR 45 3 e 5 1)

where the partial derivatives are with respect to the outward-pointing normal to the surface,
S =Sy + 51 + S2. While Eq. (1.7) is very general and applies to two-way wavefields (and
can be rederived for elastic wave propagation c.f. Betti’s Theorem), at first look, it appears
somewhat demanding. For one thing, it asks for two measurements: one of the pressure
field, 1, and one of its normal derivative, 0¢)/On. Furthermore, it requires these values on a
closed surface, S, which is not feasible in seismic exploration.

Equation (1.7) may be simplified in the following ways: (1) Assume that the radius of the
cylinder goes to infinity (R — 400). In doing so, the contributions to the surface integral
from the sidewalls of the cylinder vanish (see, e.g., Wapenaar et al., 1989) leaving only
So and S5. This observation is not a consequence of the Sommerfeld radiation condition,
which applies only to causal wavefields (Bleistein, 1984). The consequence of collecting finite
aperture data is to ignore the contribution from the surface S;; (2) Assume that the wavefield
at the upper surface, Sy and inside the volume, V, is purely upgoing® so that 1 = 1y;. To
realize this, we should remove all downgoing waves from our data, including the direct
wave, source and receiver ghosts, free surface multiples and internal multiples. We may now
imagine that the waves arriving at the receivers have radiated from a secondary source — the
reflectors or point scatterers — below the surface S;. We then choose the anticausal (also
known as time-reversed or advanced) Green function, G = G*. This assumption and choice
simultaneously removes the need for a measurement at S, (save perhaps some contribution
from the evanescent part of the wavefield — see Stolt, 1984; Stolt and Benson, 1987; Wapenaar
et al., 1989; Wapenaar, 1992); (3) Lastly, we are free to choose boundary conditions for the
Green function, G*. Equivalently, the medium and sources outside the volume, V', may be
defined purely for convenience. If we choose Dirichlet boundary conditions on S; such that
G*°(2" = Z,|Z,;w) = 0, then we eliminate the need to measure the normal derivative of the
wavefield, 01 /0n, in Eq. (1.7). To realize this boundary condition on a horizontal acquisition
surface, we may imagine a second impulsive source located at a point :171[, = (Tp, Yp, 225 — 2p)
with opposite sign to the source at Z,, and a medium that is symmetric about Sy so that
c(a',y, zg —2') = c(2',y', 2y + 2'). Then G* satisfies the equation
2

(v? M ) G (@ |3, Fsw) = —8(F — &) + 5(" — &) (18)

02(9—3’/) p

3 It may still be up- and down-going below 5.
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The resulting formula for the upgoing wavefield predicted inside the volume, V', is

Yy (Tp;w) = — // Yy (Zy;w) (6§| g )dxg , where 7, € 5. (1.9)
—00 g

The minus sign comes from taking the normal derivative on the upper surface, Sy, given
that the z axis is defined to be positive down. We see that the wavefield at depth can be
computed through a weighted sum of the data recorded at the surface. It is the weighting
function 0G*/0z, that requires the velocity model in order to predict the wavefield in the
Earth*.

After downward continuing the receivers for each source experiment, we may invoke the
principle of reciprocity and then re-apply Eq. (1.9) to downward continue all sources to
the subsurface point #,,. The last step in current imaging is to apply an imaging condition.
If there is a reflector just below Z, (given the upgoing wave assumption) then the imaging
condition returns an amplitude proportional to the strength of that reflector. If there is no
reflector nearby, then the wavefield predicted at that point returns zero.

Almost universally, imaging is applied to primary seismic events and it is assumed that mul-
tiples have already been removed (or well attenuated) before the algorithm is applied. This
assumption still doesn’t guarantee that ¢ = ¢y inside the volume, V. There are velocity
models that produce turning waves and that cause the incident wave to be upgoing at the
reflector, rather than downgoing. Reverse time migration (Baysal et al., 1983; McMechan,
1983; Whitmore, 1983; Esmersoy and Oristaglio, 1988) accommodates two-way wave prop-
agation and can be applied to image primary seismic events under these conditions. In
principle, reverse time migration can also accept multiple reflections in the input data (e.g.,
Youn and Zhou, 2001; Mittet, 2002; Jiang et al., 2005).

How different migration algorithms incorporate the velocity model through Eq. (1.9) is what
differentiates time migration from depth migration. The nuances of time migration and
depth migration, and the details surrounding algorithms for pre-stack or post-stack data, that
accommodate velocity models ¢(z), ¢(x, z) or ¢(x,y, z), and that do or don’t make limiting
assumptions about wave propagation, e.g., Kirchhoff, Gaussian beam or wave-equation are all
beyond the scope of this thesis, but may be found in a number of texts (e.g., Claerbout, 1985;
Berkhout, 1985; Stolt and Benson, 1987; Scales, 1997). The implementation of migration
algorithms receives a great deal of attention in contemporary literature, whereas the theory
behind the algorithms essentially remains the same. When an adequate velocity model
is available, these algorithms, given their underlying assumptions, produce good images
of the subsurface. According to Gray (2001), the future of imaging research that stays
close to this established theory will tend to be focused on (a) improving the amplitude of
the wavefield predicted in the subsurface, (b) algorithm development for faster and higher
capacity computers, and (c¢) handling multi-component recordings of elastic wavefields. The

41t can be shown that if we chose to not impose the boundary condition G*P (' = %, |Z,;w) = 0, then
we would, of course, derive an equivalent formula — just with the substitution 0G*P [0z, = 20G* /0z,.

10
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quality, accuracy and reliability of the image from current imaging algorithms is inextricably
dependent on the adequacy of the velocity model.

In practice, imaging is itself one of the procedures used to estimate the velocity model.
Through an iterative process, the quality of an image may be quantitatively or qualitatively
measured and can be used to update the velocity model. Although critically important to
current seismic imaging, a detailed discussion of these and other velocity estimation tech-
niques is beyond the scope of this thesis. For an overview of, and references to, velocity
estimation methods, see, for example, Gray et al. (2001). One of the primary motivations
for this research is that, under many circumstances, especially in complex geological envi-
ronments, current best-practice velocity estimation techniques are inadequate for estimating
the velocity model with a high-enough degree of accuracy (e.g., Herron, 2000; Gray et al.,
2001; Paffenholz et al., 2002; Glogovsky et al., 2002). There are two responses to this prob-
lem: first, to improve our ability to estimate the velocity model and, second, to derive new
imaging algorithms that are less dependent on our ability to find the velocity model. The
research described in this thesis is an example of the second response.

In recent years, there has been some interest in velocity-independent imaging approaches.
A workshop titled “Velocity Model Independent Imaging for Complex Media” was held at
the 2001 SEG Annual Meeting in San Antonio, Texas. A number of different approaches
to the problem were presented at the workshop, including common focus point (Berkhout
and Verschuur, 2001), common reflection stacking (Bergler et al., 2002; Mann et al., 1999),
the inverse scattering series (Weglein et al., 2001), and multi-focusing analysis (Landa, 2004;
Gelchinsky, 1989; Berkovitch and Gelchinsky, 1989). With the exception of the inverse
series approach, these methods can be seen as generalizations of normal moveout (NMO)
and stack, some of which forgo knowing the velocity model in exchange for estimates of
one or more unknown parameters which are optimized to produce the “best” (e.g., most
coherent) image. The inverse series is the only one of these techniques that has the potential
to produce directly an image in depth, rather than an image in time. In all inverse scattering
approaches (both linear and non-linear), the reference velocity yields units of depth from
the data recorded in time. However, a non-linear series of equations is required to get an
accurate image in depth when the actual velocity deviates from the reference velocity.

2 Objectives

This thesis is part of a long-term research project aimed at solving the problem of seis-
mic imaging of, and inversion for, large-contrast and complex targets located beneath an
unknown, or poorly defined, overburden (Weglein et al., 2003). Complex geologic environ-
ments that currently present some of the greatest challenges to exploration include subsalt,
sub-basalt, and sub-karsted sediments. Estimating the velocity model in order to image
beneath these types of complex overburdens can be extraordinarily difficult. The objectives
of the research project are to study these problems and to propose, test and evaluate so-
lutions with a view to developing practical algorithms. A practical algorithm is one that

11
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provides value under real-world conditions and will become one tool in a toolbox of estab-
lished processing algorithms. Naturally, we would expect algorithms that provide benefit
under complex conditions to also provide value in more simple geological environments.

The objectives of this Ph.D. thesis are more narrowly defined. We are investigating the use
of the inverse scattering series to image reflectors at their correct depth. In principle, the
inverse series will accomplish this task using a reference velocity that may deviate from the
actual velocity below the measurement surface. At this stage, in order to make the problem
more tractable, we confine our analysis to the acoustic wave equation, and for a velocity that
varies only in the vertical direction. We follow closely the analysis of Weglein et al. (2001)
and Weglein et al. (2002), where the authors show that the first term in the inverse series
images reflectors at depths dictated linearly by the reference velocity and the data’s travel
times and that higher order terms contain parts that serve to shift reflectors towards their
true depths through Taylor series expanded about the mislocated interfaces. In this thesis,
we seek to use this analysis to further our understanding of how the inverse series performs
imaging, and to use the principle of task separation, originally developed for the purposes
of deriving free surface and internal multiple attenuation algorithms (Weglein et al., 1997),
to isolate an imaging subseries. Successful isolation of an imaging series must be followed
by an analysis of its convergence properties, and testing under increasingly realistic data
conditions, such as finite frequency bandlimits, additive noise, etc.

3 Strategy — the importance of starting simple

As a multi-dimensional inversion procedure, the inverse series can be readily formulated for
all linear wave equations. Then why are we studying the relatively simple 1-D acoustic
problem when the Earth is, at best, a 3-D elastic medium? The straightforward answer
to this question is that if an algorithm shows no effectiveness for the simplest 1-D acoustic
models, then we can not justify the additional labor and mathematical formalism involved
in its generalization to more complex wave propagation.

Historically, the strategy employed in developing inverse scattering subseries algorithms to
seismic data processing objectives has been to first consider the simplest situation in which
the particular problem exists. Most often this is a 1-D normal incidence experiment in a
constant-density acoustic medium. The simplest reference medium is chosen that agrees with
the actual medium above the measurement surface and thereby confines the perturbation
to be below the receivers. Then the inverse series is analytically computed and a subseries
is sought that is responsible for achieving the specific processing task under investigation.
The inverse subseries is isolated through a combination of physical intuition and experience
garnered through studying the forward Born series which constructs the seismic wavefield
using only reference propagation.

For the task of imaging, the simplest example to study is that of two reflectors where we
know the velocity down to the shallowest reflector but do not know the velocity below it.

12
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In this case, the first term in the series (computed with a homogeneous reference velocity)
will correctly locate the shallowest reflector, but incorrectly locate the deeper one. Further-
more, the first term will contain internal multiples that have reverberated between the two
reflectors, and the amplitudes of the events will be composed of reflection and transmission
coefficients rather than actual changes in the medium property. Collectively, the higher or-
der terms in the inverse scattering series are responsible for (1) removing internal multiples,
(2) moving the deeper reflector to its correct location, and (3) inverting the amplitudes for
changes in the Earth material properties. In this thesis, we are concerned with the terms
that act on the mislocated deeper reflector. We seek to isolate a subseries of the inverse
series that is responsible for locating reflectors in space when the actual velocity model is
unknown. If this subseries algorithm demonstrates an intrinsic ability to achieve its objective
for the simplest synthetic examples, then it will be reformulated and generalized so that it
may be tested on multidimensional field data.

13



2. THE INVERSE SCATTERING SERIES AND
TASK-SPECIFIC SUBSERIES

As a multidimensional direct inversion procedure, the inverse scattering series can be for-
mulated to invert seismic reflection data directly for the Earth’s material properties. Using
only the measured data, the source wavelet, and a reference medium’s material properties as
input, the inverse series is a procedure that achieves important seismic processing objectives
through combined linear and non-linear operations on the data. It serves as a general and
flexible foundation for deriving seismic processing algorithms that are effective when little or
no a priort information about the subsurface is available. In the context of this thesis, the
inverse series is a good candidate procedure for deriving an algorithm that can accurately
depth image seismic data in complex geological areas where the velocity model is difficult to
estimate.

To address issues of divergence or slow convergence of the inverse series, an effective strat-
egy has been to isolate subseries of the inverse series that are responsible for accomplishing
specific useful tasks in seismic processing. Series algorithms for the removal of free surface
multiples and the attenuation of internal multiples were presented by Weglein et al. (1997).
These two multiple attenuation algorithms were successfully tested on, and are now routinely
applied to, 2D and 3D field datasets. They are distinguished by the useful property of requir-
ing no knowledge of the Earth’s properties below the measurement surface. The potential
of the inverse series to image and invert primaries was outlined by Weglein et al. (2000)
and ideas for isolating terms that would constitute an imaging subseries were presented by
Weglein et al. (2002).

Inverse series algorithms are able to achieve their objectives without subsurface information
because they involve non-linear operations on the measured data. As such, they engage
the data more actively and inclusively than linear algorithms, which treat the data more
passively.

1 Scattering theory, the inverse series and seismic data processing

The research documented in this thesis applies inverse scattering theory to the seismic inverse
problem. In scattering theory, the difference in the behavior of an incident wave in two media
(referred to as the reference medium and the actual medium) is described in terms of the
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difference between the physical properties of these two media (see, e.g., Taylor, 1972). The
wave equations for the actual and reference wavefields (¢ and 1) are expressed by

Ly = —A(w)d(Z — ) (2.1)
Logo = —A(w)d(Z — 7,) (2.2)

where L and Lg are the differential operators that describe wave propagation in the actual
and reference media, respectively, and A(w) is the source wavelet as a function of angular
temporal frequency. The variables ¥ and 7y are the field point and source position vec-
tors. The Green functions for the actual medium and the reference medium (G and Gy,
respectively) satisfy

1

LG = —6(& — @) (2.3)
LoGo = —6(F — &,) (2.4)

1

and so ¢ = AG and Yy = AGy. The perturbation operator, V, and the scattered wavefield,
1, are defined by

V=L-L, (2.5)
Wy = 0 — o, (2.6)

respectively. The Lippmann-Schwinger equation relates the actual and reference wavefields
to the perturbation operator (or scattering potential):

+o0
B(F| B ;) = o(F|Fs;w) // GoE|T )V (F W) (F |Fas w)dd’ . (27)

This equation is not a solution for the actual wavefield, 1, but can be successively iterated
for 1) on the right-hand side resulting in the forward, or Born, series:

p=vot+itvet... =Y U (2.8)
n=0

)= [ GV @ g (2.80)
(#17.;0) //WGO 7wV (F )

/// G [PV @@ F ) (230)

where

Clearly, the forward series is a solution for the actual wavefield in terms of the reference
wavefield and the perturbation (the source wavelet, A, factors out and cancels on both
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sides of the equation but is still required if constructing 1) and not G). It describes the
wavefield that propagates in the actual medium in terms of an infinite series of propagations
in a reference medium and interactions with the potential, V', which contains the actual
and reference media properties. As a forward modelling tool, the forward series may be
considered unnecessarily complicated or inefficient because to know V' is to know the Earth
(since references medium properties are a matter of choice), and therefore the wavefield
can be straightforwardly constructed using a conventional (e.g., finite difference) modelling
program that propagates waves through a known model. Nevertheless, the forward series is
worth studying for a number of reasons. Convergence of the forward series is a necessary,
but not sufficient, condition for convergence of the inverse series (Prosser, 1976). Also,
understanding how the forward series constructs one wavefield through the propagation of
another wavefield can offer clues as to how the inverse series processes the recorded wavefield
using only reference propagation (see, e.g., Matson, 1996; Innanen, 2003; Nita et al., 2004).

The inverse scattering series is a solution for the scattering potential in terms of the scattered
field on the measurement surface, (¥ — Wy),,, = (¥s), = ¥s(Z, |T5;w), and reference prop-
agation, Gg. The inverse series can be derived by first writing V as the sum of constituent
terms (Jost and Kohn, 1952; Moses, 1956)

V=Vi+Vo+Vs+... =)V, (2.9)
n=1

where V,, is defined as the portion of V that is n** order in the measured values of the scat-
tered field, (Ws),,. Substitution of Eq. (2.9) into the forward series (Eq. 2.8) and matching
terms that are equal order in (¥y),, yields:

(GOVIKIJO)m = (‘Ils)m (29&)
(GoV2¥o)m = —(GoViGoV1¥)m (2.9b)
(G()Vg\po)m = —(G0V1G0V1G0V1‘I/0)m — (GOV2GOV1‘I/0)m — (GOV1GOV2‘I/0)m (29C)

To solve Eq. (2.9) given the source wavelet, A, one could invert Eq. (2.9a) for V;, then
substitute V; into Eq. (2.9b) and invert for V, using the same reference Green functions.
Then V; and V2 may be substituted into Eq. (2.9¢) to solve for V3, and so on. In this way,
V' is constructed order by order in the data and the inverse problem may be solved. See, for
example, Weglein et al. (1981) for references to the development of the inverse series.

Equation (2.9a) should not be confused with the inverse Born approximation, which is

The first term in the inverse series, V7, becomes the inverse Born approximation only if we
assume that V; &~ V. In deriving the inverse series, there is no requirement that Gg ~ G,
nor that the reference medium properties are close to the actual medium properties. This
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is the reason why algorithms derived from the inverse series have the potential to achieve
processing objectives without a priori information about the Earth’s material properties,
and is the reason why, in principle, the inverse series can locate unknown reflectors in the
subsurface without knowledge of the velocity model.

The inverse Born approximation, or linear inverse, underlies the vast majority of techniques
currently employed to process primaries, e.g., normal moveout (NMO), migration/imaging,
amplitude variation with angle (AVA) analysis and migration-inversion (see, e.g., Stolt and
Weglein, 1985). Linear approximate inverse methods are also at the heart of medical imag-
ing and other non-destructive testing methods. For the seismic problem, the inverse Born
approximation is a reasonable approximation for primary events (i.e., assuming multiples
have been removed), for precritical reflections, for small contrasts in material properties,
and for a reference medium that is close to the actual medium (Clayton and Stolt, 1981).
When these conditions do not apply, the inverse Born approximation may be inadequate as
a basis for deriving processing algorithms.

The inverse series only exists when L # Lj in which case V is non-zero. In the inverse
series, V; is defined to be the first term in an infinite series for V and Eq. (2.9a) is an
exact equation, unlike Eq. (2.10) which is an approximation. The cumulative sum of the
second and higher terms in the inverse series can be viewed as correcting V; towards V
when the series converges. The tasks of removing multiples, imaging primaries at their
correct depths, and inverting for large changes in Earth properties reside in the second and
higher order terms in the series. In other words, under circumstances where the inverse Born
approximation is invalid or inadequate, the inverse series offers an alternative solution to the
inverse problem.

The inverse scattering series is a multi-dimensional direct inversion procedure. The scatter-
ing medium’s properties are directly determined from the recorded data without iterative
updating of the reference medium towards the actual medium. Alternative approaches,
e.g., iterative linear inversion, involve updating the reference model so that the reference
wavefield, in some sense, fits the observed data (Tarantola, 1987). The inverse series is a
distinctly different method from iterative linear inversion. Equations (2.9a,b,c,...) are in-
verted for Vi, Vs, V3, ... and hence for V directly in terms of the measured data, (¥y),,,
and reference propagation, Gg. Iterative linear inversion implicitly or explicitly updates the
reference medium and scattered field at each iteration.

2 Series convergence, task-separation and task-specific subseries

Series algorithms naturally carry with them questions of convergence. A body of work by
Prosser (1969-1992) has formerly addressed the topic of convergence of the inverse series
including the existence and uniqueness of its solution. The convergence of the inverse series
requires that the scattering potential be sufficiently weak to allow convergence of the forward
series. However, Prosser’s conditions are not easily translated into contrasts in Earth’s
material properties, such as actual /reference velocity contrasts.
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Empirical tests of the entire inverse series for a simple 1-D acoustic model have suggested
that it is slow to converge or that it does not converge unless reference medium properties
are chosen to be very close to the actual medium properties (Jacobs, 1980; Carvalho, 1992).
Based on these tests, the radius of convergence was considered to be too small for the series to
be of direct practical use when no a priori information is supplied. Rather than abandon the
inverse series, research was undertaken to isolate convergent subseries that perform individual
tasks associated with inversion and that have practical value all by themselves (e.g., multiple
removal). The fact that task-specific subseries can be isolated is quite remarkable and is not
at all obvious. The thought that the inverse series might provide some benefit as a multiple
removal procedure was suggested by Stolt and Jacobs (1980) and pursued by Carvalho et al.
(1991) and Weglein et al. (1992). To find and isolate subseries requires a clear definition of the
processing objective and a careful analysis of how the inverse series directly inverts seismic
data. When successful, this analysis provides an understanding of how to process seismic
data in the absence of a priori subsurface information, which leads to the development of
practical and useful algorithms (Weglein et al., 2003).

Inversion of seismic data can be viewed as performing a sequence of four tasks or processing
steps:

1. Removal of free-surface multiples;
2. Removal of internal multiples;
3. Positioning reflectors at their correct spacial locations (imaging); and

4. Inverting reflectivity for changes in Earth parameters (target identification).

As a direct inversion procedure, the inverse series accomplishes these tasks using only mea-
sured data, the source wavelet, and reference medium properties. It is anticipated that each
of these tasks is achieved through a series — a subseries of the inverse series. Isolating and
then employing subseries that perform these tasks is less ambitious than a wholesale direct
inversion for Earth properties using the entire series and so convergence properties and data
requirements may be more favorable. Also, by carrying out these tasks in sequential order,
tasks 2—4 may benefit from the simplification that derives from a reformulation of the inverse
problem to reflect the fact that some processing objectives have already been achieved. For
each task, the simplest possible reference medium is chosen that allows rapid convergence of
the subseries.

The strategy of task separation originally led to the development of a multi-dimensional
free surface multiple removal algorithm (Carvalho, 1992). Free surface multiples are events
in the data that have reflected in the subsurface, hit the free surface at least once, and
travelled back into the Earth to be recorded at a later time. These events usually have large
amplitudes and can obscure reflection events that have travelled further into the Earth but
arrive at the same time as the multiples. The presence of multiples often precludes accurate
estimation of the medium properties, such as the velocity model. The second task-specific
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subseries to be isolated was one that attenuates internal multiple reflections (Araidjo, 1994).
Internal multiples are events that have all their downgoing reflections below the free surface.
Removing all multiples from the data is a prerequisite for most imaging algorithms which
expect a primaries-only wavefield as input. It is interesting to note that these subseries of
the inverse series act to remove multiples (thereby treating them as noise) rather than to
use them to extract information about the Earth.

Beyond multiple attenuation, Weglein et al. (2000) proposed using the inverse scattering
series to perform the third and fourth inversion tasks of imaging reflectors in depth and
inverting for Earth parameters, both in terms of reference medium information. The authors
described a scheme for predicting the wavefield in the subsurface order by order in the
wavefield measured at the surface and without knowing the velocity or any other properties
of the medium below the measurement surface.

The concepts surrounding the task of depth imaging using the inverse series were set out
by Weglein et al. (2002), where it was shown for a 1-D normal incidence experiment in an
acoustic medium, that the imaging subseries was a Taylor series in the data linearly imaged
with the reference velocity. This series shifts reflectors towards their true depths using the
amplitude and residual moveout information gleaned automatically from the imaged data
itself.

Zhang and Weglein (2003) generalized the task-separated formulation of Weglein et al. (2002)
to a two-parameter acoustic model and demonstrated the benefit of adding the second terms
to the first terms in the subseries for estimating changes in velocity and density across an
interface. The accuracy of the parameter estimation clearly improved for all precritical angles
of incidence. The authors have begun generalizing their work for elastic media (Zhang and
Weglein, 2004a).

For the same normal incidence acoustic case studied by Weglein et al. (2002), Innanen
(2003) isolated a subseries that simultaneously images and inverts for changes in the velocity.
This subseries includes so-called “mixed-task” terms that invert and image concurrently.
Numerical examples were presented that show good results for a suite of examples and
demonstrated robustness to small amounts of random noise.

3 Characteristics of inverse scattering series algorithms

The multiple attenuation algorithms derived using the inverse series have the unique property
that they expect the recorded seismic data and the source wavelet as input, but do not
require the propagation velocity or any other subsurface information (Weglein et al., 1997).
For marine seismic data, both the free surface and internal multiple subseries converge
for a simple homogeneous acoustic reference medium — water — which has the benefit of
making the algorithms more computationally efficient than if a reference medium more like
the actual Earth were required. More importantly, the algorithms predict and attenuate
multiples generated by actual Earth model types that are much more complicated than
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the homogeneous acoustic reference medium and include heterogeneous, anisotropic, elastic
and certain forms of anelastic media. This important property is referred to as “model-
type independence” because the same algorithm may be applied to a large class of different
Earth models to achieve the same seismic processing objective. It was shown by Weglein
et al. (2003) that if a processing task can be achieved with a subseries algorithm without
having to specify how the perturbation operator, V., depends on Earth properties, then that
algorithm is independent of Earth model type.

Although inverse series algorithms relieve us of requiring a priori knowledge about the sub-
surface, like all methods they are founded on a set of assumptions. Some of these assump-
tions are common to all wave-theoretic processing algorithms, e.g., they require adequate
sampling and source/receiver aperture. Also common to many other algorithms, by adopt-
ing the strategy of task separation, it is important that tasks are completed in sequence.
For example, the internal multiple attenuation algorithm must be applied after free surface
multiples have been removed (or are not significant, e.g., for a shallow target in a very deep
water environment). Initial analysis of the imaging series terms has considered only primary
events in the input data implying that all multiples have been removed, i.e., tasks 1 and 2
have been completed. The impact of violating this assumption is discussed in Chapter 3.

An important prerequisite of all inverse scattering series algorithms is knowledge of the
source wavelet. Methods for estimating the wavelet include field measurements (Ziolkowski,
1991) or direct estimations from the recorded data (e.g., Weglein et al., 2000; Guo, 2004).
The free surface and internal multiple attenuation algorithms can be divided into two steps:
(1) prediction of the multiples and (2) subtraction of the multiples from the data. It is
the prediction step that involves non-linear operations of the data, derived from the second
and higher order terms in the series. The subtraction step is, in principle, straightforward
but, in practice, must be executed with care. If the source wavelet is not known, then the
predicted multiples will be in error by factors of the unknown wavelet. Signal processing
techniques are applied that can compensate for these amplitude and phase effects during the
subtraction step (Verschuur et al., 1992; Carvalho and Weglein, 1994; Abma et al., 2002).
The most widely adopted subtraction technique uses the minimum energy criterion, which
designs a match filter to be applied to the predicted multiples so that, after subtraction from
the data, the energy will be minimized.

The first task of free-surface multiple removal requires that the input data have the direct
wave removed in order to compute the scattered field (usually this is achievable with a
surgical mute). The derivation of the algorithm also requires that source and receiver ghosts
are removed. While deghosting is in principle a simple process, in practice algorithms can
be sensitive to the accuracy of the source and receiver depths. Recently, new approaches
to deghosting have been proposed that avoid these particular stability issues (e.g., Weglein
et al., 2002; Robertsson and Kragh, 2002; Zhang and Weglein, 2004b). Often the adaptive
subtraction techniques are relied upon to correct for residual ghost effects as well as the
unknown source wavelet.

The fact that the sources and receivers are assumed to reside in the reference medium means
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that knowledge of the surface properties is required. In the case of marine exploration,
water properties are, in general, adequately known. For land and ocean-bottom seismic
experiments, this can add a level of complexity. Compared to most other current processing
algorithms, inverse series algorithms carry additional, but achievable, prerequisites on data
acquisition and a priori information at the surface, in exchange for little or no information
about the subsurface. This is usually a welcome trade-off.

Inverse series algorithms can achieve processing objectives without the traditional require-
ment for a priori subsurface information because they are more inquisitive of the data. The
non-linear property of these algorithms results in multiplicative communication between
events in the measured data. For example, all deghosted primary, free surface multiple and
internal multiple events in the data are used by the free surface multiple removal algorithm
to predict the correct amplitude and times of all free surface multiples. The seismic processor
is not required to identify or separate these subevents nor provide any information about
the subsurface model. In essence, these algorithms require that the data get more involved
in their own processing objectives, than do linear algorithms, which treat the data more
passively. As such, inverse series algorithms data-driven.

For a comprehensive review of the inverse scattering series and its application to seismic
exploration see Weglein et al. (2003).
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3. A LEADING ORDER IMAGING SERIES FOR A
LAYERED ACOUSTIC MEDIUM

Following Weglein et al. (2002), we isolate terms in the inverse series that are responsible for
locating reflectors in a 1-D constant density acoustic medium. After computing three terms
in the series, we recognize a pattern in the mathematical expressions for the leading order
contributions to the imaging series. These terms correspond to inverse scattering diagrams
with a particular geometric configuration. Recognizing this pattern allows us to write down
a formula that will predict any term without having to explicitly and laboriously isolate it
from the inverse series. By extension, we may then write the formula for a leading order
imaging series.

A closed form of the leading order imaging series is shown to exist and is used to analyze the
convergence properties of the series algorithm. The leading order imaging series converges
for any finite contrast between actual and reference velocities, and for finite maximum fre-
quency in the data. The rate of convergence is greater for lower maximum frequency, smaller
contrasts between the actual and reference velocities, and for angles of incidence closer to
normal.

The leading order imaging series is an approximation to the full depth imaging potential
of the inverse series in that its coefficients are leading order in the data. The first term
in the series images reflectors at the depths dictated by the reference velocity (chosen to
be constant in this case) and the data’s travel times. The remaining terms use the data’s
amplitudes and travel times as well as the reference velocity to shift the reflectors closer to
their correct location in depth.

Analytic examples demonstrate that, for moderate contrasts between the actual and reference
medium, the leading order imaging series significantly improves the predicted depths of the
reflectors at precritical angles, effectively acting to flatten the image gathers. We derive a
condition under which the leading order imaging series improves the predicted depth of a
reflector over linear imaging with the velocity. The impact of internal multiples is analyzed.

1 A 3-D experiment over a laterally invariant acoustic medium

We consider a constant density acoustic medium with point sources and receivers located at
Ts = (s, Ys, 25) and Ty = (24, Y,, 24), respectively. Wave propagation in this medium can be
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characterized by the wave equation
2

w
(V2 + 02(z)> W(T|T g w) = —A(w)o(F — Zy) (3.1)
where 1) is the pressure field, A is the source wavelet, ¢ is the propagation velocity and w
is the angular temporal frequency. The field point, ¥ = (z,y, 2) is any point inside or on
the surface of the volume defined in Fig. 1.2. This derivation of the prestack leading order
imaging series is restricted to a medium that varies only in the z direction. For the first
steps in its generalization to a 2-D earth, see Liu et al. (2004). vy is the pressure wavefield
due to the same source, A, in the reference medium which is chosen to be a wholespace with
velocity, co:

(vﬂﬁg)%@wg@:—A@w@—fg (3.2)

From Eq. (2.5), the scattering potential is
V = kia. (3.3)

where kg = w/co and « is the velocity perturbation, a dimensionless parameter that relates
the actual velocity, ¢, to the constant reference velocity, ¢y, such that

1 1
202 1+ a(z)]. (3.4)

For this acoustic problem, the goal of inversion is to solve for o which can be written as an
infinite series (after Eq. 2.9):

a:a1+a2+a3+...:Zan (3.5)
n=1

where aq, the first term in the series for «, is linearly related to the scattered field on the
measurement surface, (Vy),, = (¥ —Vy),, = ¢5(Zy|Zs;w). The second term, ap, is quadratic
in (Wy),,, the third term, a3, is cubic and so on.

After using the inverse series (Eqs. 3.5 and 3.3 with 2.9a,b,...) to solve for «, we could then
use Eq. (3.4) to solve for the unknown velocity, ¢(z). However, the objective here is in fact
not to solve for the medium parameters (in this case just ¢), but to solve directly for the
location at which the perturbation, «, changes. This is the problem of imaging in a medium
whose velocity is not known before or after the imaging procedure.

2 Isolation of a leading order imaging series

2.1 The first term, oy, and its degree of freedom

The inverse scattering series takes the measured values of the scattered field as input. For a
homogeneous reference medium that agrees with the actual medium above the measurement
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surface, the reference wavefield, 1), is simply the direct wave — the wave that travels directly
from the source to the receiver. Therefore, to calculate (Vy),,, we need to subtract the direct
wave from the measured total field, (¥),,. Deconvolving the source wavelet, we define the
data D = (V,),,/A, and then D is related to oy by (see Eq. 2.9a)

+00
D (Z,|%s;w) = Go (Z,4|7";w) ko (2) Go (7|7 w) dT’ (3.6)
where (5 is the causal Green function satisfying the wave equation in the reference medium
(and is related to the reference wavefield by Gy = 1y/A). The solution for a4 in cylindrical
coordinates is (see Appendix A)

_4 2 ) o]
a1(—2q,) = QWF%GZQQ(ZQJFZS)/O D(r;w)Jo(kyr)rdr (3.7)
0

where the vertical and horizontal wavenumbers, ¢, and k,, respectively, are related by

k2

Jo(k,r) is a zero order Bessel function of the first kind that arises due to the azimuthal
symmetry and is

1 2r
Jolkyr) = - /0 ehrreost e, (3.9)

Figure 3.1 illustrates the relationship between the horizontal cartesian offset coordinates
(x,y) and the cylindrical coordinates (r, ¢).

The fact that the solution for oy is over-determined is evident in Eq. (3.7): whereas «; is
only a function of g,4, the right-hand side can be written as a function of two independent
variables, e.g., (¢g,w) or (k,,w). Inverse Fourier transforming both sides of Eq. (3.7) gives

+o0 2 o)
ai(z) =— 8/ Z—%e‘iqg(%_(zﬁ%))/o D(r;w)Jo(k.r)rdrdg,. (3.10)

Considering fixed angles of incidence, 6y, leads to a number of different estimates of a4 (z).
Fixing 6, is the same as fixing horizontal and vertical slownesses, p and (y, respectively,
where

. sinfy cos ty

p= and (o = .
Co Co

Note that p and (p are functions of the constant reference velocity and, as such, may be
referred to as reference slownesses. We have chosen to omit the subscript “0” after p for
brevity and because, in a 1-D medium, horizontal slowness is constant in each layer. Keeping

24



A leading order imaging series for a 1-D acoustic medium Ph.D. thesis

OA

(xs)) |

Fig. 3.1: Plan view showing the relationship between the horizontal cartesian and cylindrical coor-
dinates. r is the source-receiver offset in the horizontal plane and ¢ is the azimuth. For
a 1-D medium, the data are invariant in azimuth.

the subscript “0” after ¢ highlights the fact that the inverse series terms are computed using
only a (in this case constant) reference slowness whereas, in the inverse problem, the actual
vertical slowness, ((z), is an unknown function of depth. With 6y, p and (, fixed, g, is
still allowed to vary through the variation in w since g, = w(y. Therefore, to perform that
integral, we proceed by changing variables from ¢, to w (and substituting k, = wp):

—+00

(2, p) = — 8¢y cos? by /

—0o0

e~ 1wC0(22—(29+25)) / D(r;w)Jo(wpr)rdrdw. (3.11)
0

By considering fixed 6, we were able to move ¢2/ki = cos® outside of the integral. Then
a;(z,p) denotes estimates of «; for fixed p values which, for a 1-D medium, describes fixed
angles (6p) at which the constituent plane waves leave the source and arrive at the receivers.
Defining the vertical time 7 = (o (22 — (2, + 25)) and performing the inverse temporal Fourier
transform of the data D(r;w), Eq. (3.11) becomes

27 00
a1 (T, p) = — 8( cos? 90/ / D(r; T — prcos ¢)rdrde. (3.12)
o Jo

Changing back to cartesian coordinates yields

“+o00 “+o00
aq(T,p) = — 8 cos? 6, / D(z,y; T — pzr)dzdy (3.13)
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which is recognizable as a scaled slant stack of the recorded data (see, e.g., Treitel et al.,
1982). Both Eqs. (3.12) and (3.13) are derived in Appendix A. In cartesian coordinates, the
solution for oy requires sums in the x and y directions, whereas in cylindrical coordinates,
as a result of the symmetry of a laterally invariant medium, these integrals are replaceable
by integrals over ¢ and r (Eq. 3.12) or w and r (Eq. 3.11).

An alternative approach to handling the degree of freedom in Eq. (3.10) is to hold w fixed and
integrate over angle, 6, or vertical slowness (y = cosby/co = q,/w. This parameterization
will result in different estimates of «; for constant w values (see also the discussion in Chapter
4).

2.2 Task separation in the second term

The integral equation for the second term in the inverse series for this acoustic problem is
(from Eq. 2.9b)

+oo
/ Go (74|75 w) kg (2)Go (7|7 5y w) dT =
+oo

+o00
—/ dz' Gy (74|75 w) kgozl(z')/ dz" Gy (Z2'|2";w) kgozl(z")GO ("7 5 w).
(3.14)

The solution is detailed in Appendix B where oy as a function of vertical wavenumber is
shown to be separable into the sum of two parts (see Fig. 3.2):

/

~+o0 I z d /
as(—2¢,) = / dz'e*'%9* 2—;2 (a%(z') —|—/0 dz”aﬂz”)%) : (3.15)

o g

As is the case for aq, there is a degree of freedom in Eq. (3.15) that results in a choice of
which variable to hold constant, and which to integrate over in the construction of as(z).
For consistency, we choose to keep p constant, in which case performing the inverse Fourier
transform of Eq. (3.15) gives

an(z,p) = ——— (og(z,p) + M al(z',p)dz'] %) | (3.16)

2 cos? b,

The separation of the second term in the inverse series (Eq. 3.16) into the sum g + agg
(defined below) is an example of task separation. As explained by Weglein et al. (2002) for
the normal incidence case, these two terms have distinctly different roles in the inversion for
«. The first piece

1 2

a?(z,p) (3.17)

0621(2,17) = m 1
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reference velocity (ii) “separated” diagrams terms

Fig. 3.2: Diagrammatic representation of the solution for as given in Appendix B. The second term
has been divided into “self-interaction” and “separated” diagram contributions. The “e”
symbol is used to illustrate that “self-interaction” is admitted, whereas the “—” signifies

that “self-interaction” is excluded.

is the portion of s that acts to correct the amplitude (and only the amplitude) of «; towards
«a whereas the second piece

s (2,p) = ———— UO Ozl(zl,p)dz'} dau(2:p) (3.18)

"~ 2co0s2 6, 0z

is the first non-linear term in the subseries that shifts the mislocated interfaces in o closer
to their true depths. We can justify the assertion that ags is an imaging-related term by
considering a situation where the reference velocity agrees with the actual velocity model
down to a single reflector, in which case the first term, a1, should correctly locate the reflector
and hence the problem of imaging does not exist beyond the first term. In this case, we would
expect the non-linear imaging terms to be zero!. For a single interface at depth z,, with a

! Strictly speaking, the sum of all the non-linear imaging terms should be zero. For the sake of efficiency,
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reflection coefficient, Ry, the data are (e.g., Ewing et al., 1957)

w [ R » s
Dlrw) =1 | Oclo(p) etz 50 Jo(wpr)pdp
-1 [ k, ,
_ _/ R01.< /w> ezw(g(Zzafzsfzg)J0<krr)dekr (319>
Ar /o 1w(p

which we substitute into the formula for ay (Eq. 3.11):

“+o00

. 1R .
ai1(z,p) = — 8o cos? 90/ e wlo(2z—2g—2s) <_—01 () eWCO(?ZaZszg)) dw

o AT iw(y

2 ) +o0 6—2iw§g(z—za)
=— oS HORm(p)/ (—) dw

(e w

2 : Yoo
:; COS2 90R01 (p)(—2(0) / dZ// 6—210.1(0(2 _Z“)dw

9 : o onb(d — 2,

—Z cos? 90301@)(_2@)/ 1y 20— 2)

T oo 2Go

= —4cos® Oy Ro1(p)H (2 — 24). (3.20)

When the model consists of just a single reflector, and because the reference medium agrees
with the actual medium above that reflector, then «; will correctly locate the interface at
z = z,. However, the inversion for « is still a non-linear problem that requires higher order
terms in the series. Equation (3.20) is the first order approximation to the amplitude of
a(z,p), which is derived algebraically in Appendix C for comparison.

Since the first term has predicted the correct depth of the reflector, we would expect that any
and all portions of the inverse series beyond the first term that are responsible for imaging
should vanish when presented with these data as input. Proceeding to the second term,
Eq. (3.17) yields

ao1(z,p) = 8cos® O R3, (p)H (2 — z,) (3.21)

which produces the second term in the series for the amplitude of a (compare with Eq. C.8).
Meanwhile Eq. (3.18) for this example gives

o2 (2, p) = 8cos® Oy R2, (p) (2 — 24) H(2 — 24)0(2 — 24) = 0. (3.22)

The product (2 — 2,) X §(2 — 2,) is zero and so g is zero in this single interface example?.
This result is an indication that asy is an imaging term (i.e., associated with task 3) that

we hope that all individual non-linear imaging terms are zero and that the subseries doesn’t compute non-
zero terms that it subsequently erases. Fortunately, it turns out that when the first term is adequate, then
all non-linear imaging terms are zero.

2 The product of the Heaviside and delta functions is undefined at z = z, so how we evaluate aws is
important. In practice, for bandlimited data, there is no ambiguity. However, in this case, we could replace
the upper limit of the integral in Eq. (3.18) with z — ¢, where € is a small positive number, and let ¢ — 0
after integrating.

28



A leading order imaging series for a 1-D acoustic medium Ph.D. thesis

0 0 1 0
/ CO
Z,4 Z, z,
S “ o o
o, I~ S
W oy,
o g, Z,
\ /
$p? . <p o Sp
/ 1]
< 3 3

(1) (i) (iif)

Fig. 3.3: A two reflector example: (i) Velocity model; (ii) o and the first term in the series, aq;
(11i) The superposition of aa1 and agy. All inverse quantities are displayed for the same
constant p.

is concerned with correctly positioning the interfaces in «, whereas awg; is the parameter
estimation term (task 4) that is concerned with solving for the correct amplitude of o between
its interfaces.

To strengthen our argument that aos is an imaging-related term, we imagine the simplest
example in which a reflector is mislocated by the constant reference velocity and show, in
that case, this term is non-zero. For a velocity profile cg — ¢; — ¢y, where the two interfaces
are located at z, and z, (see Fig. 3.3i), then ignoring internal multiples, the data consist of
two primary reflections:

Zw o R + R elUJClQZb w Za—Rs—%Z
D(r;w) = E/o () CEQ(p) ewe0(2za=2:=2a) I (wpr) pdp (3.23)

where Ry is the amplitude of the deeper primary event and (; is the vertical slowness in the
layer. Following the same steps as before, we find?

ai(z,p) = —4dcos? b, [Rm (p)H (2 — z4) + Rua(p)H(z — ;:«,,)] (3.24)
s (z,p) = 8cos? by [Rgl(p)H(z — )+ (Rg (p) + 2Ron (p) Rus (p) ) H (= — zb)] (3.25)
vaa (2, p) = 8 ¢os® Oy Ro1 (p) Ri2(p) (2 — za) H (2 — 24)8(2 — %) (3.26)

3 We have made use of the identity H2(-) = H(-) in Eq. (3.25).
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as depicted in Fig. 3.3 where Z; is the incorrect depth at which the constant reference velocity
images the deeper reflector:

A G

zb:za+(zb—za)c.
0

Although not explicitly noted in Eqs. (3.24-3.26), Z, is a function of the reference angle 6,
or p. In conventional or current imaging, this is observed as residual moveout. We see that
Qa9 in this example is definitely not zero. In fact, it is singular precisely at the mislocated
interface depth z = 2.

(3.27)

In this section, we have separated the second term in the inverse series into two parts and
shown that one of these parts exists (as a singular function) when there is a mislocated
reflector but is zero when the reflector is correctly located. This piece of the second term,
(a9, corresponds to a separated inverse scattering diagram. In the next section, we turn to
the third term in the inverse series, isolate the imaging term that is analogous to aws and
postulate the form of an imaging subseries.

2.3 Task separation in the third term and a postulated imaging subseries

The solution for as can be broken into several pieces, details of which are given in Ap-
pendix D. The separation, also discussed by Shaw et al. (2003) for the normal incidence case,
corresponds to combinations of self-interaction and separated inverse scattering diagrams.
The normal incidence analysis is straightforwardly generalizable to non-normal incidence
(i.e., for prestack data) when the horizontal slowness, p, is held constant. In summary, we
have

as(z,p) =as1(z,p) + asa(2,p) + ass(2,p) + asa(z,p) + ass(2,p) (3.28)
where

3 3
0431(2719) :ma1(z>p)

1 z > 924 (2,p)
as2(z,p) :800—5460 [/0 Oél(zljp)dz’} #

-1 7 day(z,p)
as3(2,p) ~Seosify [/0 041(2/7]?)6&’/} 5,

o 3 z ’ / aal(z7p)
az4(2,p) ~ A cost 90061(2) [/o a1 (z 7p)d2:| 02

-1 = (% 0ay (2, p) Daq (27,
ass(z,p) _16TS490/0 /O 1@(2/ ) 18(2” p) oq(z" N z,p)dz/dz" _ OééM(Z,p)

The last term azs(2, p) has been renamed o™ (z, p) in recognition of its role in the elimination
of internal multiples which begins in the third term of the inverse series (Aratdjo, 1994).
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Fig. 3.4: Inverse scattering diagrams corresponding to the separation of terms in as. The mathe-
matical derivations are provided in Appendix D.
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Figure 3.4 illustrates diagrammatically the separation of terms in a3. Notice the structural
similarities between awg; and as;: they correspond to purely self-interaction diagrams that
are second and third order in the data, respectively. Considering again the single interface
example introduced in the previous section (Eq. 3.20) where we found that

a01(2,p) = 8cos® o R2, (p)H (2 — z,), (3.29)
for the same example, we now have
as1(z,p) = —12cos® Oy Ry, (p)H (2 — z,) (3.30)

which is recognizable as the third term in the series for the amplitude of « at a single interface
(see Appendix C).

Notice also the similarities between terms ase and ass: they correspond to purely separated
inverse scattering diagrams (i.e., they are void of any self-interaction component) and have
a single reflection-like upward scattering point. Inspection of this second piece of the third
term shows that, for a single interface,

o (z,p) = —8cos? OgR2, (p) Ria(p) (2 — 2a)2H (2 — 24)8' (2 — 24) = 0 (3.31)

where ¢’ represents the derivative of the delta function with respect to z. We see that
when the first term has correctly located the reflector, then as, = 0, just as with ags
(Eq. 3.22). This analysis suggests that ass and agy are both imaging-related terms because
they “disappear” when the reference velocity has correctly located the reflector. Similar
arguments can be made for the remaining terms in asg, but for now we focus on the specific
role that ass and asy play in imaging reflectors that have been mislocated in «;.

Weglein et al. (2001) showed that the task of locating reflectors is accomplished through
a Taylor series expanded about each mislocated reflector in a;. The Taylor series for a
Heaviside function f(z) = H(z — 2,) expanded about Z, may be written

f(Z) _ Z (Zb - éb)n 8nf(z)

— n! 0z" |,
_ .\ 0f(2) (2 — %)% 9 f(2)
= ()]s, + (2 — %) o |._. 5 0 | + ...
_ . . (= 2)7 .
=H(z—2%)+ (23— 2)0(z— %)+ ———0(z— %)+ ... (3.32)

2
This equation demonstrates how an interface can be constructed at the correct depth, z,,
through a sum of singular functions centered at the incorrect depth, Z;,, and suggests a role
for the delta function and its derivative in Eqs. (3.26) and (3.31), respectively. Notice that
the coefficients in the Taylor series in Eq. (3.32) are functions of the actual depth, z,, which
is unknown in the inverse problem. From the formula for the reflection coefficient at an
interface (Eq. C.3), we know that

1+ R
O _1ERal) _ ) op ) 1 282 (p) + 2B () + . |Ror] < 1 (3.33)

¢t 1—Ro(p)
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and combining Eq. (3.33) with Eq. (3.27), we have
(2 — ) = 2(3 — 2) [Roi(p) + BG (p) + By (p) + -] [Ron| <1 (3.34)

which illustrates that we can write the shift of the deeper reflector from the wrong depth
to its correct depth as an infinite series in the angle-dependent reflection coefficient at the
shallower reflector. Substituting this expression into the Taylor series (Eq. 3.32) produces

H(z—2) =H(z — %) +2(3 — 2zo)[Ro1(p) + R3,(p) +...]6(z — %)
+2(2 — 2)? [R5y (p) + 2R5y (p) + .. J0'(2 = &)
+ ... (3.35)
Equation (3.35) demonstrates how the interface at the unknown depth, z,, can be predicted
through an infinite series in the amplitude of the shallower reflector and the pseudo-depths

of both reflectors (z, and Z,) given by the reference velocity. This is a cascaded series in that
the coefficients of the Taylor series are themselves geometric series.

We return to the two-reflector example discussed in the last section (Egs. 3.23-3.26). Now
we have,

o (z,p) = —8c0s? Oy R2, () Ria(p) (2 — 20)2H (2 — 24)0' (2 — %). (3.36)
Summing the three terms that we have hypothesized play a role in imaging, we find

a1(z,p) + asa(z,p) + ass(z, p)
— —4cos? b, [Rm (p)H(2 — z4) + Rua(p) {H(z —2) + 2(2 — 20)Ro1 (p)6(2 — 3)

+ 205 — %) B ()0 (2 — &) }]
(3.37)

where the underlined terms are seen to be a reproduction of the first three terms in the
Taylor series of Eq. (3.35) to leading order in Ry;. From this analysis, it appears that the
sum o + oo + age are leading order approximations to the series that shifts the mislocated

deeper reflector towards its true depth. Therefore, we infer that the leading order imaging
series (LOIS) is
a9 (2, p) =i (2,p) + an(z,p) + asn(z,p) + ...

_ 1 : I / 0(11(2,]))
—OZ1(ZJ9) + m [/0 al(Z 7p>dZ:| T 9,

1 - ? Pau(z,p)
!/ d / )
+8(:os490 {/0 a1(z',p) Z] 02 T

:i’: ey [ /0 Z a1<zf,p>dz/]” Teuzr) (3.38)
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Fig. 3.5: Inverse scattering diagrams corresponding to leading order imaging contributions from the
first three terms of the inverse series.

where a;(z,p) is given by Eq. (3.11). The conjecture that Eq. (3.38) is a leading order
imaging series is based on: (a) that it correctly predicts the inverse series terms aj, agg
and asy which have been found to mirror an imaging Taylor series for a known analytic
example. The non-linear terms mirror the pattern of separated diagrams that have a single
reflection-like scattering point at their deepest position (see Fig. 3.5); and (b) that it also
correctly predicts the leading order contributions to the Taylor series in Eq. (3.35) up to and
beyond the third term, for that analytic example. Any term in this series may be calculated
using the formula

alOB(z,p) = _U2" {/0 ozl(z',p)dz’} dtau(z:p) ,n=0,1,2,... (3.39)

n! cos?” f, 0z"

Analysis of the second term in the series gave us clues as to which terms are responsible for
imaging, and which terms were concerned with amplitude inversion. We found that the self-
interaction diagram contribution affected only amplitude inversion, whereas the separated
diagram contribution appeared to play a role in imaging. These lessons were carried through
to the third term in the series where it was found that the separated diagram term with a
single reflection-like scattering point produced a very similar mathematical expression to its
analogue in the second term. The evaluation of these terms for an analytic example lead to
the conclusion that these separated diagram terms constitute the leading order approxima-
tions to the imaging series.

3 A closed form of the leading order imaging series and an analysis of
convergence properties

If we substitute the Fourier transform

0" (z, 1ot ks
% :%/ (Zkz> a1<kzap)€ ke dk,

—00
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into Eq. (3.38), where k. is the Fourier conjugate variable to z, we have

[t — 1 [ ik. [7 "o

O[LOIS(Z,p) :% /OO al(k‘z,p) z% E [m/{] al(zl,p)dz'} (& s dk’z (340)
1 +oo i P 1 2 a1 (2 o/

:2— Oél(kz,p>€ kz( +{2cos2 0o fO ( 7p)d ])dl{jz (341)
™ —00
The power series
i L {L /Z ay (2! p)dz’r = exp {—z’k /(2 cos? 6p) /Z ay (2’ p)dz’] (3.42)
= n!l | 2cos* by Jy ’ 0 ’

is recognized in Eq. (3.40) to arrive at Eq. (3.41). Now substitute

—+o00
i (ksz> _ / C(l<2//,p>e—ik:zz//d2//

o0

into Eq. (3.41):

1 teo Hoo ke (2—2" 4| —1— [Z a1(2',p)dz’
OéLOIS(Z,p) :%/ dZ”Oél(Z”,p)/ dke kz( +[2CO5290 Jo ea(z',p)d D

o0 — 00

1 [T 1 z
=5 | _ dz" oy (2", p)27d (z—z"—i— [m/o al(z',p)dz’})
=y (z+ A, p) (3.43)
where
1 z
Alz) = ——— ' p)dz. 44
() = 5o [, (0 (3.44)

This closed form of the leading order imaging series and was first derived by Keys (2002) for
the normal incidence case. The prestack leading order imaging series for a point source in a
laterally invariant acoustic medium can be implemented by slant-stacking (or 7-p transform-
ing) the data, weighting each p trace by the factor —8(, cos® fy, and then operating on each
trace with the formula provided in Eq. (3.43). When p = 0, Egs. (3.38) and (3.43) reduce
to the normal incidence algorithms given by Shaw et al. (2003)*. The leading order imaging
series can be visualized as a squeeze/stretch of the data “conventionally imaged” with the
reference velocity. As such, it has the flavor of a residual migration in that it is improving
the location of reflectors that were mislocated by the reference velocity in the first term.

Besides the fact that it efficiently encapsulates an infinite number of terms through a straight-
forward manipulation of the depth variable in the first term, the closed form also allows us
to study the convergence properties of the leading order imaging series. Since we have seen
that the power series for e (Eq. 3.42) is the engine behind the leading order imaging series,
we can conclude the following:

4 The alternate definition of  in Shaw et al. (2003) produces a minus sign difference.
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1. Conditions for convergence:

(a) Finite [} a1(2’)dz’. For finite contrasts between the actual and reference veloci-
ties, and because we are integrating to a finite depth, z, then this condition will
be satisfied.

(b) Finite k.. As long as the maximum frequency (w) in the data is finite, then k,
will be finite. It is difficult to imagine when this condition will not be satisfied.

2. Rate of convergence:

(a) The leading order imaging series converges faster for smaller values of the integral
Jo a1(z')dz’. This indicates that a reference velocity closer to the actual velocity
will improve the rate of convergence. In particular, the series cares about the
cumulative error in the velocity down to the output point, z.

(b) Smaller values of k, will aid the rate of convergence. In practice, this implies that
a higher resolution image will take longer to converge.

(c¢) Tt will converge faster for small incident angles, 6. This is the angle at the
surface, not the angle at depth although the two are related via Snell’s Law to
the velocity model. It should be noted that k., ~ é"—o cos 6y which means that the

net dependence is proportional to 1/ cos y rather than 1/ cos? .

As long as the convergence criteria hold, we can use the closed form of the leading order
imaging series in which case the rate of convergence is of little consequence.

4 Evaluation of the leading order imaging series shift

Consider a reflector that is located at depth zg. It is imaged at depth Zr by the constant
reference velocity and at depth 259 by the leading order imaging series (see Fig. 3.6). We
would like to know how good an approximation 25°™ is to zg and, more importantly, whether
25018 i an improvement over Zg. From the travel time equation, the two-way vertical time

to this reflector is
ZR
7(2R) :2/ ¢(z")dz' (3.45)
0

where, for simplicity, we assume that the sources and receivers are located at z, = 2, = 0.
Linear imaging with the constant reference velocity will predict its depth at

_ 7(2g)
TG

L[
:5/0 ¢(z"dz'. (3.46)
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Fig. 3.6: Errors in the predicted depths. zp is a reflector’s true depth, Zgr is the depth predicted
by the reference velocity in the first term, and 21%013 is the depth predicted by the leading

order imaging series.

This is its position in 4. Only if the actual slowness happens to be (y, will 2z = zr. Given
the information in «, the leading order imaging series will reposition the reflector at

LOIS 1 o
~ A~ ! !
z =irp— ——— ap(2")dz".
R 2 cos? by /0 ()

(3.47)

We would like to know whether 2595 is, in general, closer to zx than Zp is, i.e., under what
conditions the leading order imaging series is an improvement over current imaging methods

that use an inadequate reference velocity. From the definition of o (Eq. 3.4),

((2) =Co V1 + afz)
1 1
=G (1 + 504(2) - gaQ(z) +.. > . (3.48)
If we substitute this equation into Eq. (3.46), we find that the error in the depth predicted
by the first term is
ZR N __ ZR 1 1
CREF _ / ) =G0y / <—a(z') e+ > i (3.49)
0 CO 0 2 8
LOIS .

which, when substituted into Eq. (3.47), gives the error in the depth predicted by «
o 1 / 1 2 / !/ ]‘ /2R / /
— — o) d - —— dz'.
£ /0 (2a(z) 3¢ (") + > z 2co? 0y , a1(2")dz
Both eRFF and O™ will be smaller when the integral of a is smaller, which will be the case
when the actual velocity model is closer to the chosen reference velocity. The leading order

imaging series is an improvement over a linear imaging algorithm when
VO8] < |eRFF] (3.50)

LOIS _ zLOIS _ .
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i.e., when

or in terms of slownesses, this condition can be written (using Eq. 3.49)

o C( ) gO 1 o / / R C( ) gO
/o Co 2C0826'0/0 al(Z )dz = /o Co

We can rearrange this inequality via the following manipulations

4Bl <A
B
All——
(%)
< (1-9) <1

0<( )<2 (3.51)

A=2p— zr = " (see Eq. 3.49)

< |4]

SNV ERN

where

1 R
and B = 25 — 2500 = Do / ay(2)dz'.

If the condition in Eq. (3.51) can be satisfied, then the leading order imaging series will
predict a depth that is more accurate than current imaging with the reference velocity. For
the simple example of two reflectors, we can show that the condition will be satisfied. We
consider a two-reflector model where the vertical slowness profile is (see Fig. 3.7)

C(2) = Co2) + (G = G H(2 = 2za) + [C2 = (G = Q)] H (2 — ).

Then for this example

[ C(Z/)—Co) / Cl Co _
A_/O (—Co & = 0y = 2
_ ; . ! I 1 o CO - Cl s
= 5o 00/0 ay(2")dz" = 5 cos 0, < 4 cos? 90(0 v (2 za))

(S )
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Fig. 3.7. A multi-layer 1-D constant density acoustic model. In the absence of a free surface, all
reflected waves at the receiver are upgoing.

which, upon substitution into Eq. (3.51), gives

2¢
Go+C1 <2

This result tells us that the downgoing transmission coefficient at the upper interface satisfies
the condition necessary to show that the leading order imaging series improves the predicted
depth of the second interface independent of (a) the depths of the two interfaces, or (b) the
actual velocity below the first interface.

0<

5 More analytic examples

5.1 Analytic examples with three interfaces

Analysis of the imaging subseries becomes more interesting for three or more reflectors
because of the effect of transmission loss in the overburden. Consider a model that consists
of three horizontal interfaces at depths z,, z;, and z. and a discontinuous velocity profile ¢(z)
as depicted in Fig. 3.7. The wavefield in the upper halfspace, vy, consists of an incident field,
1;, and a reflected field, 1. The measured reflected wavefield can be derived by decomposing
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the incident field into a sum of plane waves (the Sommerfeld integral) and then matching
boundary conditions at each interface (see, e.g., Ewing et al., 1957; Aki and Richards, 2002).
The result is

brirs) iw /oo (Rm + Rype6i(z=2a) 4 R, %l (z—za)HCo(ze=2)] 4 )
r(riw) = —
am Jo Co

> eiwco(%a—zS—Zg)J0<wp7~)pdp (352)

where the reflection and transmission coefficients are functions of angle and are given by

R, = 1=0,1,2,3;k=7+1 3.53
Tjk:1—mz —Rj 1=0,1,2,3k=75+1. (3.54)
G+ Cr

We have further defined the amplitudes ng = Ty1 R12T1o and }?23 = Tp1T19R23T51T19. The
vertical slownesses are functions of the incident angles in each layer:

cos 0;

G =

, j=0,1,2,... (3.55)
Cj

The “+...” in Eq. (3.52) are the internal multiple reflections in the data. For now, an
internal multiple removal algorithm, a subseries that begins in the third term of the inverse
series, is assumed to have been applied before the imaging subseries. This results in a new
effective data and a new effective «; that contain only primary reflection events. This step
is part of the strategy of inverse series task separation described by Weglein et al. (2003).
For the two reflector examples studied earlier, the internal multiples were of no consequence
since the imaging series only uses information recorded earlier than the primary event being
imaged, which excluded the multiples. In the next section, we will study the effect of a
residual first order internal multiple that arrives before the deepest primary being imaged.

Reverting to the symbol D for data that contain only primary reflections, and changing the
integration variable from p to k., Eq. (3.52) becomes

D(r;w) =

00 (Rm + Rype2iwbi(zp—2a) 4 RZSQin[Cl(Zb—Za)+C2(Zc—zb)]>
J

—47rz'w§o
x 0 za=z=2) J (k. Ve, dk,.  (3.56)

Performing a linear inversion of the data (Eq. 3.11), the first term in the series for a(z) for
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this three-reflector example can be written:

“+o00

Oél(Z,p) = — 8C0 0082 00/

—0o0

e—iwCo(Qz—(zg+Zs)) / D(r; u))JO(kTT)’f‘dT’dw
0

6721'(4)(0 (z—z2a) dw

) +o0 ROl _’_Rue%w@(zbfza) +R23€2iw[§1(zbfza)Jr(Q(chzb)]
=8 cos” fy

. Amiw(

— _ dcos’ b, [RmH (2 — 2a) + (Rm n R12) H(z— %)
n (Rm ¥ R+ Rzg) H(z— zc)} (3.57)

where the dependence of both the amplitudes and the predicted depths on p is implicit. The
shallowest reflector is correctly located at z, (since the velocity down to z, was correct) but
the deeper reflectors are mislocated at depths

2= 2q + (2 — 2a) = (3.58)
Co
.. G2

and Z. = 2, + (2. — Zb)C_ (3.59)
0

Inserting Eq. (3.57) into the leading order imaging series will result in a shift of the two
mislocated interfaces to depths

201 = 5+ 2(8 — 24)Ro (3.60)
SLO = 2. 4 2(2 — 24)Rot + 2(5 — &) (Roy + Rio). (3-61)
We have already seen that Eq. (3.60) is the approximation to z, that is leading order in Ry,

(see Eq. 3.34). We can show that Eq. (3.61) is the approximation to z. that is leading order
in the amplitudes of the scattered field. Equations (3.58) and (3.59) can be combined to give

PN
o TEm A

and then the slowness ratios can be expanded as series in the reflection coefficients where
(see also Eq. 3.33)

2e = 2a + (26 — 24) (3.62)

o _IFRo o op 2R £ 2R, .., Rl < 1
Cl 1_R()l
G (1+Ra\ (1+Ry
G (1—301) (1—312)
=1+ 2Ro +2R15 +2R2, + 2R}, + 4Ry Ris + ... , |Ro1| < 1,|Rpa| < 1. (3.63)

Substituting these expressions into Eq. (3.62) gives

Ze = 2.+ 2(% — 24) [Ron + Ry + Ry + .. ]
+2 (2 — %) [Ro1 + Ris + R§, + RYy + 2Ro1 Rio
+Ry, + R}, + 2R Riy + 2R3 Ris + . . | (3.64)
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The shift calculated by the leading order imaging series (Eq. 3.61) is an approximation to
the series in Eq. 3.64 to leading order in the data’s amplitudes. The approximation reduces
to

(% — za)Rot + (3 — %) (Ror + Ria) = (3 — za) [Ror + B2, + RS + .. ]

+ (20 - éb) [ROI + R12 + Rgl + R%Q + 2R01R12 + .. ]
(3.65)

where we observe that leading order in the amplitudes of the scattered field, in general,
implies non-linearity in the reflection coefficients:

]:212 = To1 R12T10 = Rig + RglRlz' (3.66)

The leading order approximation to the shift of the reflector at Z. contains contributions that
are linear and cubic in the reflection coefficients. For deeper reflectors, these contributions
will be of increasingly higher order due to the transmission coefficients in the measured
scattered field. It is to be expected leading order approximation will deteriorate for deeper
reflectors due to the fact that the shift is a function of approximations (truncated geometric
series) at all shallower reflectors. Higher order imaging terms are expected to improve the
approximation and will be explored in Chapter 5.

Figures 3.8 and 3.9 illustrate the results for two choices of model parameters given in Table
3.1. In the first example, the layer velocity ¢; > ¢y and in the second example, ¢; < ¢g by
the same amount (roughly 13%). As a result, the first term in the series “under-corrects”
the deeper reflectors in Fig. 3.8 and “over-corrects” them in Fig. 3.9. In both cases, the
leading order imaging series (computed analytically) shifts the mislocated interfaces closer
to their true depths. It is interesting to note that, in the second example, o™ positions the
reflectors a small distance shallower than their actual depths, whereas the first term placed
them a much greater distance deeper. Therefore, the sign of the depth error can change.
The leading order imaging series has the effect of flattening image gathers closer to their
true depths than a current linear imaging algorithm using the reference velocity.

In the next section we will study the impact of violating the assumption that internal mul-
tiples have been removed.

Layer velocities (m/sec) | Interface depths (m)

Co ‘ C1 ‘ Co Za, ‘ Zp ‘ Ze
Fig. 3.8 | 1500 | 1700 1800 100 | 140 170
Fig. 3.9 | 1500 | 1300 1600 100 | 140 170

Tab. 3.1: Model parameters corresponding to the results in Figs. 3.8 and 3.9.
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(i) Data travel times (ii) Image depths
0.08 w 90 ‘ ; :
100 zZ
110r .
o 120r 1
(D)
2
= 0.14 o .
< ' é 130 - - Zb
S € fe-e-==-==--"7 -
= g | %ms
S 0.16 Q 140 %
= O
(]
> 150t 1%
0.18
160F 1
ELO|S
0.2r ]
170 z°
022 I I I I 1SG I I I I
0 10 20 30 40 0 10 20 30 40
Go=sin_1[ ¢, bl (degrees) eo=sin_1[ ¢, bl (degrees)

Fig. 3.8: (i) Travel time curves for three primaries. (ii) Depths predicted by the first term, zq, Zp

and Z., and the leading order imaging series, zq, 2bLOIS and écLOIS. Model parameters are

given in Table 3.1.

5.2 'The impact of internal multiples on the leading order imaging series

The strategy of isolating task-specific subseries of the inverse series that achieve important
seismic processing objectives has proven to be a successful one (Weglein et al., 2003). As
part of this strategy, subseries algorithms are applied in sequence using the output from a
preceding algorithm as input to the current one. While progress is being made in extending
the inverse scattering internal multiple attenuation algorithm (Weglein et al., 1997) towards
an internal multiple removal algorithm (Ramirez and Weglein, 2005), the current high-water
mark in multiple attenuation when the Earth model is unknown is that free surface multiples
can be removed and internal multiples can be well-attenuated for a large class of models.

The scattered field that includes three primary reflectors and a first order internal multiple
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Fig. 3.9: (i) Travel time curves for three primaries. (ii) Depths predicted by the first term, zq, Zp
and Z., and the leading order imaging series, 2z, é'l,LOIS and ,QCLOIS. Model parameters are
given in Table 3.1.

that has reverberated in the first layer can be written analytically as

D(r;w)

T dn Co
R2362’iw [Cl (Zb 7Za)+§2 (Zcfzb)}

Co

rl/w /OO (ROI + R1262iw<1(’zb_za) _|_ RIM64iw<1(Zb_ZCL)
0

) o0 (2za=2:=2a) Jo(wpr)pdp.  (3.67)

The amplitude of the internal multiple is
RIM(p) = To1 R1aR10R12Th0 = _T01R%2R01T10 (3-68)

which, after application of the inverse scattering internal multiple attenuation algorithm is
reduced to (Weglein and Matson, 1998)

Rin(p) = —Ton Riy R Tio(1 — Ton Tho) (3.69)
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For this example, the first term in the series is

ay(z,p) = — 4cos? b [RmH (z—24) + <R01 + ]:212> H(z— %)

+ (Rm + Ryp + RIM> H(z— 2m) + (Rm + Ry + By + 13223) H(z— 20)]
(3.70)

where Zp is the depth that the internal multiple is imaged at. The impact of residual
multiples on the imaging series is two-fold. First, the multiples themselves will be imaged by
the series and, second, they will impact the distance that events below them (or that arrive
later in time) are shifted by the imaging series. In the following examples, we illustrate the
latter effect only.

Figures 3.10 and 3.11 show the results of the leading order imaging series for the two spe-
cific models described in Table 3.2 and in the presence of a first order multiple that has
reverberated between the interfaces at z, and zp.

Layer velocities (m/sec) | Interface depths (m)

Co ‘ C1 ‘ Cy Za ‘ Zh ‘ Ze
Fig. 3.10 | 1500 | 2000 1900 100 | 125 170
Fig. 3.11 | 1500 | 2000 2120 100 | 125 220

Tab. 3.2: Model parameters corresponding to the results in Figs. 3.10 and 3.11 in which the impact
on the leading order imaging series of a first order internal multiple is analyzed.

It is interesting to note that in Fig. 3.10, the impact of the internal multiple is actually to
improve the predicted depth of the reflector whereas in Fig. 3.11 the opposite is true. This
implies that the effect of residual internal multiples on the leading order imaging series is
not predictable without knowing the model, and therefore the strategy to remove multiples
before applying this algorithm is a prudent one.

5.3 Further Discussion

The analytic results of the prestack leading order imaging series have highlighted a number
of interesting characteristics of the algorithm. Given a choice of how to handle the degree
of freedom afforded by the source-receiver offset in the seismic experiment, we chose to keep
the angle of incidence in the reference medium (6 or p = pg) constant and let w vary.
This allowed for a straightforward generalization of the normal incidence case to non-normal
incidence.

For the acoustic examples considered here, the first term in the imaging series more ac-
curately locates reflectors at small incident angles. This is because the decomposed plane
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waves at larger angles spend proportionally longer times in the layers with the wrong veloc-
ity. However, the magnitude of the amplitudes at larger angles is greater, which generally
assists the non-linear terms of the leading order imaging series in shifting the reflectors the
required distance to their actual locations. This larger “effective contrast” at higher angles
(its AVA property) highlights the fact that the imaging subseries is leading order in the
data’s amplitudes and that higher order imaging terms may be required for larger contrasts
between actual and reference media properties.

The leading order approximation is better at small angles and is the reason why the leading
order imaging series leaves a small amount of residual moveout more noticeable at the higher
angles. Data at larger angles of incidence will benefit more from the higher order terms
currently being left out. On the other hand, the rate of convergence of the series form of the
algorithm will benefit from the fact that the maximum k, is smaller at large angles (since
k. ~ ko cosby). For higher contrasts, or when greater accuracy is desired, then higher order
imaging terms are required that go beyond the leading order terms identified and analyzed
here.

6 Summary and Conclusions

The imaging series for a single parameter acoustic medium is a Taylor series for the differ-
ence of two Heaviside functions expanded about the depth of each mislocated interface. The
prestack form of a leading order imaging series has been isolated whose coefficients are the
products of a scalar with the integral of a; to increasingly higher powers. The integral of o
sends residual moveout and amplitude information from reflectors in the overburden to all
mislocated deeper reflectors, thereby establishing a “communication between events” that
acts to the correct the depths of the reflectors. The leading order imaging subseries has favor-
able convergence properties and also has a closed form that straightforwardly encapsulates
an infinite number of terms.

The leading order imaging series has been formulated for constant angles of incidence over
a 1D layered medium and has been analyzed for several analytic examples. A condition was
derived that, when satisfied, shows the leading order imaging series will improve upon the
depths predicted by the constant reference velocity.

Results of the analytic examples illustrate the improvement in the predicted depths of the
reflectors that are mislocated by current depth imaging algorithms (and that correspond to
the first term in the series). The effect of the leading order imaging series can be visualized
as correcting the residual moveout of common image gathers that are imaged with the
homogeneous reference velocity. The impact of residual internal multiples was shown by
example to depend on the model and therefore, in general, it is best to remove multiples
before applying the imaging algorithm.
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Fig. 3.10: (i) Travel time curves for three primaries and a first order internal multiple. (ii) Depths
predicted by the first term, zq, 2y and Z., and the leading order imaging series, z,, él)LOIS
and 2EOTS (all with the same colors and line styles as in Figs. 3.8 and 3.9). The depth
ég}g[s is the depth of the interface at z. predicted by the leading order imaging series in
the presence of the internal multiple. Model parameters are given in Table 3.2. In this

case, QCLHOMIS 18 an improvement over z‘fOIS.
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Fig. 3.11: (i) Travel time curves for three primaries and a first order internal multiple. (ii) Depths
predicted by the first term, zq, Zy and Z., and the leading order imaging series, z,, ébLOIS
and 2LO15. The depth éf]zls s the depth of the interface at z. predicted by the leading
order imaging series in the presence of the internal multiple. Model parameters are given
in Table 3.2. In this case, é’cLIg[S is not an improvement over écLOIS, which s predicted

in the absence of internal multiples.
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4. NUMERICAL EXAMPLES OF A LEADING
ORDER IMAGING SERIES AND AN ANALYSIS
FOR BANDLIMITED INPUT DATA

A subseries of the inverse series has been isolated and has been shown analytically for a
suite of interval velocity models to improve the depths of reflectors compared with a linear
imaging algorithm using the reference velocity. The next step is to systematically analyze this
leading order imaging series under progressively more realistic conditions with the objective
of developing it into an algorithm ready for field data application.

We test the 1D prestack acoustic leading order imaging series for a variety of velocity models
and bandlimited synthetic datasets. One of our primary objectives is to analyze its perfor-
mance under conditions when the input data are missing low frequencies. It is demonstrated
that, while it benefits from low frequency information, the leading order imaging series retains
effectiveness even when zero and some low frequency information are absent. Its effective-
ness is enhanced with offset data where the conjugate to depth, k, = 2(w/co) cos by, allows
for a lower minimum k. away from normal incidence and for the same temporal frequency

bandwidth.

The relationship between the leading order imaging series and low frequency information is
analyzed by examining the imaging series’ integral with respect to depth of the first term,
a1. It is shown that the fidelity of the construction of the first term in the low k, band
is important. The integration limits of the integral in the algorithm are not from —oo to
+o0o and so the imaging series does not call strictly for the zero frequency component of the
data. We demonstrate using numerical reflectivity data examples that, even when missing
zero and low temporal frequency information, the leading order imaging series can improve
the predicted depth of reflectors over current imaging with the reference velocity. Greater
effectiveness is achieved when lower frequency information is present, which merits the study
of existing and new spectral extrapolation techniques and is in alignment with the current
trend to acquisition systems that record lower frequency data.

1 Introduction

The development of inverse scattering series algorithms for seismic data processing begins
with the isolation of a subseries that accomplishes a specific task, for example, free surface
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multiple removal, internal multiple attenuation or depth imaging (Weglein et al., 2003). Once
a candidate subseries has been identified for the simplest earth and acquisition models, it
is systematically analyzed under progressively more realistic conditions, with the objective
being to develop an algorithm ready for field data application.

The imaging series is a subseries of the inverse scattering series, a direct multidimensional
inversion procedure, and is non-linear in the measured wavefield. Other non-linear inverse
methods (e.g., Tarantola, 1987) have been found to fail in practice because field data are
always bandlimited, and missing low frequencies precludes a successful updating of the ref-
erence model towards the actual model. One important distinction between the inverse
scattering series and iterative linear inversion is that, with the inverse series, the reference
model is never updated. Every term in the inverse series is computed through an inversion
that requires only the recorded dataset and the original reference medium properties. Fur-
thermore, the inverse subseries and task separation approach (see Chapter 3), which inverts
seismic data one step at a time, is in contrast to iterative linear inversion, which uses the to-
tal wavefield to directly invert for earth properties at once. This important difference makes
any one of the inverse series algorithms less ambitious than a procedure that attempts a
wholesale direct inversion for earth parameters from the recorded data.

Despite significant differences between the inverse scattering subseries procedure and other
non-linear inversion methods, it might be expected that at least one of the subseries al-
gorithms would benefit from low frequency information. After all, they achieve seismic
processing objectives without subsurface information by engaging the data more actively
than algorithms that expect accurate a priori details about the medium. If the algorithms
expect more from the data, then it is reasonable to imagine that at least one of them might
benefit from a broad frequency spectrum. According to the convolutional model, a single
frequency component from the source will experience the medium in a manner described by
a linear differential operator before it is recorded at the receiver. The convolutional model
applies to even the most complex absorptive elastic wave equations currently employed to
describe wave propagation. However, direct inversion of even the simplest single-parameter
acoustic wave equation using the inverse scattering series requires multiplicative communica-
tion between different frequencies. This is also a characteristic of the leading order imaging
series.

The leading order imaging series has been shown analytically in Chapter 3 to image reflectors
closer to their correct spatial location than a linear depth imaging algorithm using the
same reference velocity. It does so without solving for the actual velocity model. In this
chapter, we continue evaluating the prestack leading order imaging series with a succession
of numerical examples. The synthetic datasets are necessarily frequency bandlimited which
is also the situation with data acquired in the field. It was also shown in Chapter 3 that the
leading order imaging series will not converge for infinite k. (vertical wavenumber), and it
was commented that the temporal band-limit of recorded seismic data will naturally satisfy
this convergence criterion. In this chapter, we numerically demonstrate convergence of the
leading order imaging series for a variety of normal and non-normal incidence 1-D acoustic
synthetic datasets, and for different high- and low-frequency apertures.
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One of our primary objectives is to analyze the role of low frequency information in the
leading order imaging series and, specifically, to answer the question of whether it retains
any benefit when low frequency information is absent from the data. We utilize the 1-D
prestack form of the algorithm which more closely represent the actual seismic experiment
than a normal incidence algorithm because the source-receiver offset leads to a lower vertical
wavenumber, k.. The issue of missing low frequency in non-linear inversion is more usefully
thought of in terms of missing low k., rather than missing low temporal frequency, w.

We begin by studying bandlimited numerical examples that contain zero and low frequencies
and then progress to examples that are missing information from the low end of the frequency
spectrum.

2 Numerical examples

2.1 Numerical examples at normal incidence

We consider again the simplest imaging problem of two reflectors in a constant density
acoustic medium with no free surface. The two interfaces are defined by the following
parameters (see the model depicted in Fig. 3.7):

Layer velocities (m/sec) | Interface depths (m)
Co 1500

c1 1650 Zq 100

Co 1510 2 140

Tab. 4.1: Model parameters corresponding to the results in Figs. 4.1, 4.2 and 4.3.

The source wavelet is designed to be zero phase with an amplitude A(w) = 1 in the frequency
band 0 < f < 125 Hz where w = 2w f. The p = 0 (normal incidence) component of the data
are displayed in the left-hand panel of Fig. 4.1 as a function of vertical travel time, 7. In
accordance with the strategy of task separation, there are no multiple reflections in these
input data. The remaining panels show the results of the first six terms in the leading order
imaging series computed using Eq. (3.39). The second term is recognizable as a weighted
sinc function — a bandlimited version of the delta function in Eq. (3.26) — centered at the
reference velocity depth, Z,. Increasingly higher order derivatives of the sinc function in the
higher order terms are alternately antisymmetric and symmetric about Z,. The amplitudes
of the non-linear terms in this example are seen to diminish gradually with successive terms.
In Fig. 4.2, the cumulative sums of these first six terms are displayed. For this model, the
leading order imaging series is observed to converge after approximately six terms and the
mislocated interface has been shifted from the reference depth, Z,, in «; closer to the actual
depth, z, in &0, Summing more terms in the leading order imaging series for this example
does not further correct the depth because the seventh and higher order terms are too small.
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Figure 4.3 compares the result of summing the first six terms in the series algorithm with
computing the closed form (Eq. 3.43). The two results are observed to be very similar
although the computation of the closed form is much simpler to implement and faster to
execute than the series formula. Furthermore, implementation of the series formula involves
taking high-order derivatives which can raise certain practical issues (see, e.g., Corréa et al.,
2002). Performing accurate and stable numerical derivatives is not required by the closed
form algorithm. To avoid issues related to numerical implementation, the closed form will
be used for the analysis of the leading order imaging series in the remainder of this chapter.

Figure 4.3 shows clearly that the leading order imaging series does not alter the amplitude
of a; and that it only moves the mislocated interface. This is because terms that correct
the amplitude of o towards o are excluded. Therefore, the result of applying a™°™ is to
have an «y-like quantity with its interfaces more accurately located than in «;. Since we
don’t know « before or after computing o*°™, we are unable to find the actual velocity by
this procedure. This is a fascinating property of direct inversion: the method can achieve
certain inversion objectives without knowing the medium properties before, during or after

application of the algorithm.

Figure 4.4 illustrates the results of the closed form algorithm on a four layer model described
by the following values (see Fig. 3.7):

Layer velocities (m/sec) | Interface depths (m)
o 1500 Zq 100
c 1650 2p 150
Co 1550 Ze 200
C3 1600 Zd 300
C4 1550 Ze 400

Tab. 4.2: Model parameters corresponding to the results in Fig. 4.4.

The input data were synthesized for the same bandlimited source as in the previous exam-
ple. To a high degree of accuracy, the leading order imaging series has well-positioned the
interfaces at their correct depths.

2.2 Pre-stack numerical examples

We test the prestack leading order imaging series on data synthesized using an acoustic
reflectivity algorithm (see, e.g., Kennett, 1983) and select the option to synthesize a point
source exploding in a three dimensional space. The velocity varies only in the z-direction and
density is held constant. The data are synthesized in the 7-p domain and can be considered to
have been generated from an experiment with infinite spatial aperture. The source wavelet
is designed to be a bandlimited delta function with a frequency spectrum A(27f) where

fmin S f S fmax-
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First, two specific cases are considered: one representing the situation where the reference
velocity is slower than the actual velocity, and one where the reference velocity is faster. In
the former example, the velocities are ¢y = 1500 m/s, ¢; = 1650 m/s and ¢y = 1500 m/s,
and so the critical angle for a downgoing plane wave at the first interface is 65°. In the latter
example, the velocities are ¢g = 1500 m/s, ¢; = 1350 m/s and ¢; = 1500 m/s, and there is
no critical reflection at the first interface. The depths of the two interfaces in both examples
are z, — 1000 m and z, = 1075 m.

Figure 4.5 shows the reflectivity data for the two models. In both cases, the minimum and
maximum source frequencies are f,;, = 0.25 Hz and f,.x = 62.5 Hz, respectively. We choose
to display the result as “spike-like” data, rather than “box-like” «q, by taking the derivative
of the result with respect to z. This is done because it is easier to view the shifting of
reflectors when displayed in “spike-like” form. Figure 4.6 shows the results of imaging the
data in Fig. 4.5 using the constant reference velocity, ¢o. The mislocated reflector exhibits
residual moveout when imaged with the first term in the series (left). The leading order
imaging series (right) improves the depth at all angles and acts to “flatten” the imaged
reflector. As expected from the analysis of the leading order approximation in Chapter 3, a
small amount of residual moveout remains.

Figure 4.7 shows the velocity profile and synthetic data for a six-layer model. Using the
same source wavelet (0.25 < f < 62.5 Hz), the imaging results are compared in Fig. 4.8.
The leading order imaging series improves the location of all the reflectors mislocated by the
first term. The remaining errors in the predicted depths would presumably be corrected by
higher order imaging terms (see Chapter 5). A small cumulative error in depth noticeable
in Fig. 4.8 is attributed primarily to the fact that the integral of the data in the overburden
necessarily includes transmission coefficients that introduce small errors in the shifts (as
discussed in Chapter 3).

We have demonstrated the effectiveness of the leading order imaging series on synthetic data
for a variety of 1-D models. In all the examples so far, the input data contained information
down to relatively low frequency (fnm = 0.25 Hz). From Eq. (3.43), it is clear that the
shift of each interface is proportional to the integral of oy above the reflector being imaged.
This integral captures amplitude and residual moveout information in the overburden of
each reflector and emphasizes «; at low k, values over ay at high k, values (because it is a
division by k., in the Fourier domain). The fidelity of a; and its integral will have a direct
impact on the performance of the imaging series. In the next section, we take a closer look
at the role of low frequencies in «; and in the leading order imaging series.

3 The role of low frequency information in the leading order imaging series

For the medium in which Eq. (3.1) describes acoustic wave propagation, and a velocity
perturbation, «, defined by Eq. (3.4), the leading order imaging series can be written as an
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infinite sum of operations on the first term:

Oz, p) = i _/2" X (/OZ al(z’,p)d2'>n X —8”032(:,]9) (4.1)

n! cos2™ 0,
=0 v P bv—/

Angle-dependent Empha;,izes low Emphasizes high
scalar frequency frequency

where we have labelled the parts of the algorithm according to their effect on the frequency
spectrum of o*©™. The closed form solution is

a8 (z,p) =au(z + A, p) (4.2)
where
A(z) =1/(2cos®bp) / ai (2, p)dz’ (4.3)
N————J0
Angle-dependent ~~ 4
scalar Emphasizes low
frequency

which retains the series algorithm’s emphasis of the low frequency information in a; but has
cast out the high-frequency derivatives which were summed in Eq. (3.42). In other words,
the dependence of the leading order imaging series on the integral of «; is present in both
its series and closed forms.

It is important to remember that Eqs. (4.1) and (4.2) reflect a particular choice of param-
eterization that arose due to the degree of freedom in the data (see Chapter 3). The first
term, aq, is computed directly from the data via (Eq. 3.11):

“+oo

a1(z,p) = — 8y cos? 00/

—0o0

e—iwCO(Qz—(zg—I—Zs)) / D(r; w)JO(pr‘)T’dew (44)
0

where the dispersion relationship is (see Fig. 4.9)

k.2 2
ko= =224 /1= 250 — 906, = =22 cos b (4.5)
Co w Co

The choice of constant-p (or constant-6y) is illustrated in Fig. 4.10. In practice, data are
acquired with both temporally- and spatially-limited apertures: we record for a finite amount
of time, it is logistically difficult to record zero or very small offsets, we can only record a
finite maximum offset, and conventional 3D surveys have limited crossline aperture or source-
receiver azimuth.

To keep the current discussion to the effect of missing low temporal frequency, it is assumed
that the source-receiver offset aperture r = 0 — oo. Therefore, the integral of the data over r
in Eq. (4.4) is assumed to be accurately computable. In the event that source-receiver offset
is limited, methods exist to compute the finite aperture integrals (e.g., Stolt and Benson,
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1987). The minimum k, in oy is a function of the reference angle of incidence and the
minimum source frequency:

R C T (4.6)

Co

An alternative approach to handling the degree of freedom in the data (see, e.g., Eq. 3.10) is
to keep w fixed and integrate over angle or the reference vertical slowness, (. This parame-
terization (illustrated in Fig. 4.11) will result in different estimates of a4(z) for constant w
values. Throughout this thesis, we have chosen to hold p fixed.

The emphasis of low frequencies in the leading order imaging series is really an emphasis of
the vertical wavenumber, k,. There is more than one way to compute a4 (k,). For example,
to compute a4 (k, = 0), we can either set w = 0 or k., = w/cy. Since k, = —2kq cos by, then
k. — 0 when 6y — 90°. In other words, large angles of incidence can construct aq at low k,
values.

The issue of missing low frequency is considered in the context of the source wavelet being
frequency bandlimited. Therefore, as a consequence of the convolutional model, the recorded
data will have finite aperture in frequency as depicted in Fig. 4.12. The two integrals of the
data in Eq. (4.4) call for infinite apertures in angular temporal frequency and offset (w and
r, respectively). Although the Bessel function contains an integral over azimuth, it is not a
function of the data. To compute o as a function of vertical time, 7, these are replaceable
by integrals of the data over azimuth, ¢, and offset (Eq. 3.12) or, in cartesian coordinates,
xz and y (Eq. 3.13).

3.1 The effect of missing low frequency information at normal incidence

For the general two-reflector analytic example in Chapter 3, and given all temporal frequen-
cies, (2, p) consists of two Heaviside functions, one for each reflector:

a1(z,p) = 4cos? by | Ro1(p)H (2 — 24) + Rlz(p)H (z—z2p)| - (4.7)

We proceed by first considering the special case of normal incidence, ie., 85 = p = 0.
The effect on «;(z,p) when the w spectrum is bandlimited is to produce k,-bandlimited
Heaviside functions'. This is illustrated in Fig. 4.13 for a particular model (cp=1500 m/sec,
¢1=1650 m/sec, co=1510 m/sec, z,=1000 m, z,,=1075 m) and a range of different minimum
frequencies ( fmin = wmin/27 = 0, 1, 2, 3 Hz). Plotted beside each a4 (z, 0y = 0) is its integral,
which is an indication of how the leading order imaging series shift will be affected by missing
low frequency information.

As low frequency information is erased from the input data, the integral of a;; deviates from
its analytically computed values for infinite bandwidth. This error will impact the shift
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computed by the leading order imaging series as shown in Fig. 4.14. Even though the data
contain no information below 1 Hz, the second interface still shifts towards the correct depth
2, because the integral of v is a fair approximation to the exact value computed with infinite
bandwidth. As a result of the error in the integral for z < z,, the reflector that was correctly
imaged at z, by aq, is shifted slightly to a shallower depth.

The results in Fig. 4.14 can be significantly improved by recognizing that the area under
the oy curve for z < z, is largely responsible for the error in the integral of oy at z >
2, (see Fig. 4.13). It is known a priori that the perturbation a(z < z,) = 0 (and, by
extension, a;(z < z,) = 0) because the reference medium agrees with the actual medium
at the measurement surface. It is not physically possible for the perturbation to be non-
zero before the onset of the recorded reflectivity. This effect of missing low frequency can
be straightforwardly rectified: rather than integrate from the measurement surface through
an oy that is obviously in error, we choose to begin computing the integral at some small
distance e¢ above the first reflector whose location is well-defined. We can further improve
the integral of «y, and impose a known condition, by fixing the value of the perturbation
at ay(z, — €) to be zero and shifting all values of oy for z > z, — € by the value at z, — €.
Figure 4.15 illustrates the significant improvement in a; and its integral when making this
simple correction. Implementing this causality-like condition in the leading order imaging
series gives

GO (2, p) =as (24 A,p) (4.8)

where

2 cos? 0,

Ao 1 ( / (2 p)d2’ — an(za — €, p)) (4.9)

In all subsequent examples, we implement the leading order imaging series by imposing the
condition that the perturbation must be zero before the onset of the scattered field. Then,
for the same example as in Fig. 4.14, Fig. 4.16 shows the improvement in the result of the
leading order imaging series when provided with this new integral of a;.

Figures 4.17-4.19

! The identity H"(-) = H(-) (see, e.g., Eq. 3.31) is only valid for full bandwidth Heaviside functions but
is avoided in the closed form.
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D(1,8,=0) a, ;%% ;%% ;%% a:”"% ;2"
60 60 60 60 60 60
0.1f .
80 180 180 180F 180 180+ .
0.12f 1
( )
100 100+ 100+ 400+ 100+ 100+ .
0.14F .
o161 120+ - ) 4 120} .
O
0.18r 140 — — A -~ 140 — — %
0.2t .
160 160+ 160 160+ .
0.22f 1
' 1480 Lt L4980 180 L 180 L
0 005-02 0 -02 0 -02 O 0 -02 O

Fig. 4.1: The normal incidence component of the data, D(T,00 = p = 0), and the first siz terms in
the leading order imaging series for a two-interface model. After summing six terms, the
deeper interface has shifted from 2 towards zp.
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Fig. 4.2: The normal incidence component of the data, D(7,00 = p = 0), and the cumulative sums
of the first six terms in the leading order imaging series for a two-interface model.

o8



Numerical examples and an analysis for bandlimited data Ph.D. thesis
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Fig. 4.3: A comparison of summing the first siz terms in the leading order imaging series (left)
versus computing the closed form (right). The thin line is the full-bandwidth o and the
blue line is o. The green line is the leading order imaging series, a9 computed two
different ways.
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Fig. 4.4: A four-layer velocity model (left) and the closed form leading order imaging series (green,
right) compared with the first term (blue, right).
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Velocity model Synthetic data
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Fig. 4.5: Velocity model and synthetic reflectivity data in the T-p domain for two specific two-
interface examples. The time derivatives of the data are displayed and the polarity is
consistent with the wave equation (Eq. 8.1). The red lines overlying the seismic data are
the analytically computed T values for each reflector.
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Velocity model Synthetic data
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Fig. 4.7: Velocity profile and synthetic reflectivity data in the T-p domain for a siz-layer model.
The time derivatives of the data are displayed. The red lines overlying the seismic data
are the analytically computed T values for each reflector.
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-k./?2
w/c,

Fig. 4.9: The dispersion relationship between the vertical and horizontal wavenumbers and temporal
frequency.
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Fig. 4.10: The constraints imposed by bandlimited w for two different angles of incidence, 6§ and
98. Both (k) min and (kz)mas will be smaller for larger angles.
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Fig. 4.11: The constraints imposed by bandlimited w on the bandwidth of k, when integrating over
angle. On the left is the k, spectrum constrained by the minimum frequency of the source,
(W) min, and on the right is the k, spectrum constrained by the maximum frequency of the

source, (W)maz- This constant-frequency parametrization is an alternative to the one

tllustrated in Fig. 4.10.

1
- - a)min 0 W, wmax

max min

Fig. 4.12: In practice, w will be bandlimited between Wiin and Wmag-
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Fig. 4.13: The effect of missing low frequencies on a1(z) (left) and its integral (right). The thin
black lines are analytically computed values of a1 and its integral for infinite bandwidth.
The thick blue lines are the numerically computed values for bandlimited input data.
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The effect of missing low frequencies on a1 (z) (in red) and a*9'3(2) (in green). Despite

not having any information below 1 Hz, the second interface still shifts towards the correct
depth zp. There is a small error at the first interface which can be eradicated by changing
the integration limits (Fig. 4.16).
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Fig. 4.15: The effect of missing low frequencies on «ai(z) and its integral when changing the inte-
gration limits from [; to
better when constraining the perturbation.

f;a Compared with Fig. 4.1
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Fig. 4.16: By truncating the integral from foz to f:a_e, the major effect of missing low frequencies
on a"O%5(2) (in green) is greatly mitigated. In comparison with Fig. 4.14, the mislocated

reflector has been accurately located by the imaging series.
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Fig. 4.17: A five-layer model comparing a1 (in red) with a*C™ (in green) for 6y = 0 and different
low frequency limits. The mislocated reflectors shift towards their true depths.
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(in green) for 6y = 0 and different low frequency limits. The mislocated reflectors shift

towards their true depths.
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show results of the leading order imaging series for a five-layer model (cy=1500 m/sec,
c1=1600 m/sec, co=1550 m/sec, c3=1625 m/sec, ¢,=1510 m/sec, z,=1000 m, z,=1075 m,
2.=1125m, z;=1200 m) and a range of missing low frequencies up to 8 Hz. Figure 4.18 shows
the same information as Fig. 4.17 except the derivatives with respect to z are displayed in
order to more clearly identify the location of the reflectors. As demonstrated in Fig. 4.19,
even after removing all information below 8 Hz (in this example), the leading order imaging
series shows an improvement in the location of all reflectors. However, the accuracies of the
predicted depths are better when more low frequency information is present.

Reducing the contrast between the actual and reference media is akin to having a reference
velocity model that is a better estimate of the actual velocity. The effect will be apparent in
the first term, oy, because reducing the difference in the velocities means that the reflectors
will be imaged closer to their true depths even before the non-linear terms are computed.
This is illustrated Fig. 4.20 where the velocity contrasts of the model in the top panel
(labelled “Highest contrast”) have been increased by 50% over those in the middle panel
(labelled “Middle contrast”) which are 50% greater than those in the bottom panel (labelled
“Lowest contrast”). In each case, the lower frequency limit is 4 Hz and the proportional
correction to the depths of the mislocated reflectors is approximately the same. Therefore,
an increase in contrast would seem to not be more sensitive to missing low frequencies. The
obvious benefit of lower contrasts, however, is that the closer the reference velocity is to
the actual velocity, the better the leading order approximation is in the imaging series and
the faster the series algorithm will converge. This observation regarding contrast and low
frequency content is relevant to the next step in our analysis, which is to consider higher
angles of incidence, where the effective contrast is greater.

3.2 The effect of missing low frequency information at higher angles of incidence

As illustrated in Fig. 4.10, the degree of freedom afforded by the seismic experiment’s source-
receiver offset leads to a lower minimum vertical wavenumber, (k,)mi, in the construction
of a; for higher angles of incidence through the relationship in Eq. (4.6)

(W)min

(k2)min = 08 [(00) ] - (4.10)

Co

There are two factors that affect the amplitude of a4 (z,p) as a function of angle. The first
is data-driven: the magnitude of the data’s amplitudes (for these acoustic models) will tend
to increase with angle. The second is algorithm-driven: the computation of a; involves a
multiplication by cos? 6. The net result, illustrated in Fig. 4.21 for the first interface (where
there is no transmission loss in the recorded data), is that the amplitude of oy (2, p) will tend
to vary only gradually with angle. However, the leading order imaging series undoes the first
term’s algorithmic angle dependent scalar, cos? 6y, because higher angles of incidence will
tend to have more residual moveout that needs to be corrected (Fig. 4.22). It is the larger
magnitudes of the amplitudes with higher angles (Fig. 4.21) that set about correcting the
greater error in depth (Fig. 4.22) through the imaging series algorithm.
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Fig. 4.19: A five-layer model comparing the derivatives with respect to z of aq (in red) and «

1200 1250

LOIS

(in green) for 6y = 0 and different low frequency limits (missing up to 8 Hz). Although
there is a gradual degradation of the results when more low frequency is missing, in all
cases the mislocated reflectors shift towards their true depths providing an improvement

over linear imaging with the reference velocity.

75



Numerical examples and an analysis for bandlimited data

Ph.D. thesis

0.03 — ‘
0-62.5 Hz: Higlfiest contrast model.

0.02
0.01

-0.01

d/dz of oy and o-°'™

-0.02

-0.03
950

0.03 T \

4-62.5 Hz: Highest contrast model.

0.02 :

0.01
0

-0.01

d/dz of o, and o-O'™

-0.02

-0.03 ‘ ‘
950 1000 1050 1100

1200

1250

0.03 T T

4-62.5 Hz: Middle contrast model.

0.02 :

0.01
0

-0.01

d/dz of a, and a-©'™

-0.02

-0.03 ‘
950 1000 1050

1
1150

1250

0.03 T T

4-62.5 Hz: Lowest contrast model.

0.02 :

0.01
0

-0.01

d/dz of oy and o-©'™

-0.02

-0.03 ‘
950 1000 1050

1
1150

1250

Fig. 4.20: The effect of contrast between the actual and reference medium on the leading order
imaging series for data missing low temporal frequency. A comparison of the derivatives
with respect to z of ay (in red) and o*O" (in green) for 0y = 0 and three different five-
layer models. At top is the result for data that have all low frequencies, including zero

frequency. In the other cases the low frequency limit is 4 Hz.

The “middle contrast”

model is the same as in Figs. 4.17-4.19 and the other two deviate from it by +50% in

their interval velocities.
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Fig. 4.21: The variation of reflection coefficient at the first interface (z = z4) as a function of
angle for two different models. The first term in the inverse series, oy, is proportional
to cos® Oy times the data’s amplitudes. The net result is that the amplitudes in o will
tend to vary more gradually with angle than the amplitudes in the data.

The relevant question in the current analysis is how does the performance of the imaging
series vary with angle when low temporal frequencies are missing? The results displayed
in Fig. 4.20 would suggest that the higher “effective contrast” experienced at higher angles
would be neither more nor less sensitive to missing low frequencies. However, in the leading
order approximation to the imaging series that is currently being studied, higher contrasts
will directly impact the accuracy of the predicted depths.Specifically, the smaller the dif-
ference between the actual and reference media velocities, the more accurately the leading
order imaging series will predict the precise locations of the reflectors.

Figure 4.23 demonstrates how higher angles of incidence fill in the low end of the k, spectrum
for 4—62.5 Hz bandlimited input data. At 6y = 0°, the k. spectrum derives no additional
benefit at the low end in the sense that the (k.)min is equal to (w)min/co. However, at
0o = 45°, (k.)min is reduced by the factor cosfy and is equivalent to 2.8 Hz (as opposed to
4 Hz) at normal incidence. At higher angles, there is more residual moveout to be corrected
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Fig. 4.22: The residual moveout for two different models corresponding to Fig. 4.21. z is the actual
depth of a reflector and zy is its depth predicted by the first term in the imaging series
(i.e., through a conventional migration,).

for the nonlinear imaging terms.

Figure 4.24 shows results of the imaging series, for a fixed angle of incidence (6, = 45°),
and a range of minimum temporal frequencies. It is encouraging to see that the difference
in the predicted depths for f;, = 0.125 Hz and f;, = 2 Hz are extremely close and there
are improvements over the first term for all cases where information below at least 6 Hz is
missing.
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Fig. 4.23: Filling in the low end of the k, spectrum according to Eq. (4.6) for 4—62.5 Hz bandlimited
input data. A comparison, for four different angles of incidence, of ay, (in red) and o
(in green) and the k, spectrum of aq in each instance (on right).
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Fig. 4.24: A comparison of oy (in red) and o9 (in green) and the k., spectrum of ay (on right)
for four different low frequency limits. The filling in of the low end of the k, spectrum
according to Eq. (4.6) is apparent. Tlﬁpdiﬁerence in the depths predicted by the imaging
series when having down to 0.125 Hz (top) and only having down to 2 Hz (second from
top) is hardly noticeable.



Numerical examples and an analysis for bandlimited data Ph.D. thesis

In Fig. 4.25, the effect of missing low frequency on the prestack leading order imaging
series is demonstrated on angle gathers over a range of precritical angles. While a gradual
deterioration in effectiveness is evident as more low frequency information is removed, in all
cases (at least up to fuin = 4 Hz) for this example, the results of the imaging series are
an improvement over current imaging with the reference velocity (i.e., the depths are more
accurate than those predicted by the first term in the series).

It is interesting to consider whether the low k., information at high angles can be transplanted
to low angles of incidence to improve the performance of the leading order imaging series
in the latter range. Figure 4.26 shows the effect of transplanting the low end of the k,
amplitude spectrum from a4 (z, 60y = 50°) to the normal incidence trace, ay(z, 80y = 0°) over
the range that it is missing and then computing the leading order imaging series. A small
improvement in the location of the deepest reflector is noticeable. This procedure resembles
the alternative parameterization discussed earlier in which we can choose to keep omega
constant and sum of angles to compute each term in the series, thereby collecting high angle
information for each estimate of a°'S. This parameterization and procedure require further
investigation.

4  Discussion

Analysis of the leading order imaging series algorithm for a 1-D acoustic earth that varies
only in the z-direction, would suggest that low frequency information is important to its
effectiveness because of its integral with respect to z. However, the limits of the integral
are the reason why the algorithm can tolerate missing low frequencies while still providing
benefit. The algorithm does not call for

/_ ™ () (4.11)

[e.9]

which is exactly the zero frequency component of the data. We have investigated procedures
for improving the actual integral

/0 T (2)d2 (4.12)

which collects the amplitude and moveout information in the overburden and acts to shift
the mislocated reflectors towards their true locations in depth. One effective procedure that
improves the accuracy of this integral derives from recognizing that the perturbation is before
the onset of a reflector (say, at depth z,). Redefining the integral to be

/Z:_e ay(2")dz’ (4.13)

significantly improves the results of the leading order imaging series when low frequencies are
missing. To implement this causality-like condition, the first reflector could be automatically

81



Numerical examples and an analysis for bandlimited data Ph.D. thesis

picked or else, if we had a good estimate of the medium velocity down to the onset of an
unknown, or less well-defined, medium (see, e.g., Fig. 4.27), we could build that into the
reference medium and begin the imaging series at some depth below the subsurface.

The importance of low frequency information to the accuracy of the leading order imaging
series motivates the study of methods for spectral extrapolation (Walker and Ulrych, 1983;
Innanen et al., 2004). Larger angles of incidence and the concomitant lower k, information
is also expected to improve the accuracy of the depths predicted by the imaging series. We
note that trends in seismic data acquisition are towards the recording of lower frequencies.
This is a welcome development as these and other new methods are developed that make
full use of the recorded data’s frequency spectrum.

5 Conclusion

We have demonstrated using reflectivity data in the precritical regime for a 1-D acoustic
medium and 3-D wave propagation, that the leading order imaging series retains effectiveness,
even when the input data are absent zero and low frequency information. This finding is
critically important in the progression to a practical algorithm ready for application to field
data. These conclusions merit the generalization to a multidimensional earth (Liu et al.,
2004) and more complex wave equations (Zhang and Weglein, 2004a). The imaging of
primaries at higher angles, especially in the post-critical regime is also of keen interest (Nita
et al., 2004).

The imaging series is shown to benefit from having lower frequency information, in that
reflectors will tend to move closer to their true depths than if the low frequency information
is absent. Therefore, current trends towards acquiring lower frequency data, as well as
existing and new methods for extrapolating this information will both be important to the
practical implementation of the imaging series.
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Fig. 4.27: The problem of subsalt imaging is sometimes described as a combination of complez,
rugose top and bottom of salt and weak reflectivity below salt. The velocity down to
the top of salt can often be adequately estimated using conventional velocity analysis

techniques.
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5 HIGHER ORDER IMAGING TERMS,
EXTENSIONS TO A VARIABLE BACKGROUND
AND MORE COMPLEX WAVE PROPAGATION

We have isolated an imaging series for the simplest acoustic model, and demonstrated that
it improves the predicted depths of reflectors over conventional imaging with the reference
velocity even when the input data are frequency bandlimited.

In this last chapter, we address some of the limitations of the current form of the algorithm.
Firstly, the leading order imaging series is an approximation to the full imaging potential
of the inverse series. Secondly, the homogeneous reference velocity does not represent the
current best-practice linear depth imaging algorithms, which can accommodate velocities
that vary vertically and laterally. Lastly, a 1-D constant density acoustic model is far from
a 3-D viscoelastic medium that almost certainly better describes the actual Earth.

1 Higher order imaging terms

For the problem considered in this thesis, in which the Earth is characterized by a single
parameter, the imaging series is written

= +ab +a 4. (5.1)

where ¥ is the term in the imaging series that is i*® order in the scattered field and is
found in the i*" term of the inverse series. The leading order imaging series, a™°™S, is the
contribution to the imaging series that is leading order in the scattered field:

LOIS

LOI

aLOIS 4 ok

+o (5.2)

where

LOIS IS

~
) ~ Q.

«

The extent to which the leading order imaging series, a™°™S, is a good approximation to

the entire imaging series, o>, depends on the magnitude of the velocity perturbation above
the reflector being imaged. Higher order imaging series that go beyond the leading order
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Fig. 5.1: Higher order imaging components from the third and fourth terms in the inverse series.

approximation include successively more amplitude terms in the geometric series for the
coefficients of the Taylor series that shift the mislocated reflectors. For example, for the
second interface the shift is (see Eq. 3.34)

(26 — %) = —2(2 — 2a)[Ro1(p) + B3y (p) + Ry (p) + - - ] (5.3)

and the leading order imaging series reproduces on the leading order approximation to this
shift. For models containing more than two interfaces, the leading order imaging series
produces an approximation to the shift at each mislocated interface that is an infinite series
in reflection and transmission coefficients in the overburden. It is postulated that higher
terms in the imaging series will act to unravel these transmission coefficients.

Figure 5.1 (left) illustrates the inverse scattering diagram corresponding to the higher order
imaging component of the third term in the inverse series. This term is written mathemati-
cally as (see Eq. 3.28)

-1 ? , | Oy (z,p
as3(z,p) = Scosify {/O of(z >p)dz} % (5.4)

We observe that higher order imaging terms are “mixed task” terms because they contain
both separated and self-interaction diagram components. The self-interaction component
(above the output point) serves to non-linearly invert the overburden by going further into
the series.

For the reflector mislocated at Z, by the first term, this portion of a3 reproduces the expected
second order coefficient in Eq. (5.3):

g3 (2, p) = 8cos? Oy R2, (p) Rio(p) (2 — za) H (2 — 22)0(2 — %). (5.5)

This follows the first order term found in oy (Eq. 3.26):

~

2(2,p) = 8cos® Oy Ro1 () Ri2(p) (2 — 24) H (2 — 24)0(2 — 23). (5.6)
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Fig. 5.2: Low contrast analytic example. Depths predicted by the first term in the series and three
different imaging series as a function of angle for two specific examples: z, = 1000 m,
zp = 1075 m, co = 1500 m/sec and ¢; = 1650 m/s (i), c1 = 1350 m/sec (ii).

Combining the leading and next higher order term, we have

(p) + Rgy (p)] x4 cos® OoR12(p)d(z — %)

/

222, p) + asz(z,p) = —2(Z — 24) [Rm (5.7)

N

where the bracketed portion of Eq. (5.7) corresponds to the first two terms in Eq. (5.3).
These are the leading order term and one higher order term, respectively.

Consider two specific examples where the reference velocity ¢y = 1500 m/sec and the two
reflectors are located at z, = 1000 m and z, = 1075 m. In the first case ¢; = 1650 m/sec
and in the second case ¢; = 1350 m/sec. Figure 5.2 illustrates the depths predicted by
the first term in the series and three approximations to the imaging series for two different
velocity models. The variation of z, with angle is the residual moveout. At higher angles,
the depth of the second reflector predicted by the first term in the series is less accurate.
This is because the constituent plane waves travelling at higher angles of incidence spend a
proportionally longer time in the layer with the wrong velocity. Therefore, the non-linear
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Fig. 5.3: High contrast analytic example. Depths predicted by the first term in the series and three
different imaging series as a function of angle for two specific examples: z, = 1000 m,
zp = 1075 m, ¢y = 1500 m/sec and c¢; = 1800 m/sec (i), c1 = 1200 m/sec (ii).

terms in the imaging series have to shift the interface further at higher angles. The fact that
the magnitude of the reflection coefficient at the first interface, |Ro;|, increases with angle
aids the imaging terms in shifting greater distances with angle. On the other hand, this
increase in amplitude will tend to make the leading order approximation in Eq. (3.60) less
justifiable. Figure 5.2 shows, for two examples, that including higher order imaging terms
improves the accuracy of the predicted depth, especially at higher angles where they are
needed more. Figure 5.3 shows two more examples where the contrasts are twice as large as
in Fig. 5.2. These examples show how higher order imaging terms become more important
for higher contrasts between the actual and reference velocity.
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2 Extension to a variable background

There are two important advantages to formulating the leading order imaging series for
a reference medium that may vary in one or more dimensions. First, if a closed form of
the imaging series does not exist in multi-D, then there is a computational advantage to
reformulating the series algorithm for a reference medium in which the background velocity
varies spatially. We have seen that for a constant reference velocity, the rate of convergence
is greater for actual velocity models that deviate less from this constant background. For
realistic earth models in which there may be large and/or rapid velocity variations in the
velocity, an imaging series algorithm formulated for a constant reference may turn out to be
prohibitively expensive to compute.

The second advantage to formulating the leading order imaging series to accommodate a
variable background velocity is in the accuracy of the leading order approximation. For
either the series or the closed form, the depths predicted by the leading order imaging series
will be more accurate for smaller cumulative differences between the actual and reference
media.

In practice, velocity analysis could be used to estimate the actual velocity trend which would
more accurately locate reflectors in the first term, and would also subsequently improve the
rate of convergence and the accuracy of the leading order imaging series.

For a 1-D normal incidence experiment, we may formulate the inverse problem using a
reference medium whose velocity varies with depth (e.g., Clayton and Stolt, 1981; Foster
and Carrion, 1984). In this case, the perturbation, «, is related to the actual velocity, ¢,
through the reference velocity, ¢y, by

= [1+a(2)). (5.8)

We choose a WKBJ form of the reference Green’s function, which in 1-D is (e.g., Liu and
Weglein, 2003)

co(2)co(2’) | 7 45|
Go(z|7w) = Y—F——Le™ 00, 5.9
ofelew) = YU (59)
We observe that the amplitude of this wave is a function of the reference velocity, ¢, at the
depth of the source, 2/, and at the evaluation depth, z. Using the one-dimensional form of

Eq. (3.6), we have

+oo 2
D(z, =0]zs = O;w) = / Go(zy = O|z';w)w—a1(z')Go(z’|zs = 0;w)dz’

- cA(2")
_ 400 ! . 2!
_ —(0) / a1(2') ool [ 2510 (5.10)
4 —00 CO(Z/)
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Strictly speaking, the scattered field, D, is different from the constant velocity reference case
since the reference wavefield, Gy now has a spatially varying amplitude. Solving for a;(z)
through an inverse Fourier transform yields

D(r). (5.11)

where

_ ., [ A
T(z)_z/o & (5.12)

In contrast to the constant reference velocity case, the phase of «; is now a function of the
integral of the reference velocity and the amplitude is weighted by the ratio cy(2)/co(0).

Solving for the second term in the inverse series using the same WKBJ Green function yields
ag(z) = —=... (5.13)

By analogy with the constant reference case, the variable background leading order imaging
series can be shown to be

QLOIS(2) — f’: (1/2)”£T0(0))n [/Oz al(z')dz,} " O (z) (5.14)

/ n
— co(z 0z

where the first term, ay, is computed via Eq. (5.11). Clearly Eq. (5.14) also has a closed
form which is (see the derivation of Eq. 3.43):

"B (2) = oy (2 — A(2)) (5.15)

where the vertical shift is computed via

_ o) [fal),
Az =2 /Oco(z'>d‘ (5.16)

Keys (2003) arrived at this same formula by comparing the constant-background velocity
leading order imaging series with the variable-background velocity forward scattering series
to recursively construct the variable-background leading order imaging series. As might be
expected, Egs. (5.14) and (5.15) reduce to the constant velocity background formulae when
co(z) = c(0). They are also straightforwardly generalized to the situation where we have
pre-stack input data and we choose horizontal slowness, p, as a parameter.

More here.
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3 Model-type dependence

As it stands, the current formulation of the leading order imaging series is restricted to a
constant density acoustic model. Furthermore, the algorithm outputs outputs an imaged
parameter (actually an estimate of a parameter: «q), rather than a data-like quantity. If
we consider the current derivation as a simple blueprint for deriving an algorithm applicable
to more complex multi-parameter (e.g., velocity, bulk modulus, shear modulus, etc.) model
types, then we would arrive at multiple imaging formulae — one for each of these parameters.
This is in contrast to conventional imaging algorithms that output data-like image gathers
which are then input to an inversion procedure to estimate the parameters. An algorithm
that images parameters in space is certainly a model-type dependent algorithm because we
need to specify the model type in order to know which parameters to image. This approach
involves a dissection of the perturbation operator, which in Chapters 3 and 4, was simply

V = kla.

The advantage of deriving an algorithm that does not require the explicit description of the
perturbation operator is that it will be model-type independent and therefore will be appli-
cable to a wide class of model types. The free surface multiple removal and internal multiple
attenuation subseries are examples of model-type independent algorithms. Task-separation
based on inverse scattering diagrams is transferable from the single acoustic parameter to
a more general operator as discussed by Weglein et al. (2003). We may surmise that the
self-interaction and separated diagram components play the same role in inversion as for the
specific one parameter acoustic case. This logic held true for the earlier generalization of the
free-surface and internal multiple attenuation algorithms derived from the inverse series.

In the imaging case, an alternative approach is to investigate model-type independent imag-
ing. More here.
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APPENDIX



A. DERIVATION OF THE FIRST TERM, o

We derive the first term in the inverse series for a constant density acoustic medium and
a reference medium that consists of a 3-D wholespace with velocity ¢y. The perturbation
V= kga where ko = w/co and the solution for a; is a linear inversion of the scattered field,
D. Beginning with Eq. (3.6), D are related to oy by

+o0
D(fg|fs;w):/ dZ' Go (Z4|7";w) kjou (Z7) Go (B! |Zs;w) - (A.1)

[e.9]

Implicit in Eq. (A.1) is that the incident field is the result of a point source and not a plane
wave. The two reference Green functions in Eq. (A.1) satisfy

2 W’
VvV + = Go= -0 (A.2)

0

and the causal solutions are

— — _1 -‘rOO - eZkZ, (xg—x/)eiky/ (ygfy/)eikzl (Zg—zl)
Go(7 | ! w) = (2 )3/ Ak — - — : (A.3)
S e [k’o—(lk’! —ze)} [ko+(|k/|+ze)}
where [¥] = o/R2 72 573 and
S = -1 too eik/‘ws(ml—l‘s)eikys(y'—ys)eik‘zs(z’—zs)
Gol&[E5e) = W/ (A4)

" [k = (el = i9)] [ko + (Fe.] +i0)]

where |k, | = {/k2, + k2 + k2. The parameter e > 0 shifts the poles in the integrand to
ensure that the Green functions are causal (see, e.g., DeSanto, 1992, p.45). For reasons that
will become clear later (in Egs. A.13 and A.14), we add the small imaginary part to ko by
defining kot = ko + ie. In that case, substituting the Green functions into Eq. (A.1) yields

—+00 “+o00

dk,

zf(fvg @) pikyr (Yg— y) ik, (2g—2")
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Performing a double Fourier transform over x, and y,

+OO +o0o
D(kxg’kyg’Z!J’:ES?w / / dygD (:Ug>ygazg‘xsvw) Zkzgxge tkygYa
/ / / d7 / dk, / dk,
27r - -
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e Wl T ey Y etar (Zg
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X e g ) dk‘z T — koo (27)
—00 0+ P y/ 2!
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X x 2 .
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(A.6)

Carrying out the integrals over z, and y, (braced terms) produces two delta functions:
(21)20 (kg — ky,)0(ky — Ky ) Then the integrals over k,s and k, can be performed giving

+o0 +o0 e thagr p—ikygy’ pik,i(z9—2")
—'/ 2 =/
(2m)! / / e Ry Ko (#7)

e k (a! xs>€zkys (W' —ys) gikzs (2 —22)
X X Z *
/ / ys/ S Ty ey —e)
(A7)

Now assume that the velocity perturbation, «, is invariant in the x and y directions, which
implies that

e

(k:cgakywzglx&w)

a1(%) = ay(2). (A.8)

Collecting the exponentials in 2" and 3" and then carrying out the integrations with respect to
these variable produces two more delta functions (braced terms below) allowing integration
over k,, and k,,
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Note that the integrals over 2’ and 3’ in Eq. (A.9), for a laterally invariant medium where a;
is not a function of 2" or ¥, demonstrates that k,, = k,, and k,, = k,, reducing the number
of independent variables from five to three. As result, the vertical wavenumbers defined by

@ =k — K -k (A.10)
and
¢ =ky, — k., -k (A.11)

are also equal (i.e., ¢, = ¢5). Substituting Eq. (A.10) into Eq. (A.9) gives

= . 1 —iky,Ts ,—iky,Ys oo 11.2 !
D<k$97 kyg’ Zg|x57w) :(27T)26 97Ce 9 dZ koal(z )

+oo eikzl(zg—z’) +oo eik:zs(z’—zs)
x/ dkz,—/ ] (A.12)

2 _ 1.2 Zs 2 _ L2
%) Qg kz’ ) QQ kzs

We are now in a position to perform the integrals with respect to k., and k.. Treating the
singularities in these integrals is straightforward because ¢, has a small positive imaginary
part due to our use of the causal Green functions in Eqgs. (A.3) and (A.4). Therefore, we
have two 1-D causal Green functions (see, e.g., DeSanto, 1992, p. 57):

“+o0 eikzx(zg—z’) /+00 eikz’(zg_zl) T ,
dky———— = — dk = ——¢lalz—z A.13
/_ Q2 — k2 —o0 (k= — qg) (k2 + qg) g ( )

00 g z

and similarly

400 tkzg (2 —2s) ;o ,
/ di, S = T gl ), (A.14)

00 ) q; - kgé dg

After performing these integrals, we let € — 0 and so koy — ko. Substituting Eqs. (A.13)
and (A.14) into Eq. (A.12) gives

D(ky,, ky, s 24|17 s;w) = e~ MegTs e NugYs dz'kjaq (2') | ——e'ol?a ™= ——el* s
zgs Rygs Zg|T 55 001
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—tky,xs ,—tky, Y. 400
e Wzg®s o Yg I . ’_ . ’_
= / d7'e0F 20 k20 (7))o (= —24)

k;2 . . .
_ 0 2e—zkgcgivse—lkygyse—ZQQ(zg""zS)al(_2qg) (A15>
_4qg

where in Eq. (A.15) we have made use of the fact that the scattering points are below
the measurement surface (2' > z, and 2z’ > z;). Furthermore, we recognized the Fourier
transform of o; where 2¢, is the Fourier conjugate variable to depth, z. We could rearrange
Eq. (A.15) and perform and inverse Fourier transform over 2¢, to solve for a;(z). Instead
we set about changing from cartesian to cylindrical coordinates.
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OA

(xs)) |

Fig. A.1: Plan view showing the relationship between the horizontal cartesian and cylindrical coor-
dinates. 1 is the source-receiver offset in the horizontal plane and ¢ is the azimuth. For
a 1-D medium, the data are invariant in azimuth.

Performing a double inverse Fourier transform over £, and k,, yields

1 +oo ] 400 ]
D(fg‘fs7w) :(271-)2 / dkwgelk’zgmg / dkygezkygygD(kxwkyg)zg|fs;w)
1 e iky, e iky,y kg —tkz,xs ,—iky,Ys ,—1qq(2g+2s)
:<27T>2 dkxge *g™9 dkyge Y9 g_—q2€ rguie TWgIse THIVTg TS 041(—2qg)
—00 —00 g
1 e e k[% thay (xg—xs) Jiky, (Yg—Ys) ,—iqq(2g+2s)
:(27T)2 dkwg dkygj(ngKl(—qu)e g\g e'"ug\Yg e g\=g .
—00 —00 g

(A.16)

Since source and receiver depths z, and z, are fixed, both sides of Eq. (A.16) appear to
be functions of five variables: z,, x5, y,, ys and w (left-hand side) or ¢, (right-hand side).
However, we found in Eq. (A.9) that the source and receiver horizontal wavenumbers were
equal (k,, = k,, and k,, = k,,) reducing the number of independent variables from five
to three. Similarly, we may note that D in Eq. (A.16) is a function of the differences
r = (x, —xs) and y = (y, — ys) and that the conjugate variables to these differences are
kz, = k. and k,, = k,, respectively. Physical intuition would suggest that the data are
really only a function of two independent variables for a 1-D Earth: source-receiver offset, ,
and time or temporal frequency, w. We will change from cartesian to cylindrical coordinates
where the offset variables satisfy (see Fig. A.1)
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T =2y —Ts=1"COSP (A.17)

Y=y, —Ys =rsing (A.18)

and recalling the definition of ¢, in Eq. (A.10), we have (for this 1-D case)

@ =ki — k2 — k. (A.19)
=kj — k? (A.20)
where k, is defined by
2 . 12, 12
ky = k; + k. (A.21)

Rewriting Eq. (A.16) in terms of the cartesian offset variables

1 +oo +o0 ]{(2] . L o (zo)
D(z,y;w) :W/ dkx/ dkyjqzal(_2q9)ez 2 gthyY o~y (29+2s) (A.22)
—00 —o0 g

and changing from cartesian to cylindrical coordinates where the conjugate variables satisfy

400 400 00 2
/ dk, / dk, = / k,dk, / do, (A.23)
—0c0 —00 0 0

we substitute Eq. (A.23) into Eq. (A.22) yielding

1 [e'¢) 2 k%k . - ' S '
. _ 7" o iky cos ¢r cos ¢ iky sin ¢rsin ¢  —iqq(zg+2s)
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2m 7 e T . ~ 2m . g ~
/ eikrr(cos¢cos¢>+sm¢sm¢)d¢ _ / ezkrr[cos(¢—¢)]d¢ _ 2711]0(]%7“), (A25>
0 0

where Jy(k,7) is a zero order Bessel function of the first kind, Eq. (A.24) becomes

1 © |2 .
D(r;w) = 0y (—2q,)e e(zo ) A2
(r;w) (27r)/0 _4q§a1( qq)e Jo(k,r)k,dk, (A.26)

which is an expression, in cylindrical coordinates, for the scattered field in terms of ;. The
data are now clearly seen to be a function of two independent variables. Equation (A.26)
can be inverted by recognizing the Fourier-Bessel transform pairs:

1) = [ Fh) b (A7)

F(k,) = /000 f(r)Jo(kpr)rdr (A.28)
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which leads to

_4 2 ] fo'e)
ai(—2¢,) = 2%%6”9(‘59“5)/ D(r;w)Jo(k,r)rdr (A.29)
0 0
where
k7
Gy = koy |1 — 3 (A.30)

From Eq. (A.29), we see that «; is over-determined (there are more free variables on the
right-hand side than on the left). Inverse Fourier transforming both sides of Eq. (A.29) gives

400 42 o)
ai(z) = —8/ Z—%eiqg@z(zﬁ%)) /0 D(r;w)Jo(kyr)rdrdg,. (A.31)
How we perform the g, integral has implications for handling the over-determinedness. Con-
sidering fixed angles of incidence, 6y, will lead to a number of different estimates of ;. Fixing
Oy is the same as fixing horizontal and vertical slownesses, p and (, respectively, which are

defined by

o0

p= sin 6, and ¢ = COS@O‘ (A.32)

Co Co

Note that these slownesses are functions of the reference velocity only, and so do not require
knowledge of the actual velocity. They might be more usefully described as reference slow-
nesses. With our decision to hold 6 fixed, g, is still allowed to vary through the variation
in w (since ¢, = w(). We proceed by changing variables from ¢, to w:

“+o00

a1 (z,p) = — 8¢ cos? 00/

—0o0

e—iWC(ZZ—Zg—ZS) / D(r; w)JO(pr>TdeW (A33>
0

where Eq. (A.32) leads to the relationship

2 22
% = wkg = ¢ = cos” by (A.34)
0 0

Defining the two-way vertical travel time, 7 = ( (2z — (2, + z;5)), and substituting (a) the
temporal Fourier transform of the data D(r,t) for D(r;w) and (b) the integral form of the
Bessel function gives

—+o00 ) o) +o0o ) 1 2T )
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0o 27 %}
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27 e8]
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o Jo
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We may decide to change back to cartesian coordinates, where

=V2?+y% ¢ = arccos < , ¢ = arcsin S ,
/I.Q_jr_y /1.2_|_y2

r = (r, —x,) and y = (y, — ys) as illustrated in Fig. 3.1. The partial derivatives are then
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oy
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So the Jacobian is

ordp Ordp x*  y?

oxrdy Oyoxr 13 3 r
and therefore Eq. (A.35) can be rewritten

“+00 “+00
(7, p) = — 8( cos” 90/ D(z,y; 7 — pr)dxdy. (A.36)

Equation (A.36) is recognizable as a scaled slant stack of the recorded data (see, e.g., Treitel
et al., 1982).
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B. SEPARATION OF a3 INTO TASK-SPECIFIC TERMS

The integral equation for the second term in the inverse series for the 1-D single parameter
acoustic problem is

“+oco
/ Go (Z4|2";w) k2o ()G (f’|i"$;w)df’

Tl w) kgon (2)

/ 45" Go (77" 0) Ran ()G (F"|Fsiw) . (B.1)

Upon substitution of the causal Green functions, the left-hand side becomes
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and the right-hand side is
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where ko, = ko+ie and € is a small positive parameter (see Appendix A). Diagrammatically,
forgiving some kq factors, we may interpret this equation as shown in Figure B.1 where the
scattering points are confined to be deeper than the source and receiver depths.

As with deriving the equation for ay, the invariability of the perturbation in the horizontal
coordinates simplifies the equations significantly. We Fourier transform both sides over z,
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Fig. B.1: Inverse scattering diagrams representing Eq.(B.1).

and y, and perform the integrals over k,» and k,,. Therefore,

1 “+o00 +oo e—ikg;gxle—ikygy'eikz/(Zg*z')
LHS —— | az / dk.
-~ (27T)4 /—oo v —o0 kg+ - k::%g - kgg - k,z’

) . +o0 +oo +oo etkas (x’—rs)eikys (y'—ys)eikzs (z'—zs)
x K2as(2)) / dk,. / dk,, / A R iy (B.4)
—00 —00 —00 Ts Ys Zs

1 +o0 +o0 e~ thagr p=ikygy' ik, (zg—2") +o0
RHS — / dj”/ dk,: kgal(z’)/ az”
(27T)7 —0 —00 k(2)+ - k%g - kggg - kz’ —0o0
00 +o0

+ +o0 ik‘x//(xlfxﬁ) ik //(y’—y”) ikz//(z’fz”)
x / iy / dk,» / dlon ¢’ ¢ k2o (=)

k3+ - k%// - kz// - kg//

+00 0 +oco 0 400 " eikxs (a;”—a:s)eikys (y”—ys)eikzs (2" —zs) B
X z 2 . .5
R R e 9

Collecting the exponentials in the horizontal coordinates of the scattering points =/, v, x”
and y”, and performing the integrals with respect to these variables produces delta functions
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allowing for the k., and k,, integrals, respectively, to be carried out:

400 +o00 +o00 +o00 zk 1 (2g—2")
LHS ~s / dm/ dy/ dz/ dk. T

+oo +o00 +00
X kg (') / dk,, / dky, / dk, ¢ trs e} s~

~
efikzsms efikys Ys eikzs (z'—2s)

K2, — K2 — K2 — K2

400 +OO zk 1(zg—2") )
/
T 2n)e / d’z/ A Ey— —z Koozl

—tkz,Ts ,—iky Ys pikzs (2'—25)

e NwgTs o~ WiygYs ez

X / dk,,— (B.6)
—00 kO—I— - k%g - kgg - kgs

X

—+00

dz’

+oo etk 1 (2g—2")

dk.:
K2, — k2 — k2 — K%

+oo 400 400 +oo 400 +oo
(1/1 / dZL'H/ dy"/ dZ”/ N/ dk /// dk‘ "

—+00

dx’

—+00

dy

ik ke )2 ik n—kyy )y’ zk: (2 =2" 400 +oo
X\e 1—FKzg 1\6 " —Ryg B koal( /I)/ dkxs/ dk s
e ~ k§+ - kl‘" k;// - k’g,, o0 —oo Y
oo _ikxszs —ik sYs ikzs (Z”—zs)
kzs—k //)x (k; —k ,,) n € e YsIse
X /OO dkzsg ~ - ) ]{'2 o kgs . kgs o kgs (B?)
1 oo @ k. 1(zg—2")
dk. L2 /
(27r /OO /OO k2, _kz _kz ) 0a1(2)
+oo +oo zk //(z —z") )
"
X / dZ / dkz// k2 — ]{;2 — k‘2 — ]{;2,, koal(z )
—ike, Ts 'lky Ys lkzg(z 725)
/ ke —3 — 2 : 62 2 (B.8)
k0+ - kzg o kyg B kzs

Having performed all the integrals in the horizontal coordinates, we can evaluate the 1-D
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vertical wavenumber integrals:

LHS K0 pmiheys ity / ™ e an(2) ( / T g, )
———e ngsefl YgYs 2o z _ Z/
(2m)? oo ’ o (ko — qg) (ks + qq)

< /+oo " etkzs (2" —2s) )
X | — 25
—00 (kzs - qg)(kzs + qg)
2 +o0 ; ;
R ]{30 e—ikzgmsef’ikygys / dZIOéQ(Z/) (_ﬂeiqg|zgz’|) (_ﬂeiquz’zS)
(2m)? —o0 g g

—k2 ) ) +oo .,
N 7 20e—zkzgxse—zkygyse—zqg(zg-‘,-zs) dZ,OéQ(Z/)GQ’ngZ (Bg)
dy -

[e.e]

where ¢ = kf, —k2 —Fk; and we have explicitly set 2’ > {2, 2,}. Meanwhile, the right-hand
side can be simplified:

1 +oo L
RHS Hw/ dz' (_ﬂ-_,lezqg(z _Zg)> k8a1(2/>

e}

+oo g g
X / dz" <__€iqu'—2”|) k2ay (2")e g g™ ihug s (——eiQS(’Z’/—zS))
—00 dg ds

’Lké —ikg,Ts ,—iky,Ys ,—iqq(2g+2s) oo 1 _iqgz’ / e 1 _igglz'—2"| " iqgz"
g TretseT Mugls g e s dz'e" 1% oy (2') dz"e's aq (2")e's
8¢, —o —o0

(B.10)

where, for a 1-D medium, ¢ = qg and we have confined {#, 2"} > {2,, 2,}. Having served its
purpose, we now let ¢ — 0 and so kg, — ko. Expanding the absolute value in the exponential
and simplifying:

iky . ” , too .
RHS — ﬁe_’ rotee! ygyse_’qg(zﬁzﬁ)/ dz'e"e* oy (2')
q oo
+00 +oo
. 1 . "__ 1 . "
% (/ dZ//H(Z/ - Z//)ezqg(z z )051 (Z//) + / dZ”H(Z” o Z/)ezqg(z z )061(2”)> 9%
) —00
214 “+o00o
ks . iy iy
— 8_2"6 thag s g~ kugbs o “19(29“5)/ dz'on ()
q oo

+o0
" (2/ dz"H(Z' — Z”)eiqg(zlzn)ou(zﬂ)) pita (2 +2"")
ikl

H —_—
4q§

+oo +oo

dZ/Ozl (Z/)e%qu’ / dZHH(Z/ _ Z//)Oél (ZH).

(e}

e—ik’mg:cse—ikygyse—iqg(zg—i-zs) /

—0o0

(B.11)

Figure B.2 illustrates the simplification in Eq. (B.11) that arises due to the vertical axis of
symmetry. Now equating the two sides, Egs. (B.9) and (B.11), the phases exp(—ik,, ),
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Fig. B.2: Inverse scattering diagrams representing the simplification in Eq. (B.11) that arises due

“ g

to the vertical axis of symmetry. The “eo” symbol signifies the end-point contributions
2 =2".

exp(—ik,,y,) and exp (—igy (24 + 25)) cancel leaving

400 o, —ik2 +00 o, 400
/ dz'ag(2)e*" 9% :—0/ dz oy (2")e*s* / dz"H (2" — 2")aq(2"). (B.12)

This step is equivalent to source and receiver downward continuation with the constant
reference velocity. We can break apart the right hand-side into self-interaction (2’ = 2”) and
separated (2’ # z") daigrams. To effect this separation, we integrate by parts:

[e'e] oo [e'e)
/ udv = uv — / vdu
—00 — 00 —00

where

dv = Zk(Q) eZiqu’dzl

g
du oo doy (2)
Fw, =a;(2') +/_Oo dz"oy (Z"VH (2 — 2") T

Z do (2)
o)+ [ ™
2
v :__klo 2tiZ/
2q2
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Fig. B.3: The break-up of the second term in the inverse series into “self-interaction” and “sepa-
rated” diagram terms (Eq. B.14).

and so
oo e k2 s [ -
/ dz/emqu 042(2/) — 2()e2zqu / dZ//Oél(Z//)Oél(Z/)
—oo 2q, —oo e
+o0 k2 z’ do (Z/)
dz' 2iggz’ ™0 201 / dz" " 1 ‘ B.13
—i—/_oo Z'e 22 aj(2) + N 2"y (2") T ( )
The boundary terms are zero (assuming o, like a;, is confined to a finite region) and so
“+o0 k2 2’ d /
as(—2¢,) :/ dz'e* % 2 | ai(2) +/ al,z”(Jq(,z”)M : (B.14)
oo 2q; 0 dz'

Figure B.3 illustrates the break-up that takes place when we integrate by parts. We have
divided s into self-interaction and separated diagram terms!.

As in Eq. (A.31), the left-hand-side is a function of one variable (g,), whereas the right-
hand-side is a function of two (g, and w = kocp). For consistency, we choose to keep p
constant recognizing that we are estimating o = a1 + s + . .. for fixed p values. Therefore,
the inverse Fourier transform yields

a2<2,p) =

<a%(z,p) + /OZ aﬂz’,p)dz’%) (B.15)

where 6y and p are related by Eq. (A.32).

2 cos? b,

! This particularly useful separation step was taken by Foster (2000).
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C. A FORMULA FOR THE VELOCITY PERTURBATION IN TERMS
OF THE REFLECTION COEFFICIENT AT A SINGLE INTERFACE

We algebraically derive an expression for the velocity perturbation, «, in terms of the angle-
dependent reflection coefficient at a single interface. The reference velocity and the velocity
in the upper half-space is ¢y and the velocity in the lower half-space is ¢;. The interface is
at depth z = z,, and so the velocity model is

c(z)=co+ (c1 —co)H (2 — z4)
=co[1+(y—1DH (2 — 24)] (C.1)

where we have introduced the parameter v = ¢;/co. From the definition of o (Eq. 3.4), we
have

alz) = % —1= ! -1
?(z) 1+ (v = DH (2 = z))"
1
= [m—ll H(z— z,)
1
= <$ — 1) H(z—2z,). (C.2)

Meanwhile, we can write the reflection coefficient as a function of the change in velocity at
the interface, the incident angle, 6y, and the transmitted angle, 6, :

Co— ¢ cpcosby—cocosfy  vycosby— cosb
Roi(p) = = =

— = = . C.3
Co+ ¢ cpcosby+coeosty  ycosby+ cosbq (C:3)

Using Snell’s Law
sinf; = ysin b, (C4)

cosf = /1 —sin®6;, = /1 —42sin® 6, (C.5)

into Eq. (C.3) to eliminate 6, :

~ ycosty— /1 — ~2sin? 6, ~costly —/1/7? —sin? 6, (C.6)
v cos by + /1 — ~2sin? b, cos@o—i-\/l/vQ—sinQ@o' .

we can substitute

Ro1(p)



Ph.D. thesis

Rearranging this equation gives

— Roi(p) )

1/4°%(p) = sin® 0y + 29(
/v (p) = sin” Oy + cos” b % Ror ()

Ro1(p
=1—cos®y |1~
COS 0( (1+R01p>>

=1—rcos’ 0y (1 — [1 — 4Rui(p) + 8R5,(p) — 12Ry,(p) + .. .])
=1 — cos’ by [4Ro1(p) — 8RG, (p) + 12R5 (p) — .. ] - (C.7)

Finally, we can substitute Eq. (C.7) into Eq. (C.2) to derive an angle-dependent formula
for o :

a(z,p) = [~4Ro(p) + 8R5, (p) — 12R, (p) + .. .] cos® 6o H (= — z,) . (C.8)
The first term (that is first order in the measured data, i.e., O(Ro), is
a1(z,p) = — 4Ro1(p) cos® O H (2 — z,) . (C.9)

This is quantitatively equal to the inverse Born approximation (see, e.g., Bleistein et al.,
2000, p.105, for the zero-offset result). The consequence of making the Born approximation
is to ignore the sum of all the higher order terms. We observe that, for this single interface
example,

as(z,p) =8R3, (p) cos® OoH (2 — 2,) (C.10)
as(z,p) = — 12R3,(p) cos® o H (2 — z,) (C.11)
ay(z,p) =16Rg, (p) cos® O H (2 — z,) (C.12)

For contrasts where higher powers in Ry, are not negligible, we must take more terms in the
series (Zhang and Weglein, 2003).
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D. SEPARATION OF a3 INTO TASK-SPECIFIC TERMS

The integral equation for the third term in the inverse series for the single parameter acoustic
problem is

+oo
/ dz' Go (74|75 w) kjaz(2') Go (7' |7 5 w)

o0

+oo
:—/ d7' Gy (Z 4|7 ;w) kgas(2)

e}

—+00
« / 45" Go (77" w) K2an (=) Go (7|7 : w)

o0

+o0
- / 47 Gy (7|73 ) K2an ()

[e.9]

+0o0
% / df”Go (f/‘f”,(.U) kgOCQ(Z”)GO (f”‘fs,w)

o0

+oo
—/ d7’ Go (7,7 ;w) kjay (7))

+0o0
X / dz" Go (z'|7";w) kjaq (")

o0

+00
« / 47" Gy (7" ;) Kar (2")Go (#" [T w) . (D.1)

o0

Figure D.1 represents Eq. (D.1) using scattering diagrams (once again forgiving some kg
factors). Fourier transforming both sides of Eq. (D.1) over z, and y, and following the same
steps as in deriving Eq. (B.9), the left-hand side becomes

_ 1.2 +o00

LHS —>4—k;oe_ikx9xse‘ikygyse_iq-"(zfr%)/ s (2% 4z (D.2)
4y -

o0
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Fig. D.1: Inverse scattering diagrams representing Eq. (D.1).
Meanwhile, doing the same thing to the right-hand side, we get
ké ik ik e I G
RHS — e rgTs g iygYs dz dk. 2’
PRk /. / TR
+o0 +o0 Zk; n(z'—z" +oo Zsz (2" —2s)
dz" / dkn———5—ay (2" / dhy 5
/ k2” 1( ) . qg . kzs
0 b, " 0o “+o0 etk 1(zg—2")
+ e et gl / dz' / dk.: —2 ai(2")
—o0 ) qg - kz’
+OO +oo Zk " Z -2 +o0 Zkzb (Z _ZS)
” dk "———m O{ Z” / dk — =
/ / k2// 2( ) - qg o kgé
+oo “+o0 ik, (zg—2")
6 2/
— e_m”cgzs ~ikygys / dz'/ dk. —2041(2/)
271' —00 —o0 qg - kz’
+oo +oo zk " z —z"
// /"
/ / dkz// kj2” 1(2 )
o dz" o dk elk = N i dk —eikZS(ZHLZS) D.3
z o (V1| % - . .
/ / - kz/” 1( ) /—oo ’ q; - kgs ( )

The various “k,” integrals are handled according to the poles shifted in exactly the same
way as in the calculations of o and ay (see Appendices A and B). This is not a choice but
a consequence of the causal Green functions in the Lippmann-Schwinger equation (Eq. 2.7).
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Performing the contour integrals yields

Qiké —ikg,Ts —iky,Ys ,—1qg(2g+2s) oo / / e " / " " 2iqqz’
RHS ————e "aa®s g™ Fugls g =29 T2 dz'ap(2) dz"H(z" — 2")aq (2")e™%

(2¢4)° oo .
Qiké‘ —ikz s ,—ik —iqg(zg+2s) e / / e " / " m ,2iqgz’
+me 2g®s o™ Wugls g~y (29T 28 dz'aq(2") dz"H(z' — 2")ay(2")e*
g —0o0 —00
6 400 +00
(2];) e‘ikzgxse_ikygys/ dz’eiqulal(zl)/ dz"e'l= =" oy, (2)
g —00 — 00
+
« / OOdzllleiqg|z”—z/"|a1(zl/l)e'iqum. (D4)
—0o0

The first two terms are mathematically analogous to Eq. (B.11) in the derivation of as.
Equating both sides, cancelling common factors (effectively downward continuing sources

and receivers with the reference velocity) gives

oo o 2iky [T I 497"
/ Ckg(Z/)ezlqu dZ, _ _Z"0 dZ/Oé2<Z/) / dZ//H(Z/ . Z”)CYl (Zl/)€2zqu
_ — 00 _

%0 24y o0
22]{8 e / / e " / " " ,2iqqz’
5 dz al(z) dz"H(z" — 2" (2") e
qQ —o0

+oo +oo —+00
// dZWOél Oé1( H)Oél (Z///)
2(19 / / /
X

(H( o Z”)H(Z . Z///)62zqu

(Z, ZH>H(Z”/ . ) 2igg2’ 6—2iqu”€2iqu”’
(Z” Z’)H(Z” ///) 2iqgz""
(21/ Z’)H(ZW //) qugz”’> . (D5)

Figure D.2 illustrates this equation diagrammatically where some additional symmetries
have been noted. Incorporating these symmetries, we have

+oc0
/ ag(2)e? 6% dz" = I3(qe) =2131(qq) + 2132(qq) + 2133(qe) + I34(qy) (D.6)

[e.9]
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where
+oo +oo ezlqu
I31(qy) —kg/ dz/on(z')/ dz"H (2" — 2" (2")—
—o0 0 21q,
+oo +oo 2497
I35(qy,) —ko/ dz'ozl(z')/ dz"H (2 — 2")an(2")—
—o0 —0 21q,
+o0 400 +o0 621(192”
ISS(Qg) — ké/ dz// dZ”/ dZ/I/a1<ZI)a1(Z/I)a (Z”/)H(Z” _ Z/)H( " Z”/) (22q )2
—00 —00 —00 g
+oo +o0 +oo
L3u(gg) = — kg dz' dz" / d2"ay (2 ) (2" (2" H (2 — 2"V H (2" — 2")
€2iqu’ o ) "
% e 292" p2iqg%
(2igy)

118



Ph.D. thesis

By analogy with Eq. (B.14),

+o00 o, k?2 +o00 d ,
I31(qy) = _/ dz' ¥ 2 (al(Z')az(z’) +/ dz"H (2" — 2")ay(2") as(z ))

~ (2igy)? -~ dz'
(D.7)
oo VRN +eo day (2')
_ 2iqg2 0 _ 1
) == [ et 0 (a4 [ @ ) )
(D.8)
and the third term may be integrated as follows:
+oo 400 400 62iqu”
133(qg) I€4/ / dZ///a1< )al(zm)/ dz”oz ( ”)H(Z” . Z’”)H(Z” . Z’).—
oo (2ig,)?
+00 +oo +o0 d 2iqqz"
_k,4/ dz' / dz"’al ( ///)/ ds" CYdlZ(H )H(Z”—Z/”)H(ZH - Z/) (eziqg )3
—oo 9
4 oo oo " 2 " ! " €2iqu
2k, d d H(z —
+ / z/ z a1 (Z"VH (2 — =z )(2%)3
+oo 2 ny ,2iggz"
——k4/ "/ dz/ ay(2")dz" ay (2" al,(,g )6. 1
027 (2igy)
dOél( /) e2zqu
_ 2]{34 d dz" o 1
+00 z dov (Z/) eQiqu’
42k4/ dz’al(z’)/ dz"" oy (2") . ,
0 —0o0 —00 dZ/ (ZZQg)4
A 400 L s €2iqu’
— 2k d
L g
400 2iggz’
— / P
: —o0 (2igy)?
z! d2 / z d /
X [/ al(z")dz"] %jtf}al( )/ dz”al(z”)%%—Qa‘ff(z’) . (D.9)
0 0

This break-up is illustrated in Fig. D.3 and is summarized in Fig. D.4. The single term has
been split into a purely self-interaction component, a purely separated piece, and a mixed
self-interaction and separated diagram term. Only self-interaction at the deepest scattering
point is allowed from I33(q).

Meanwhile, we recognize 34 as being a starting point in the derivation of the internal multiple
attenuation algorithm. As explained by Matson (1997)!, the initial tests of I34 as a potential
algorithm proved successful at attenuating internal multiples, but also had the unfortunate

1 I34 = W333 in Eq. (5.8) on p. 112 (Matson, 1997), with the substitution V3 = k2a;. The 1-D normal
incidence version is Eq. (4.2) on p. 24 of Aratjo (1994).
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Fig. D.3: Inverse scattering diagrams representing the separation of Iss(q) in Eq.(D.9).

property of simultaneously “altering” primaries. The reason for this will become clearer in
the following where it is shown that this term can be further task-separated:
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Fig. D.4: Summary of the separation of Is3(q) in Eq.(D.9) and Fig.D.3.

+oo +o00 +o00
I34(qg) = — kzo/ dz' / dz”/ dz" o (21 (2" (Z"VH (2 — 2" H (2" — 2")

qugz
—2iqq2’ e2zqu

5€
22qg

—k4 /+Oo 2 /+OO dZ”,Oé /l ( III)H(ZH/ _ Z//)

2
X/ dz /dOél : >H(ZI . Z’”) 407 o~ 2iag%" ;2iqg 2"
o dz (2igy)3

. +o00 ) +o00 622’qu
_|_ k / dZ// / dZ”/Oél z/// H z/// o Z” :
0 - ( ) - ( ) ( ) (22(]9)3

+o0 +oo d /
=— ké/ dz”al(z”)/ dz’%[—[(z’ — 2"
_ _ 2

[e.9] o0

+oo da (Z///) ezz‘qu' ) )
" 1 " " " " " -2 "9 mn
X / dZ (WH<Z — Z ) + al(z )(S(Z —Z )) W@ 14g% e 1qgz

400 400 d " 2iggz""
— ké/_ dz" o 2( )/_ dz///( OEZ(/Z// )H(Z/// . ZH) —0—041<Z/”)(5(Z/H o ZH)) € :

[e%¢) [e%¢) (22(]9)4

[e.o]

+oo d /// / 2igyz’

Oq Yday(2") e* 9% . o

134((19) k4 dZ”Oél ” W d ! P (/ ) . 46 21497 62quz
dz' (2iqy)

—2/{4 /+OO //// d>" oy 2 // dal( /N) 2igy=""
dz"" (2igy)*
k ,,,d (S D.10
N O/—oo : (Z)(QZQQ) (D-10)

The first of the three terms in Eq. (D.10) is the portion of as that attenuates internal
multiples (Aratjo, 1994). The other two terms act on (i.e., process) primaries, which is why
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Fig. D.6: Summary of the separation of I34(q) in Eq.(D.10).

I3, was not fully task-separated before. We may rewrite the first term in Eq. (D.10) as

/

k4 oo dOé (Z/) . ’ z . ” &0 dOé (Z”/) . "
M o 0 / 1 2iqq2 " I\ —2iqyz " 1 2iqq2
" (qg) o (22(19)4 /;oo o dz’ o /—oo o al(z )e ! \/z” 4 dz" o
(D.11)

for comparison with Eq.(5.12) in Matson (1997) and its 2-D formulation as Eq. (37) in
Weglein et al. (1997). The noticeable difference is in the integrand, where in Eq. (D.11) one
of the a;’s is not a derivative. This is because the internal multiples appear block-like in the
inversion for av. Summarizing Eqs. (D.6-D.11) and inverse Fourier transforming, holding p
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constant, gives

o 2 e / / / aOég(Z,p>
as(z,p) —m <041(Z7p)042(?5,p) + /_OO dz'H(z — 2")ay(z ,p)7>
2 e / / / 0 )
+ m (042(2’7]7)041(2»17) + /OO dz'H(z — 2")as(z a@%)

2 z , , 2 0*aq(z,p)
BETTETN e <{/0 oy (z >p)dz] oz

i 0
#3alen) [ a5 o)
0

— ; : 201 / 8061(2,'7]?) 3 M
16 cos* 0 (2 UO O‘l(zvmdz} —5, talp) ) +at(zp)  (D12)

Substituting as(z, p) into Eq. (D.12) we find (see Figs. D.7 and D.8)

2

(2 p) = (2a§<z,p> +an(zp) [ )i
0

_ 0051 (Zap)
8 cost b,

0z

+ [/OZ &1(Zl,p)d2’/:| 2 —62&5?])))

2 ? 2 020 (z,p)
s r Vg | AEP)
16 cos* 0y ([/0 a1(z',) Z} 022

=, , O (z,
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Notice that the terms derived from GoViGoVoGo and GoVoGo V1 Gy have the opposite sign to
the terms derived from GoV GV GoV1Gy. Summing all like terms gives

o) =g (st 2 [ o] Zae

16 cos? b, 0z*
‘ a051(2’(7]9) /Z 2 3&1(2',]9)
/! / _ / /
+ 12041(2,]))/0 ay (2, p)dz 5, 2 i ai (2, p)dz 5,
+ oy (2,p) (D.14)

The GoViGoVaGo and GoVoGoVi Gy terms contain parts that are opposite in polarity to their
cousins in the GyV1GoV1GoGy and therefore, to some degree, these terms counteract each
other. This implies that a straight-ahead implementation of the inverse series contains certain
inefficiencies (see also discussion by Innanen, 2003). The strategy of task separation coupled
with an understanding of how nonlinear direct inversion can be accomplished presents an
opportunity to avoid any such inherent inefficiencies.
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Fig. D.7: The break-up of the GoVaGoV1 Gy term into task-specific pieces.
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Fig. D.8: The break-up of the GoV1GoVaGy term into task-specific pieces.
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