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ABSTRACT

The recently introduced Common-Reflection-Surface (CRS) method is a natural generalization of the
well-established Normal Moveout (NMO) method, designed to simulate a zero-offset (ZO) section by
a stacking procedure applied to multicoverage data. As opposed to NMO, the stacking procedure in
the CRS is not restricted to common-midpoint (CMP) gathers, but uses much more general supergath-
ers of non-symmetrical sources and receivers. Moreover, no selection of interpreted events is required.
For the 2D situation considered in this paper, the CRS stacking curve is the general hyperbolic trav-
eltime moveout, that depends on three kinematic wavefield attributes. The crucial step of the CRS
method is the estimation of the wavefield attributes at each point of the simulated ZO section to be
constructed. This is carried out by means of optimization procedures using as objective function the
coherence (semblance) of the seismic traces along the stacking curve. Although a few strategies are
already available, the design of accurate and efficient methods to estimate the CRS parameter from
the multicoverage data is still a challenging problem.

In this paper we present a solution to this problem that uses a combined approach of global (simu-
lated annealing) and local (quasi-Newton or variable metric) optimization algorithms. The proposed
CRS optimization strategy has been applied to the well-known 2-D Marmousi 2-D synthetic seismic
data set. The CRS stacked section compared much favorably with the corresponding one obtained
using conventional NMO. In addition to the stacked section, we also show and briefly discuss other
wavefield-attribute sections that are automatically provided by the CRS method. The obtained results
confirm the robustness of the proposed CRS stack algorithm for imaging tectonically complex areas.

INTRODUCTION

During the 1999 the SEG/EAGE Karlsruhe workshop "Macro-model-independent reflection imaging", and
in the special issue of the Journal of Applied Geophysics edited by Hubral (1999), new imaging approaches
were presented with a common characteristic. They were designed to construct an earth image in a data-
driven way, without the requirement of an a priori known macro-velocity model. To the proposed methods
belong the Multifocusing (MFS) method (Gelchinsky, 1989; Berkovitch et al., 1994; Landa et al., 1999),
the Polystack method (de Bazelaire, 1988; de Bazelaire and Viallix, 1994; Thore et al., 1994; Hoecht
et al., 1999) and the Common-Reflection-Surface (CRS) method (Mann et al., 1999; Mueller, 1999), the
latter being investigated and applied in this paper. The CRS stack is useful to simulate ZO sections by
means of a stacking operator that, in the present 2D situation, depends on three parameters: the emergence
angle of the normal ray, j3,, and the radii of curvatures Ry;p and Ry of two hypothetical wavefronts,
so-called Normal-Incidence-Point (NIP) wave and Normal (N) wave, respectively. Both wavefronts are
related to second-order paraxial approximations of the reflection traveltime (Hubral and Krey, 1980). The
CRS stacking operator is a hyperbolic second-order Taylor expansion of reflection traveltime of a paraxial
(finite-offset) ray in the vicinity of a normal (zero-offset) ray. The CRS stack formalism can be extended
to include situations for a central ray of finite-offset (Zhang et al., 2001), topography and near-surface
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inhomogeneity effects (Chira-Oliva et al., 2001). The data-derived CRS attributes can be used to estimate
a macro-velocity model (Biloti et al., 2001).

By using a stratified model with homogeneous layers separated by curved interfaces, Jager et al. (2001)
showed the validity of the CRS stack method to simulate the ZO section and to determine the kinematic
wavefield attributes from the multicoverage data. The most impressive application of the CRS stack is
found in Bergler et al. (2002) with a real 3-D land data example.

In this paper, following the same CRS formulas as used by Jager et al. (2001), we present a new proce-
dure for estimating the CRS parameter triplets, 5,, Ry;p and Ry, and use it to produce a simulated ZO
(stacked) section. Our method is divided into three steps: The first two steps employ a simulated annealing
(SA) algorithm, see e.g. Kirkpatrick et al. (1983) and Corona et al. (1987), as a global optimization scheme
for obtaining initial estimate of the parameter triplet. The third step refines the previously estimated pa-
rameters, by means of a local optimization scheme, the quasi-Newton (QN) algorithm, see e.g. Goldfarb
(1970) and Gill et al. (1981). It is important to stress that the proposed strategy can be better suited to
handle non-smooth objective functions as is the case of the CRS attribute optimization problem. As in the
CRS approach of Jager et al. (2001), we obtain a CRS stack section, as well as four additional sections,
namely the sections of maximum coherence values, emergence angles (3,, and radii of curvatures Ry and
Ry1p, respectively.

First validation of the proposed SA-QN based CRS procedure has been carried out by (Garabito et al.,
001a) and (Garabito et al., 001b) using a simple model of two homogeneous layers separated by smooth
interfaces above a half-space. To evaluate the robustness of the SA-QN based CRS algorithm for simulating
the ZO section in tectonically complex areas, we now apply it to the well-known Marmousi data set with
and without random noise. We confirm that the CRS stack method improves the signal-to-noise ratio of the
stacked data and gives rise to clearer stacked sections.

CRS STACK TRAVELTIME APPROXIMATIONS

We start by reviewing the CRS method formalism in the same way as given by Jager et al. (2001). The
2-D CRS stack hyperbolic second-order Taylor expansion can be derived by means of paraxial ray theory
(see, e.g., Schleicher et al. (1993)). It approximates the finite-offset reflection traveltime in the vicinity of
a fixed normal ray, generally called a central ray. That ray is specified by its emergence point, z, called
the central point and generally taken as a CMP. The traveltime of the ZO central ray that pertains to x,
is denoted ¢,. It is also assumed that the near-surface velocity, vg, at the central point, z¢, is known and
constant in its vicinity. For a given point, P, = (z,,t,) in the simulated ZO section to be constructed, we
consider the CRS stack operator

2
t2($m, h) = <t0 + 2 sin By (m — $0)> " 2t cos? By ((xm — :L‘O)Q N h2 ) O

Vg Ug Ry Ryrp

As indicated above, x, and t denote the emergence point of the normal ray on the seismic line, the central
point, and its ZO traveltime, respectively; xz.,, and ~ midpoint and half-offset coordinates

Tm = (s +x,)/2 and h = (x5 — x,)/2, 2

where x and z,. are the coordinates of the source and receiver on a planar acquisition surface. The seismic
line is considered to coincide with the horizontal Cartesian coordinate axis, =, along which z, x,. and x,,
are specified. The point P,(zg, to) in the ZO section to be simulated is the one in which is assigned the
stacked seismic amplitudes with formula (1).

In the case that the reflector element collapses into a diffractor point, the wavefronts NIP and Normal
coincide. As a consequence, Ry;p = Ry so that the formula (1) reduces to

2
(. h) = (to RELLIL Y zo)) | 2Hocos” fy <(zm )+ h2>. )

) Vo Ryrp

Formula (3) is the Common-Diffraction-Surface (CDS) stack operator. It is an approximation of the
pre-stack Kirchhoff migration operator in the vicinity of P,(x,,t,). The CDS stack operator is the one
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Figure 2: Upper half: CDS stack operator for point P, in the ZO seismic section. Lower half: Model with

two homogeneous layers above a half-space separated by a curved interface.
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used to simultaneously estimate the two parameters 5y and Ry rp, as a first step of the new CRS parameter
estimation strategy proposed in this work.
Another important special case results from setting 4 = 0 in the traveltime formula (1), namely
2 sin 3y (T — 300)2
Vo '

2
. 2t cos? By

Vo

t2 (CCm, h) = |to+ (4)

This is the situation of ZO reflection traveltimes in the vicinity of the ZO central ray. As shown below,
equation (4) will be used to determine the parameter R at the second step of our proposed estimation
strategy.

For a simple model of two layers and curved interfaces, Figure 1 depicts the CRS stack operator (CRS
surface) and the multi-coverage reflection traveltime surface (common-offset (CO) traveltime curves) in
the (z, h, t)-domain. Figure 2 depicts the corresponding CDS stack operator (that is, under condition
Ry1p = Ry) for the same reflection point R of Figure 1. The CRS stack aperture is a region in the
(zm, h)-plane in the vicinity of the central point (z,,0), where the estimation procedure is performed to
find the CRS stacking parameters. The hyperbolic traveltime surface of equation (1) approximates the
modelled traveltime surface within that region.

An important aspect of the general traveltime formula (1) is that it can be reduced to different math-
ematical expressions for specific applications. These depend on the relation between Ry and Ryrp, the
chosen data configuration (e.g. common-shot, common-offset, ZO, common-receiver, common-midpoint,
2-D or 3-D), the measurement surface topography and near-surface heterogeneity.

OPTIMIZATION PROCESS

The objective function of the CRS method is the coherence (semblance) of the amplitudes along and in
the vicinity of the CRS surface (1). The optimization procedure is automatically carried out for each point
P,(z,,t,) in the simulated ZO section. The inverse problem to be solved is stated as follows: To search for
the parameter triplet that maximizes the semblance along the corresponding CRS traveltimes. A particular
difficulty is that we have in many situations more than one maxima and we need to consider, in addition
to the global maximum, also a couple of (local) maxima. This case arises when there are conflicting dips
in the ZO section. The present SA-QN algorithm used in this work is able to consider, besides the global,
also one additional local maximum, using both to stack the seismic data.

2-D SA-QN BASED CRS STACK: A NEW APPROACH

The CRS strategy used by Jéger et al. (2001) starts from a so-called automatic stack that consists of a
coherence analysis applied to each CMP gather and each ZO time sample. The automatic stack determines
cos? 3,

the combined stack parameter ¢ = . As a next step, using an automatic post-stack procedure,

Bnip
a first estimation of the CRS parameters 3, and Ry are obtained; together with the previously obtained

combined parameter, ¢, an initial guess of the three CRS parameters is obtained. Finally, the estimated
parameter triplet is refined by a full, three-dimensional optimization procedure. After this scheme is carried
out for each central point and each ZO time sample, an optimized CRS stack section and its corresponding
optimized CRS parameter sections are obtained.

In this paper, we propose a new procedure to estimate the three CRS parameters 3,, Ryrp and Ry,
by combining SA and QN optimization methods. The scheme, that also consists of three steps, is outlined
by the flowchart of Figure 3. Upon the consideration of a fixed point P,(z,,t,) at the ZO section to be
simulated, the proposed three steps can be briefly described as follows:

Step | : Pre-Stack Global Optimization

This step uses a multi-coverage pre-stack seismic data as input, and the common-diffraction-surface
(CDS) traveltime equation (3) as stack operator. The task is to simultaneously estimate the best parameters
Bo and R p that yield the maximum semblance value. To solve the problem, we use a global optimization
SA algorithm. To start the algorithm, we consider random values extracted from a priori defined intervals
(so-called physical intervals) into which the CRS parameters are divided. The procedure is repeated for all
points P, of the ZO section to be simulated. The following resulting sections are obtained: 1) Maximum
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Figure 3: Flowchart of the SA-QN based CRS stack procedure with three steps. They are sequentially
performed by using respectively formulas (3), (4) and (1).

coherence section; 2) Emergence angle section; 3) Radius of curvature of NIP wavefront section and 4)
Simulated ZO section.

Step Il : Post-Stack Global Optimization

This step uses the post-stack (simulated ZO section) seismic data as input, and the ZO stack operator
expressed by formula (4). Under the assumption that the previously obtained 3, is kept fixed, the procedure
consists of a one-dimensional search for the parameter R, that corresponds to the maximum semblance
value. After repeating this procedure for all points P, of the ZO section to be simulated, we have the
following results: 1) Maximum coherence section; 2)Radius of curvature of N-wavefront section and 3) an
improved ZO section.

Step 111 : Pre-Stack Local Optimization

This step uses the full multi-coverage pre-stack seismic data as input, and the CRS stack operator of
equation (1). The inverse problem is then to estimate the parameter triplet (8o, Ry 1p, Ry ) that maximizes
the semblance value. At this stage, we make use of the local optimization QN algorithm, in which the pre-
viously estimated CRS parameters are taken as initial values. After repeating this procedure for all points
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P, of the ZO section to be simulated. The following final results are obtained: 1) Maximum coherence
section; 2) Emergence angle section; 3) Radius of curvature of the NIP wavefront section; 3) Radius of
curvature of the Normal wavefront section and 4) Final simulated ZO section.

APPLICATION

To study the performance of the CRS stack procedure proposed in this paper, we applied it to the well-
known Marmousi data set (Bourgeois et al., 1991).

The Marmousi experiment is a synthetic data computed on a model with highly complex structures
and tectonically realistic distribution of reflectors. The model contains 60 reflectors of steep dips and
strong velocity gradients in both vertical and horizontal directions. The profiles were registered by marine
technique shooting from west to east. The seismic data set consists of 240 shots, each shot with 96 traces
and each trace with 725 samples. The sampling interval is 4 ms and both source - and - receiver separations
are 25 m. The minimum offset is 200 m. The first shot point is located at 3000 m from the west edge of
the model.

The CRS stack proposed here is fully automatic, namely no interference on the processing flow is
required from the user. In addition, the input seismic data used in the CRS stack was not submitted to any
pre-processing. The full multicoverage data, with particular inclusion of traces from asymmetric source-
receiver locations with respect to central points, have been used.

Figure 4 shows the CRS stack section as obtained by the procedure described above. For comparison,
we show in Figure 5 the corresponding section that results from conventional NMO/DMO stacking. We
see that the CRS stack provides a better ZO section in the deeper zones of the Marmousi model, even in
the most complex regions. Horizons localized in the central part of the stacked section deserve particular
attention. In the CRS staked section they are more enhanced as compared with their counterparts in the
NMO/DMO section. This provides a good indication that the CRS stack method can help to improve
time-or depth-migrated seismic image in tectonically complex areas.

Figure 6 shows the section of semblance values after final optimization. For the sake of completeness,
we present Figures 7, 8 and 9 that show the CRS parameter sections 5y, Rnrp and Ry, respectively.
Evaluation of the obtained CRS attribute sections would require the consideration of some geologic features
of the Marmousi model, so as, for instance, to relate the attributes to identified reflectors. Moreover,
comparison with the CRS method implementation, as in Mueller (1999); Jager et al. (2001), would also be
adequate.

As our focus here is mainly to describe the new CRS method optimization strategy, as done above, we
refrain to discuss on the CRS attribute sections, presenting them just as illustrations of the proposed CRS
procedure. It is important, however, to stress the value of the semblance and CRS parameter sections to
derive additional wave-propagation attributes, such as NMO velocities, geometrical-spreading factors and
Fresnel zones (see, e.g., Jager et al. (2001)).

We also tested ability of the CRS stack process to process noisy data. Figure 10 shows the CRS stack
that results from the previous Marmousi data in which random noise has been applied, with a signal-noise
ratio of S/N=3. The result is compared with an original (noisy) near-offset section (200 m) of Marmousi
data set, shown in Figure 11. The significantly higher signal-to-noise ratio in the CRS stack section is to
be observed.

CONCLUSIONS

In this paper we proposed a new procedure for estimating the three parameters in the CRS stack method:
The first two steps use the global optimization method of simulating annealing (SA). The third step uses
the quasi-Newton (QN) algorithm, a local optimizer. The result is an efficient way to obtain accurate
CRS attributes and, as a consequence, an improved simulated ZO section. We applied the new CRS stack
procedure to the Marmousi data set. The CRS stacked section showed significantly enhanced reflections, as
compared with the NMO/DMO stack. The CRS stack also performed very well in the presence of random
noise added to the original data set. The obtained results indicates that the CRS is able to provide clear
Z0 sections also in tectonically complex areas. Besides producing stacked sections with enhanced signal-
to-noise reflections, the CRS method also provides three additional attribute sections that are useful to a
variety of seismic processing tasks, including the estimation geometrical-spreading factors, Fresnel zones
and the inversion of velocity models.
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Figure 4: Simulated ZO section by the CRS stack method having as input the Marmousi data set
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Figure 5: Simulated ZO section by the NMO/DMO stack method having as input the Marmousi data set
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Figure 6: Section with the maximum semblance values obtained from applying the CRS algorithm to the
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Figure 10: Simulated ZO section by CRS stack method having as input the Marmousi data set with random

noise added.
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Figure 11: Near offset section (200 m) of Marmousi data set with random noise.
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PUBLICATIONS

The first results of the proposed SA-QN based CRS stack procedure has been carried out by (Garabito
et al., 001a) and (Garabito et al., 001b), using a simple model of two homogeneous layers separated by
smooth interfaces.
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APPENDIX A
SIMULATED ANNEALING

Simulated annealing (SA) method is a global optimization scheme designed to solve general nonlinear
inverse problems. For an introduction to the SA approach and applications to geophysical problems the
reader is referred to Kirkpatrick et al. (1983) and Sen and Stoffa (1995). The SA method is rather robust,
allowing for very flexible choices of both the region where the procedure is to be applied, as well as the
initial values (generally an automatic choice) of the searched-for parameters from which the method is
triggered. Due to its robustness and ease adaptation to the CRS problem, we use in this work an improved
implementation of SA algorithm as described in Corona et al. (1987). A brief description of this algorithm
it is presented below.

The SA algorithm starts with a CRS parameter vector mo = (3, Knyip, Kn), that is chosen at ran-
dom. As described in the main text, the kinematic reflection traveltime response is then calculated by the
CDS equation (3) as a first step, or by the ZO equation (4) as a second step. As a result, the traveltime
moveout

tmg = t(Xm, h; my), (5)

is obtained. The above traveltime moveout is defined for a suitable aperture in the (x,,, h)-domain, around
the central point, zo. Using equation (5) as stacking operator, we evaluate the corresponding semblance
value,

Smo - S(Ioato;tmo)a (6)
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namely, the objective function to be maximized. Starting from the initial parameter, mg, a sequence of
CRS parameter vectors {my}, &k = 1,2, ... is now iteratively produced and that is supposed to converge to
the global maximum of the objective function. To explain the process, suppose that the parameter vector
my._; has been already obtained. The new parameter vector, my, is generated by perturbing m;,_, with

my; =myg_1 + 17V, (7)

where r is a uniformly distributed random number belonging to [—1, 1] and v is a step-length vector, which
has the same length of parameters vector m .

This produces a corresponding new semblance value, Sy,,. Next, the semblance difference AS;, =
Sm,_, — Sm, IS considered. If it is zero or negative, the new CRS parameter vector is accepted, meaning
that the overall fit between the CRS stack operator and the multi-coverage seismic data has improved after
the CRS parameter vector perturbation. For a positive ASj, however, the vector parameter, my is not
automatically rejected. Instead, an acceptance rule known as the Metropolis criterion (Metropolis et al.,
1953) is considered. It is based on a probability quantity

p = exp (—ASy/T), 8)

where T is a user-defined control parameter called temperature. From equation (8, we see that lower
temperatures and/or larger differences, in the function values decrease the probability of a downhill move.
In a probabilistic manner, the Metropolis criterion allows, thus, to jump away from a local maximum, so as
to eventually reach the region where the global maximum is located. In order to visit as densely as possible
the objective function after a given number of steps, the step-length vector v is adjusted so that at about
one-half of the total number of moves are accepted.

After a certain number of cycles of moves along every direction within the search space and with a
predefined number of step-length adjustments, a temperature reduction is imposed by means of the relation

T = uT, 9)

where 1 is the temperature reduction factor. As the temperature declines, downhill moves are less likely
to be accepted. As a consequence, the number of rejections increases and the step-length decreases. The
algorithm focuses, thus, on the most promising area. Of course, the crux of the method lies on the choice
of the initial and subsequent temperatures, as well as the selected acceptance criterion.

The algorithm stops when, according to a user-selected criterion, no improvements on the function
values are obtained, the last function value being declared the global maximum and the corresponding
parameters declared the optimum parameters. In the CRS problem, to avoid a time consuming with this
stopping criteria, the process can be interrupted when a predefined maximum number of function evalua-
tions is reached.

APPENDIX B
QUASI-NEWTON

We finally provide a brief description of the Quasi-Newton (QN) method, that has been applied to refine
the initial CRS parameters previously obtained using the SA approach. As well known, the QN method is a
powerful approach designed to find a local extremum of a given objective function. A number of algorithms
exist that implement the QN method. In this paper, we have considered the so-called BFGS (Broyden-
Fletcher-Goldfarb-Shannon) algorithm. For a comprehensive description and discussion of optimization
methods, including the present QN procedure, the reader is referred to Gill et al. (1981). The simplest
way to introduce the QN method is consider, as a first step, the conceptually easier Newton’s Method.
As seen below, the QN method is a variation of Newton’s method that offers in many cases significant
computational advantages. Newton’s method is an iterative algorithm designed to find the extremum of an
objective function based on successive quadratic approximations of that function. For a given initial point
(vector parameter), m,, the second-order Taylor expansion of the semblance, S(m) at a point m and in
the vicinity of m,, is given by

S(m):S(mo)+go~(m7m0)+%(m7mo)~Ho(m7mo), (10)
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where, g, and H,, are the gradient vector and the Hessian matrix of the function evaluated at m,,, respec-
tively. A condition for a point m to be an extremum of the objective function is that the gradient of that
function vanishes at m (i.e.,V.S(m) = 0). Applying this condition to the approximation (10) yields the
result

m=m,—d,, with H,]d, = g,. (12)

Newton’s method uses the above simple considerations to formulate the following iterative process de-
signed to determine a local extremum of the objective function, S(m): For a given initial point, m, at
which the gradient, g, and Hessian matrix, H,, of the objective function are computed, define the se-
quence, {my }, determined by the recursion

my+; =my —dg, with Hydg = gi. (12)

Here, g, and Hy, are the gradient and Hessian matrix of the semblance function, respectively, computed at
the point my. Under suitable conditions satisfied by the objective function, the procedure converges to the
extremum. Note that Newton’s method is a local optimization scheme, namely it finds the extremum that
is "close” to the given initial point.

Newton’s method may become too expensive, because in most cases the Hessian matrix evaluations
require large computational effort. The Quasi-Newton (QN) method is designed to overcome this difficulty
by replacing the original Hessian matrices by suitable approximation matrices, that are more easily eval-
uated. These Hessian matrix approximations are recursively obtained using function values and gradients
determined by previous iterations. A typical QN recursion scheme can be written in the following form
(compare with the corresponding Newton’s recursion of equation (12)): Given the point my, its gradient,
g, and its approximated Hessian matrix, Hy,, define the next iterate by

myy; = my —ard,  with I:Ikdk = gk. (13)

in which oy is a scalar called the step length. The quantity «; is a somewhat empirically selected so as to
insure that the condition

S(mk_H) = S(mk — Ozkdk) > S(mk) (14)
is satisfied. Equation (14) simply means that the objective function increases its value when we move
from my, to my, ;. Having obtained the new point, my_, we directly determine its corresponding new

gradient, gy+1. To complete the iteration procedure, it finally remains to define the new (approximated)
Hessian matrix, Hy ;. For this, we introduce the notations

Sp =My —my  and 7, = Grr1 — Bk , (15)

for the changes of m and g, respectively, in the k-th iteration. The determination of Hy,; requires to
satisfy the so-called secant condition 3
Hy i1k = . (16)

A particularly useful updating formula to approximate Hj,,; is provided by the BFGS implementation of
the QN method. It is given by

mng  HisisiHy,

I:Ik+1 ~ I:Ik +
T —
M5 Sk SZHkSk

A7)

Equations (13) and (16) or (17) complete the QN iteration procedure.



