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Preface

This is the 13th issue of the Annual WIT report. In some cultures, the number 13 is considered to be
a harbinger of misfortune. Well, as everyone else, WIT experienced the economic effects of the current
crisis. We lost sponsors but not to an extent that we need to be concerned. Currently, fifteen companies are
sponsoring the consortium and new potential sponsors are preparing to join. In conclusion, the 13th year
of WIT was a difficult year, but it was certainly not a year of misfortune for us.

Research-wise, once again, WIT was recognised by the international exploration community. The paper
A work flow for the processing of reflection seismic data with CRS attributes by Baykulov, Dümmong and
Gajewski, presented at the 2009 SEG meeting in Houston, was ranked among the top thirty of the almost
700 papers of this meeting. During the 2009 annual EAGE conference, the workshop on Locally Coherent
Events – A New Perspective for Seismic Imaging had a strong WIT impact. All WIT research teams were
invited to give presentations in this workshop. The number of papers with CRS related issues from groups
outside WIT is constantly increasing at the EAGE and SEG meetings. CRS related topics like multi-
parameter stacking, slope and curvature applications, traveltime interpolation, event tracking and picking
were at an all time high at these meetings. The increased interest in these topics by other research groups
will certainly influence the work of WIT in the near future and new research alliances seem likely. Last but
not least, we hope that this will help to consolidate the number of WIT sponsors and may be even attract
new supporters to continue on our mission to provide leading edge solutions for the exploration industry.

Since summer 2009, Thomas Bohlen, formerly University of Freiberg, occupies the Chair of Applied
Geophysics at the University of Karlsruhe. This concludes the search for a successor of WIT founding
member and former WIT director Peter Hubral. We very much welcome Thomas in the WIT research team
and we are confident that his research on wave form inversion will complement the WIT portfolio in a
positive way. The combination of model building approaches based on kinematic wave field attributes and
waveforms can be nicely cascaded into a powerful work flow for reflection seismic data processing. This
is a current research topic in the consortium. The capability of partial CRS stacks to regularise data in an
amplitude-preserving fashion is valuable for any wave equation-based processing step.

In September 2009, we launched the new WIT web site. The appearance and structure has not been
basically kept so that you still find the familiar buttons and topics. The whole system is operated by
the TYPO3 content management system, which is much more appropriate for an international research
team distributed over two continents than the previous system. The web site can be maintained from any
location by the WIT research teams and all teams have access to pertinent areas of the site. A news section
was introduced, where we post actual events and information relevant to WIT researchers and sponsors.
There, you can read about visits of WIT researchers to sponsors, internships of students, WIT conference
contributions, visits of scientists to WIT teams and other announcements. You may check the news section
once in a while to see what was going on in WIT as we do not send email notifications about changes in
this section in order to keep the WIT related traffic in your mail box on the lowest possible level. The WIT
mailing list is kept as a medium to forward information that should be noticed by all WIT sponsors. The
traffic on this list usually does not exceed 10-15 mails per year.

As in previous years, there were many exchange visits between sponsors and WIT researchers. WIT
research teams were pleased to host the visits of Evgeny Landa, Boris Kashtan, Denis Anikiev, Paolo
Marchetti, Alex Möller, Andreas Hölker, Hervé Perroud, and Einar Iversen. Martin Tygel spent his Sab-
batical in Norway and paid several visits to Hamburg, discussing issues related to time migration, data
mapping, and image ray tomography. Mikhail Baykulov spent the summer of 2009 with Addax Petroleum
to work on a 3-D data set and to implement the 3-D partial CRS stacks. M.Sc. student Benjamin Schwarz
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spent an internship at Fugro in London, UK. Dirk Gajewski visited Ecopetrol and EAFIT University in
Columbia. Ecopetrol has a strong commitment to education and supports several M.Sc. students of EAFIT
and other Columbian universities. It is planned to provide short term visits of these students to WIT re-
search teams and to host graduate students for potential Ph.D. studies at WIT teams.

A new IBM Power6 System super computer was acquired at the German Climate Computing Centre
(DKRZ) in Hamburg. The city of Hamburg through its University is a 27% shareholder of the DKRZ.
This allows the WIT team in Hamburg to access the new 264 nodes, 8448 cores, 158 TeraFlops system
for complex imaging, modeling, and inversion tasks. The 3-D CRS processing and the NIP-tomography
software currently runs on a 256 nodes, 2048 core SUN LINUX cluster of the DKRZ. With the installation
of the new system, the already favourable computing conditions have been further improved.

This report summarises our activities in 2009. Some of the presented studies are mature and reflect
the conclusion of several years of research or a refinement of an existing technique. Other papers present
research at its infancy and, occasionally, it may even not yet be obvious where it will lead. Ten years ago,
CRS started out with a stack and has evolved into a complete processing work flow comprising several
tools to go from time to depth. Without your support, such long lasting research concepts could not have
been realized. Most public funding is restricted to two or three years, and it would require a long chain
of successful project applications to work on a time scale comparable to the WIT project. Although the
publicly-funded research is a major part in funding for all research teams, the WIT support is a compo-
nent of continuity in our scientific work. On behalf of all WIT research teams, I express my sincerest
appreciation for providing this opportunity to us.

Dirk Gajewski



Summary: WIT report 2009

IMAGING

Baykulov and Gajewski performed partial 3D CRS stacks to enhance the quality and regularity of prestack
3D seismic data. Results of the automatic CRS parameter search are used to perform a simple and robust
weighted summation. The method is verified on 2D and 3D synthetic data and applied to field 3D data.
Improved prestack gathers have higher S/N ratio and show better coherence of reflections.

Costa and Schleicher apply the idea of double path-integral migration velocity analysis to a real data
set to show that the method yields quantitative information about the migration velocity model. Migrated
images using interpolations with different regularisations of the extracted velocities demonstrate the high
quality of the resulting velocity information.

Dell and Gajewski demonstrate a new application of the CRS attributes for time migration velocity analy-
sis. They show how the attributes can be used to effectively separate reflected and diffracted energy. Then,
they introduce and apply a new technique for poststack time migration velocity analysis on the diffracted
wavefield. As a result, they obtain highly-focused time migrated images in addition to the velocities.

Dell et al. propose a new method to map common midpoint (CMP) gathers into common scatterpoint
(CSP) gathers. The CSP data mapping is based on the parameterization of the migration operator with
the apex time. Then, they apply a migration velocity analysis to CSP gathers and perform an automatic
Common Reflection Surface (CRS) stack for this gathers. As a result, they obtain more accurate velocity
spectra and highly-focused time migrated images.

Dümmong and Gajewski add geological constraints into the search procedure of CRS attributes. These
constraints are linked to the stacking velocity and the geological dip of the structures under investigation.
Field data examples illustrate the effect of the constraints on the determined CRS attributes and the final
stack.

Kang revisits the fundamentals of the normal-incidence point (NIP) wave tomography. Inverting for picked
kinematic wavefield attributes otained from the 3D CRS stack, this approach offers an efficient way to
generate a kinematically consistent smooth 3D velocity model along with the reconstructed NIPs in the
subsurface.

Köhn et. al. discuss the influence of parametrization in elastic full waveform tomography of synthetic
multicomponent reflection seismic data. Starting from a long wavelength model for the elastic material pa-
rameters the waveform tomography result can resolve details below the seismic wavelength. The influence
of different parameterizations on resolution and ambiguity are investigated using a simple test problem.
Afterwards the resolution for a geological realistic model will be discussed.

Lima et al. present results of a consistent workflow for processing and imaging applied to marine seis-
mic data. The data set was collected in the Southern Atlantic offshore Brazil. Searching for techniques to
increase the data resolution, fundamental steps of signal processing together with imaging methods based
on the data-driven CRS technology, such as CRS-stack-based residual static correction and pre-stack data
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enhancement, were applied and proved to be successful. The final aim of the data processing and imaging
sequence was to obtain sections ready to be submitted to geological interpretation. The latter was con-
ducted on the final stacked and CRS time-migrated sections.

Macedo et al. propose to use smearing instead of stacking when constructing velocity spectra in CMP
velocity analysis. They describe, discuss, and test two methodologies in a very simple model. Smearing
the total amplitude leads to conventional velocity spectra, with possible advantages because of its potential
for parallel computing. Using the amplitude density gives rise to a slightly different coherency measure.
Numerical experiments indicate that this measure might be able to improve the focussing of the velocity
peaks in the velocity spectra.

Oliveira et al. discuss the dependence of single-stack redatuming constructed from migration-demigration
chainging on the velocity model. For this purpose, they demonstrate the application of single-stack reda-
tuming to synthetic seismic data for media with two or many flat layers and in models with lateral velocity
variations. Our examples demonstrate the quality of the redatumed data both kinematically and dynami-
cally.

Silva Neto et al. show that reverse time migration (RTM) in 2.5D offers an alternative to improve res-
olution and amplitude when imaging 2D seismic data. They implement a truly parallel finite-difference
modelling algorithm in the mixed time-space/wavenumber domain. Numerical experiments using syn-
thetic data demonstrate the better resolution and amplitude recovery of 2.5D RTM relative to 2D reverse
time migration.

Valente et al. review three time-to-depth conversion techniques, discuss their algorithmic procedures
and show their differences by applying them to a 2D synthetic data set. In particular, they demonstrate
that the different procedures react differently to different kinds of regularization. Although the image-ray
trajectories and the resulting depth velocity models depend on the regularization employed, the final depth
images corresponding to these different models are very similar.

MODELING

Gelius et al. provide a simple framework of understanding and analyzing both diffraction-limited imaging
as well as super-resolution. By utilizing the null-space solutions of the wave problem, super-resolution is
apparently obtained since such solutions can give an extremely well localization of the point-source target.

Kaschwich et al. present a comparison between different ray-based modeling techniques, such as standard
ray tracing, Kirchhoff-Helmholtz forward modeling and modeling by demigration. Furthermore, we pro-
pose a modified modeling by demigraion approach by using an alternative PSDM simulator.

Tessmer discusses that modelling algorithms based on the so-called pseudo-acoustic wave equations for
TTI media are unstable if variations of symmetry axes tilt are present. By numerical examples he shows
that an algorithm based on the anisotropic equations of motion yields stable results.

OTHER TOPICS

Aleixo et al. extend Alkhalifah’s two-step procedure for extracting the NMO velocity and the nonhyper-
bolicity from seismic travaltimes. For this purpose, they use a more accurate nonhyperbolicity term in the
traveltime approximation, which allows to predict the bias in the NMO velocity estimate, thus providing
a means of correcting both the estimated NMO velocity and the resulting anisotropy parameter value. By
means of a numerical example, they demonstrate that the estimation of both traveltime parameters is im-
proved considerably.

Coimbra et al. relate offset-continuation (OCO) rays to the kinematic properties of OCO image waves that
describe the continuous transformation of the common-offset reflection event from one offset to another.
By applying the method of characteristics to the OCO image-wave equation, they obtain a ray-tracing-like
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procedure that allows to construct OCO trajectories describing the position of the OCO output point under
varying offset. The endpoints of these OCO trajectories for a single input point and different values of the
RMS velocity form then the OCO rays. A numerical example demonstrates that the developed ray-tracing
procedure leads to reliable OCO rays, which in turn provide high-quality RMS velocities.

Freitas presents a case study for a 3D land data from Mexico illustrating how applications of the CRS
attributes may contribute to important steps of the conventional workflow of depth processing.

Garabito et al. discuss the results of the application of two CRS stack implementations (multi-step and
one-step search strategies) in a low-fold real land dataset, without using any constraints in the determina-
tion of the CRS parameters and using the stacking velocity model as an information known “a priori” in
the optimization process.

Leite and Vieira investigate the relationship between sensitivity analysis, based on the Miller-Murray
model, S, of the CRS operator with respect to the parameters v0, RNIP , RN and α0, and compare with the
attributes search strategies that is based on physical-mathematical considerations of the stack operator.

Perroud et al. propose an algorithm for an (approximate) Inverse CRS transformation, namely one that
(approximately) transforms the CRS attributes back to data space. The CRS transform pair established in
this way may find a number of applications in seismic imaging and data processing, in the same way as
other well-known transformations, e.g., Fourier, Radon, tau-p, etc.

Santos and Schleicher show that the complete set of CRS parameters can be extracted from seismic data
by an application of modern local-slope-extraction techniques. The necessary information about the CRS
parameters is contained in the slopes of the common-midpoint and common-offset sections. Here, they
improve the previous extraction technique, eliminating the need for slope derivatives.

Tygel et al. provide an interpretation of the CRS coefficients of time-migrated reflections. The inter-
pretation is done in terms of the ability of such coefficients to determine dip and curvature of the reflectors
in depth.





I

Imaging
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PARTIAL 3D CRS STACK

M. Baykulov and D. Gajewski

email: mikhail.baykulov@zmaw.de, dirk.gajewski@zmaw.de
keywords: partial CRS stack, 3D, regularisation

ABSTRACT

The 3D CRS stack method is usually used to simulate a ZO volume of seismic data. The quality
of the generated stacks is in general better than of conventional NMO/DMO stack due to increased
signal-to-noise ratio. Poststack time/depth migrated CRS stack volumes outline more details than the
conventionally migrated section. However, there is need for improvement of prestack data quality
using the CRS stack. We extended the CRS method to enhance the S/N ratio of prestack data by
generating 3D CRS supergathers. Obtained gathers can be used to generate prestack migrated data
with the CRS quality. Trace interpolation/regularisation is another application of this technique. We
suggest to use stable and robust partial CRS summation for the regularisation of traces.

INTRODUCTION

The quality and regularity of 3D seismic data may vary depending on the parameters of acquisition and the
geological situation in study area. Quite often the S/N ratio of seismic data must be enhanced to be able to
perform reliable processing, e.g., stacking velocity analysis, velocity model building and other processes.
Regularly spaced traces are necessary for many processing schemes as well. Regularisation of seismograms
and filling the gaps in case of missing data is usually performed using different binning and interpolation
techniques (see, e.g., Yilmaz, 2001; Fomel, 2003).

The CRS stack method (e.g., Müller, 1999; Jäger et al., 2001; Mann, 2002) being intensively developed
in last years, provides kinematic wavefield attributes that can be used for many processing tasks, including
prestack data enhancement and regularisation. Enhancement of prestack data using partial CRS stack was
already successfully implemented for 2D by Baykulov and Gajewski (2008, 2009). Gierse et al. (2008)
showed the possibilities to enhance velocity analysis and to fill data gaps by CRS techniques. Höcht et al.
(2009) developed the operator-oriented CRS interpolation scheme for 3D data.

In this work we describe the method of enhancing the quality and regularity of 3D seismic data using the
partial 3D CRS stack method. Improvement of the S/N ratio as well as trace regularisation can be obtained
by a simple and robust partial summation algorithm. The partial CRS operator is calculated based on the
kinematic wavefield attributes estimated during the automatic CRS search, i.e., to improve the prestack
data the results of conventional CRS stack are used.

We show the results of the partial 3D CRS stack on two synthetic examples, and apply the method to a
real 3D dataset.

THEORY

3D CRS stack operates in time domain using a second-order approximation of the reflection traveltimes.
A detailed description of the theory and implementation of the 3D ZO CRS stack can be found in the
literature, e.g., by Bergler et al. (2002) or Müller (2007). The stacking operator for the ZO trace is given
by a hyperbolic second-order traveltime approximation:

mailto:mikhail.baykulov@zmaw.de
mailto:dirk.gajewski@zmaw.de
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t2hyp = (t0 + w ·m)2 +
2t0
v0

(
mTNm + hTMh

)
, (1)

where t0 is ZO two-way traveltime, v0 is surface velocity, vector w contains 2 components of emer-
gence angle (azimuth and dip), matrix M contains 3 attributes of the normal-incidence-point (NIP) wave,
matrix N contains 3 attributes of the normal (N) wave, m and h are midpoint and source-receiver offset
vectors, respectively.

Partial 3D CRS stack uses the stacking parameters estimated for each CMP position and calculates the
stacking operator for every sample in the output domain. The workflow is similar to that applied in the 2D
case by Baykulov and Gajewski (2009), and consists of the following steps:

1. Automatic 3D CRS parameter search as applied by Müller (2007) is performed. As a result of this
process, 8 kinematic wavefiled attributes are estimated for each CMP position and every ZO time
sample of input data.

2. The output domain for 3D CRS supergather is defined. The current implementation assumes two
options:

a) The output domain is the same as for the input data, i.e., the generated supergather traces have
the same locations as the input traces.

b) The output domain is regularised and completely pre-defined by the user.

3. For each specified trace and for each time sample in the output domain, an automatic search for
the corresponding t0 traveltime is performed. The algorithm for the t0 search is based on best-fit
approximation of reflection traveltime, and is similar to the 2D method described by Baykulov and
Gajewski (2009). The basics of the method is that the t0 time for considered sample of the output
seismogram is found, which provides minimum misfit between the calculated CRS operator and the
observed reflection traveltime in the input data.

4. The best-fit t0 time and the corresponding CRS attributes are taken to compute the partial CRS stack-
ing surface that is a part of the 3D CRS stacking operator. This surface is constrained by apertures
in both offset and midpoint dimensions which can be chosen independently. After that, a weighted
summation of all amplitudes along the partial CRS stacking surface is performed.

By summation of many traces to generate one output sample, the amplitudes of random noise are
attenuated, increasing the S/N ratio of the resulting seismograms. Moreover, the CRS stacking operator
and, therefore, the partial CRS stacking surface may be calculated for every specified trace within the CRS
aperture. Therefore, the method can be used for regularisation purposes.

RESULTS

The proposed method of partial CRS stacking was tested on synthetic 2D and 3D datasets, and applied to
real 3D data.

The first synthetic data were generated using a 2D layered model with different interval velocities in
each layer (see Figure 1). Random Gaussian noise with S/N = 20 was added to the seismograms after
modelling.

Because of strong amplitude difference between the first and second reflection, the latter one is hidden
by noise and almost not visible in the seismograms (see Figure 2(a)). Figure 2(b) shows the partially
stacked CRS supergather for the same location. It is obvious that the S/N ratio was increased, and the
second (deeper) reflection became visible at 1.75 s t0 two-way traveltime (TWT).

Figure 3(a) shows the same noisy CMP gather as presented in Figure 2(a), but several traces were
randomly eliminated from the data, simulating nonregularities in seismic acquisition. Partial CRS stack
( Figure 3(b)) successfully reconstructed the amplitudes of missing traces using the information from
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Figure 1: Synthetic 2D model containing three layers with different interval velocities.
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Figure 2: Synthetic 2D data. Strong random noise presents in the CMP gather (a), the deeper reflection
at 1.75–2 s TWT is almost not visible. The CRS supergather (b) shows increased S/N ratio, the deeper
reflection is visible and can be used for reliable velocity analysis.



18 Annual WIT report 2009

0.5

1.0

1.5

2.0

2.5

T
im

e
 (

s
)

0 1000 2000
Offset (m)
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Figure 3: Synthetic 2D data. Several traces were eliminated from the CMP gather (a) to simulate data gaps
(missing shots). In the CRS supergather (b) the missing traces are reconstructed.

neighbouring CMPs. Like in the previous example, the S/N ratio and the visibility of deeper reflection
was increased.

The second dataset was generated using a simple 3D synthetic model that consists of four horizontal
layers with different interval velocities increasing from 2 km/s at the surface to 5.5 km/s at deeper levels.
Random Gaussian noise with S/N=20 was added to the generated seismograms, so that most of reflections
are hardly visible (Figure 4(a)). After estimation of CRS parameters and generating 3D CRS supergathers,
the S/N ratio was significantly increased, and three reflections at traveltimes of about 1.8 s, 3.4 s and 4.4 s
became visible (Figure 4(b)).

The third example consists of a 3D land dataset (courtesy of Addax Petroleum Services Ltd, Geneva)
for challenging area. The data were shot in 1997 with a bin size of 25*25 m and a nominal stacking
fold of 36. Source line interval was 200 m, and source/receiver point interval was 50 m with maximum
source-receiver offset of about 3000 m. Since the traces have different azimuthal distribution, they are
located irregularly on a 2D TWT-offset plane in Figure 5(a). Here we performed both partial summation
and regularisation of traces using the CRS stack. The resulting 3D CRS supergather is shown in Figure
5(b). Due to the regularity of traces in the 2D plane and increased S/N ratio, many coherent events became
visible, which could hardly be observed in the input data.

DISCUSSION

Regularisation of 3D seismic data is a challenging task. Seismic traces have varying azimuthal distribu-
tions, which complicates and limits regularisation possibilities. The regularisation should be performed not
at every position, but only in chosen azimuth directions. For a stable and reliable 3D CRS regularisation
either the output domain must be completely pre-defined by the user, or a sophisticated algorithm should
be developed which takes the azimuthal distribution of traces into account.

For the proposed method of seismic data enhancement and regularisation the CRS parameters must be
carefully estimated. Depending on the reliability of the estimation algorithm, the quality of the partial CRS
stack may vary. Therefore, all methods for improvements of CRS parameter search are worth to apply for
producing reliable and stable parameters for the partial 3D CRS stack.

The partial 3D CRS stack operates with second order hyperbolic traveltime formula that has it limi-
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tations in geologically complex areas as salt plugs and various unconformities. Just as the CRS stack in
general, the partial CRS stack needs properly chosen apertures in both offset and midpoint direction.

CONCLUSION AND OUTLOOK

The presented results indicate the potential of the CRS stack method for prestack data enhancement and
regularisation in 3D. The generated CRS supergather have higher S/N ratio and improved coherence of
reflection events than the original data. Enhanced prestack gathers can be used in different processing
schemes, e.g., velocity analysis, prestack time/depth migrations, which is a subject for further investiga-
tions.

Current implementation assumes only one reflection dip at the same time, conflicting dip situations are
not considered. The program, however, can be easily extended to take conflicting dips into account, when
reliable CRS parameters for every conflicting dip event are provided.
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ABSTRACT

Path-integral imaging forms an image with no knowledge of the velocity model by summing over the
migrated images obtained for a set of migration velocity models. Double path-integral imaging mi-
gration extracts the stationary velocities, i.e., those velocities at which common-image gathers align
horizontally, as a byproduct. An application of the technique to a real data set demonstrates that quan-
titative information about the migration velocity model can be determined by double path-integral
migration velocity analysis. Migrated images using interpolations with different regularisations of the
extracted velocities prove the high quality of the resulting velocity information. The so-obtained ve-
locity model can then be used as a starting model for subsequent velocity analysis tools like migration
velocity analysis or tomographic methods.

INTRODUCTION

To overcome the dependency of conventional imaging methods on the knowledge of a velocity model,
Keydar (2004) and Landa (2004) have proposed a path-integral approach to seismic imaging. Its idea is
to sum over the migrated images obtained for a set of migration velocity models. Those velocities where
common-image gathers align horizontally are stationary, thus favouring these images in the overall stack.
In this way, the overall image forms with no need to know the true velocity model.

Keydar (2004) applied the technique to inversion by homeomorphic imaging, which is based on an
normal-moveout (NMO) correction formula represented as a function of certain wavefront parameters
(radii of curvature and emergence angle), similar to the common-reflection-surface (CRS) method (see,
e.g., Hertweck et al., 2007). Landa (2004) extended the idea to time migration. He proposed to obtain the
subsurface seismic image by a summation of seismic signals over a representative sample of all possible
paths/trajectories between a source and observation point. First applications of path-summation imaging in
depth migration were presented by Landa et al. (2005) and Shtivelman and Keydar (2005). A similar idea
was recently used by Anikiev et al. (2007) to locate seismic events in an unknown velocity field.

Landa et al. (2006) discuss path-summation imaging in more conceptual and theoretical detail. They
stress that for path-summation imaging to be successful, the argument of the path integral must be chosen
adequately, the integration must be carried out over a representative sample of all possible trajectories, and
a properly designed weight function must be applied in the multipath summation. Particularly important
is the weight function. It makes up for deficiencies in the model space sampling, since however fine we
sample, there is no way of covering the model space it completely. A successful weight function was
discussed by Keydar et al. (2008).

The beauty of the multipath summation method is that it eliminates the need to construct a migration
velocity model before imaging. The multipath stack itself takes care of enhancing the true image as the
only one that interferes constructively with images from slightly perturbed models. However, this very
beauty turns into a drawback when the actual velocity model that is associated with the resulting image
is needed, as is the case in many seismic applications. To overcome this problem, Schleicher and Costa

mailto:js@ime.unicamp.br
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(2008) proposed last a method how the multipath summation can be modified to extract a meaningful
velocity model together with the final image. By executing the path-integral imaging twice and weighting
one of the stacks with the used velocity value, the stationary velocities that produce the final image can
then be extracted by a division of the two images. In this paper, we apply this technique to a real data
set. to demonstrate that quantitative information about the migration velocity model can be determined
by double path-integral migration velocity analysis. Migrated images using interpolations with different
regularisations of the extracted velocities prove the high quality of the resulting velocity information. The
so-obtained velocity model can then be used as a starting model for subsequent velocity analysis tools like
migration velocity analysis or tomographic methods.

DOUBLE PATH-INTEGRAL MIGRATION VELOCITY ANALYSIS

In this section, we briefly review the theory of double path-integral migration velocity analysis as discussed
by Schleicher and Costa (2008). In the notation of Landa et al. (2006), the multipath-summation time-
migration operator can be written as

VW (x) =
∫
dα w(x, α)

∫
dξ

∫
dt U(t, ξ)δ(t− td(ξ,x;α)) , (1)

where VW is the resulting time-migrated image at an image point with coordinates x = (x, τ), x being
lateral distance and τ vertical time. In integral (1), U(t, ξ) denotes a seismic trace at coordinate ξ in the
seismic data, and td(ξ,x;α) is a set of stacking surfaces corresponding to a set of possible velocity models
α. Note that generally, the migration velocity α is a function of the position x of the image point, i.e.,
α = α(x). The integration is weighted by a weight function w(x, α), which is designed to attenuate
contributions from unlikely trajectories and emphasise contributions from trajectories close to the optimal
one. There are several possible choices for w(x, α). Here, we follow the choice of Schleicher and Costa
(2008), who opted for an exponential weight function of the form

w(x, α) = exp[−P (x;α)/σ2] , (2)

where P (x;α) is the squared average of the absolute value of the local event slopes in the common-image
gather (CIG) at x. The local event slopes are estimated using corrected least-square plane-wave filters as
described in Schleicher et al. (2009). Parameter σ adjusts the half-width of the Gaussian bell function away
from the desired events with P = 0. In our implementation, we chose σ = 0.1∆τ/∆x.

Using Laplace’s method (see, e.g., Erdélyi, 1956), integral (1) can be asymptotically evaluated to yield

VW (x) ≈

√
2πσ2

P ′′(α0)
Q0(x;α0) , (3)

where the stationary value α0 corresponds to the maximum of the weight function at P = 0, i.e., α0

represents the best possible migration velocity. Moreover, P ′′(α0) denotes the second derivative of P with
respect to α. Finally, Q0(x;α0) denotes the desired migration result with the stationary migration velocity
α0 [see also Landa et al. (2006)], viz.,

Q0(x;α0) =
∫
dξ

∫
dt U(t, ξ)δ(t− td(ξ,x;α0)) . (4)

The observation that the summation result (4) is proportional to the desired image implies that the use
of a slightly modified weight function (Schleicher and Costa, 2008),

w̃(x, α) = α exp(−P ((x, α)/σ2) , (5)

will lead to a slightly modified migration result,

ṼW (x) ≈ α0

√
2πσ2

P ′′(α0)
Q0(α0) . (6)
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Figure 1: Near-offset section with source-receiver offset 150 m of the Jequitinhonha data set.

In other words, results (3) and (6) differ only by a constant factor, this factor being the true migration
velocity at x.

This readily suggests that the migration velocity can be extracted from such a procedure by simply
dividing the two migration results (3) and (6), i.e.,

α0 ≈
ṼW (x)
VW (x)

. (7)

In fact, this idea of extracting quantities from multiple stacks is not new but has already been previously
discussed in the framework of Kirchhoff migration (Bleistein, 1987; Tygel et al., 1993).

Of course, since the image in the denominator will vanish off actual reflector images, care has to be
taken to avoid division by zero. Schleicher and Costa (2008) showed that a reasonable way to avoid
problems in this respect is to mask the division so that it is carried out only at points where the denominator
exceeds a certain threshold value. Moreover, velocity values outside the range of velocities used in the
path-integral summation should also be discarded.

A REAL DATA EXAMPLE

We have applied the double path-integral migration velocity analysis briefly reviewed above to a real data
set. The data were acquired in 1985 by Petrobras in the Jequitinhonha basin offshore Brazil. They represent
a single seismic line covering 39.4 km with 1578 shots at every 25 m and 120 channels, with offsets ranging
from 150 m to 3125 m in steps of 25 m, recorded to a maximum time of 7 s. This gives rise to 2393 CMPs
at every 12.5 m. Figure 1 depicts a near-offset section of these data after application of surface-related
multiple elimination (SRME) and automatic gain control (AGC).

The result of the path-integral migration stack for a range of velocities between 1400 m/s and 4500 m/s
in steps of 25 m/s are shown in Figure 2. Most of the features of the continental slope are nicely visible in
this fully automatically obtained image.

Figure 3 shows the result of the velocity extraction using double path-integral migration velocity analy-
sis. Note that zero values where attributed to every point where the denominator in equation (7) was below
a threshold value of one thousandth of the maximum amplitude in Figure 2. Moreover, all velocity values
outside the range of velocities used for the path-integral migration stack were zeroed after the division.
Finally, zero velocity was attributed above the sea bottom, which was determined from interpretation of the
migrated image with constant water velocity of 1500 m/s.
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Figure 2: Path-integral migration stack for the Jequitinhonha data set.
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Figure 3: Velocities from double path-integral migration velocity analysis for the Jequitinhonha data set.

These extracted velocity values where subjected to different type of smoothing and interpolation. We
started with filling the velocity values above the sea bottom with the water velocity of 1500 m/s. Next,
we passed four times a zero-ignoring moving average filter with a window size of 25 time samples and
17 traces. The resulting velocity model had no longer any holes in it. We used these velocity values as
input to B-splines smoothing on a grid with 36×63 nodes, i.e., with node spacing of 0.1 s and 500 m. The
B-splines smoothing used minimum Cartesian derivative constraints. In the next set of figures, we show
the resulting velocity models of this smoothing using three different Lagrangian multipliers, together with
the corresponding time-migrated images.

The first set of figures was generated using the strongest regularisation, with Lagrangian multipliers of
λt = 10−3 for the time derivative, λx = 2 × 10−3 for the horizontal derivative, and λtt = λxx = 10−4

for the second derivatives. Figure 4 shows the resulting velocity model and Figure 5 the corresponding
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Figure 4: Velocity model after smoothing with strong regularisation.
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Figure 5: Time-migration with strongly regularised velocity model.
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Figure 6: Time-migration common-image gathers with strongly regularised velocity model.
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time-migrated section. We see that this rather strong smoothing only preserves the general velocity trend
and eliminates almost all local detail. The time-migrated image reproduces the most important features
of the region. Figure 6 shows selected common-image gathers associated with this migration. While the
overall impression is that these gathers are nicely flat, closer inspection reveals that some events still show a
slight residual moveout. This might be an indication that a single velocity field is not sufficient to correctly
position all events, particular in a 2D section covering a 3D setting. Another possible explanation are the
general problems of time migration in laterally varying models.

The regularisation for the second set of figures was intermediate, the Lagrangian multipliers being
three orders of magnitude lower than in the first example, i.e., λt = 10−6, λx = 2 × 10−6, and λtt =
λxx = 2.5 × 10−7. The resulting velocity model and time-migrated image are depicted in Figures 7 and
8, respectively. While some more local features of the velocity model are preserved with this intermediate
regularisation, the effect on the time-migrated image is more harder to notice. Only at some isolated points
of the image, small differences to the previous images can be noted. For example, the events in the centre
of the image seem to lose some focusing. On the other hand, the trough-shaped reflector at the right side
of the image comes better in focus now. The corresponding common-image gathers are shown in Figure 9.
Some changes in the event flatness over the gathers in Figure 6 can be observed, though not always to the
better. While some events appear to have been better flattened, there are others whose exhibit a stronger
residual moveout.

The final set of figures was generated using the weakest regularisation, with Lagrangian multipliers
λt = 10−10, λx = 10−10, and λtt = λxx = 2.5× 10−11. The resulting velocity model and time-migrated
image are depicted in Figures 10 and 11, respectively. This very weak regularisation preserves almost all
details of the original velocity distribution. In spite of the clearly visible differences in the velocity models,
the time-migrated image is hardly distinguishable from the one obtained with intermediate smoothing.
Finally, Figure 12 shows the corresponding common-image gathers for this migration. Correspondingly
to the migrated images, it is hard to spot a difference between these common-image gathers and those of
Figure 9.

CONCLUSIONS

The idea of path-integral imaging is to sum over the migrated images obtained for a set of migration
velocities. Those velocities where common-image gathers align horizontally are stationary, thus favouring
these images in the overall stack. Other CIGs cancel each other in the final stack. An exponential weight
function using the event slopes in the CIGs helps to enhance the constructive interference and to reduce
undesired events that might not be completely cancelled by destructive interference.

By executing the path-integral imaging a second time with a modified weight function including the
migration velocity as an additional factor and dividing the two resulting images, the stationary velocities
that produce the final image can be extracted in the process. Since multipath-summation imaging does
not rely on any kind of interpretation, this technique allows for the fully automated construction of a first
time-migrated image together with a first time-migration velocity model that can then be used as a starting
model for subsequent velocity analysis tools like migration velocity analysis or tomographic methods.

In this work, we have applied the technique to a real data set. In our numerical examples, final time-
migrations using the extracted velocities resulted in nicely flattened image gathers. In this way, we have
demonstrated that meaningful information about the migration velocity can be extracted from such a double
path-integral migration velocity analysis. Moreover, we have compared the application of different degrees
of smoothing to the extracted velocity. Stronger smoothing preserves only the general background trend
of the velocity model, while weaker smoothing carries local details over to the final velocity model. The
influence of the different degrees of smoothing on the final migrated images is much weaker.
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Figure 7: Velocity model after smoothing with intermediate regularisation.
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Figure 8: Time-migration with intermediately regularised velocity model.
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Figure 9: Time-migration common-image gathers with intermediately regularised velocity model.
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Figure 10: Velocity model after smoothing with weak regularisation.
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Figure 11: Time-migration with weakly regularised velocity model.
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Figure 12: Time-migration common-image gathers with weakly regularised velocity model.
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ABSTRACT

The Common Reflection Surface stack provides the stacked section as well as kinematic wavefield
attributes. The importance of this attributes is more and more recognized by identifying more and
more application for them. We demonstrate a new application of the kinematic wavefield attributes
for the time migration analysis. On the synthetic data we show, how this attributes can be used
to effectively separate reflected and diffracted energy. After separating the diffracted wavefield we
introduce a technique for poststack time migration velocity analysis. We image the diffraction only
data with optimally chosen velocities based on a focussing criterium. The objectives of this work are
velocity analysis implemented in the poststack domain and producing highly focused time migrated
images. Due to the application in the poststack data domain the presented procedure is stable and fast.

INTRODUCTION

Reflected seismic waves as well as diffracted seismic waves are usually recorded during the data acqui-
sition. The conventional seismic processing is tuned to enhancing and imaging reflected waves while the
diffracted waves are considered as noise. However, the diffracted waves indicate the presence of small
subsurface features or discontinuous structural changes. The identification of this features can be essential,
e.g. for the geological interpretation in carbonate environments (Landa and Shemere, 1997; Moser and
Howard, 2008) and in salt environments.
The importance of using diffractions in seismic imaging has long been recognized. Harlan et al. (1984) used
forward modeling and local slant stacks for extracting velocity information from diffractions. Landa et al.
(1987) proposed to construct a common-diffraction-point section by stacking the signal along a diffraction
hyperbola and detecting local heterogeneity. Khaidukov et al. (2004) used reflection-stack type of migra-
tion to mute the reflection waves from the full wavefield and defocus the residual wavefield in a shot gather.
The focusing-muting-defocusing method allows to image small-size scattering objects. Fomel et al. (2006)
proposed separation of diffractions appearing on stacked sections for effective migration velocity analysis.
Their separation is based on application of plane-wave destruction filters (Fomel, 2002).
We introduce an approach for extracting of diffraction events using the Common Reflection Surface (CRS)
stack (Tygel et al., 1997). The CRS stack is a multi-parameter stacking technique. For 2-D media the
traveltime t of reflection events is described by three parameters: the angle of emergence α of the zero
offset (ZO) ray, the radius of curvature of the normal (N) wave RN and the radius of curvature of the
normal-incidence-point (NIP) wave RNIP . In the following this parameter triplets are referred to as the
kinematic wavefield attributes. We show that the kinematic wavefield attributes allow to separate reflection
and diffraction events in the stacked data. Then we perform poststack migration velocity analysis on the
diffraction only data. We make use of diffraction-event focusing as a criterion for migration velocity analy-
sis. The determined velocity model can be used for the update of the time migration velocity as well as for
the time migration of the diffraction only data. Finally we image diffraction only data using the determined
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velocity model. We use synthetic examples to verify the proposed method. From a practical point of view,
the presented procedure is stable and fast producing highly focused time migrated result.

METHOD

CRS diffraction stack

The CRS stacking operator is commonly used for the approximation of the reflection response. The kine-
matic reflection response is given as

t2(m,h) =
[
t0 +

2m sinα
v0

]2

+
2t0 cos2 α

v0

[
m2

RN
+

h2

RNIP

]
, (1)

where h is half source-receiver offset, m is the midpoint displacement with respect to the considered CMP
position, t0 corresponds to the ZO two-way traveltime (TWT), α is the angle of emergence of the ZO ray,
RN is the radius of curvature of the normal wave,RNIP is the radius of curvature of the NIP wave and v0 is
the near surface velocity. However, the kinematic reflection response can be used to estimate the diffraction
response as well. According to the CRS stack approach the diffraction point is associated to the reflector
with an infinite curvature and an undefined orientation. This implies, for scattering points the radius RN
coincides with the radius RNIP (Mann, 2002). The normal ray down to such reflector is a possible raypath
for the diffraction wavefront and the emergence angle along the normal ray is the same as for a scattering
point. The kinematic wavefield attribute can be also used to compute the CRS diffraction operator, that
approximates the diffractions up to the second order. The estimation of the kinematic response for the
scattering point is then given as

t2 =
[
t0 +

2m sinα
v0

]2

+
2t0 cos2 α

v0RNIP

[
m2 + h2

]
, (2)

i.e. it depends only on two attributes.

The diffraction filter

The equality of the both radii RNIP and RN for diffractions can be used to determine and separate seismic
events. We introduce the following function

WF = e
−
|RN −RNIP |
|RN +RNIP | (3)

If the radii RN and RNIP are close to each other, i.e. for diffractions, the function WF will be close to
one or one. If the radius RN is higher than the radius RNIP as for reflections, the function WF will be
close to zero. Now one can construct the following filter: if the function WF is equal one, one weights
the amplitude with one. In the opposite case one weights the amplitude with zero. However, in most cases
we can not exactly determine the kinematic wavefield attributes from data, we rather estimate them. To
stabilize the filter operator one uses a threshold of the function WF . We weight the amplitude with one, if
the function WF is above the threshold. The designed filter can then be applied for the stacked data. The
events supposed to be reflection events will be suppressed, the events supposed to be diffraction events will
not be changed. The stack will contain predominantly diffraction energy.

Poststack velocity analysis

In the next step we perform migration velocity analysis on the diffraction stacked data. For each point in the
image we stack the data along the diffraction trajectory using different migration velocities and determine
how well the diffraction events are focused. The diffraction trajectory is given by the double square root
(DSR) equation (Hagedoorn, 1954).

tD =

√
t20
4

+
(m− h)2

v2
+

√
t20
4

+
(m+ h)2

v2
(4)
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where h is half source-receiver offset, m is the midpoint displacement with respect to the considered CMP
position, t0 corresponds to the zero offset two-way traveltime and v is the migration velocity. For the
poststack section the DSR equation simplifies to

tD =

√
t20 +

4m2

v2
(5)

As the measure of focusing we use the semblance norm introduced by Taner and Koehler (1969).

S =
1
M

∑
t

(∑M
i=1 fi,t(i)

)2

∑
t

∑M
i=1 f

2
i,t(i)

, (6)

where fi,t(i) are seismic signal amplitudes inside a window of size M . The velocity with the highest
semblance value will be assumed as to be the searched migration velocity.

RESULT

In order to demonstrate the potential of the diffraction separation and poststack velocity analysis, it is
applied to the synthetic data.

Synthetic model with 4 scattering points

Figure 1a displays a stacked section of a synthetic model containing five layers and four scattering points.
The velocity within the layer is constant. The velocity in the first layer is 1500 m/s, in the second layer
1580 m/s, in the third layer 1690 m/s, in the fourth layer 1825 m/s and in the fifth layer 2000m/s. Four
small lenses in the fourth layer produce diffraction events. Applying the designed filter to the stacked
section we obtained the corresponding sections containing predominantly diffraction energy (Fig. 1b). We
used 0.9 as the threshold for the filter. This threshold corresponds to RNIP ≈ 0.8RN . The diffractions
are well separated from reflections event in the areas of conflicting dips. The diffraction only section is
now used for the estimation of their migration velocities. For each sample in the ZO section we applied the
coherence analysis. Figure 2 illustrates the velocity spectra. The illustrated CMPs are located directly over
the scattering points. Figure 2 shows the coherence values as a function of velocity. The time was manually
picked and corresponds the maximum of the coherence value. One observes sharp and narrow maxima for
the apexes of the diffractions. Figure 3 shows the time migrated sections obtained by Kirchhoff poststack
migration with the RMS velocity (a) and with the velocity estimated on the poststack data (b). The RMS
velocity was obtained with conventionally velocity analysis for the full wavefield data. The diffractions are
focused at the lenses in both cases. However, in the section obtained with the velocity estimated on the
poststack data the diffraction energy is better focused.

Sigsbee2a

Figure 4a shows the stacked section of the full wavefield for the synthetic Sigsbee2a model. Sigsbee 2A
is a synthetic constant density acoustic data set released in 2001 by the "SMAART JV" consortium. Sigs-
bee2A models the geologic setting of the Sigsbee escarpment in the deep water Gulf of Mexico. Irregular
boundaries of the salt body cause strong diffractions in the right part of the section. In the left part of the
section diffractions are caused by point scatters. Figure 4b illustrates the stacked section after the appli-
cation of the designed filter. A threshold of 0.85 was used for the filter. This threshold corresponds to
RNIP ≈ 0.7RN . On the diffraction only stack we applied migration velocity analysis. With the estimated
velocity we performed poststack Kirchhoff time migration. Figure 6 shows the time migrated image of the
diffraction only data. The diffractions in the right part of the section are focused to point scatterers (Fig.
6a). Sharp edges of the salt body can be clearly observed in the section as well (Fig. 6b).

CONCLUSIONS

Using CRS wavefield attributes we have developed a method to separate seismic diffractions from reflec-
tions. We constructed a filter based on the fact that the radius of the normal waveRN should be equal to the
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Figure 1: Stacked section of the full wavefield (a) and diffraction only data (b) for the synthetic model
with 4 scatter points. Note the different scaling
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radius of the normal-incidence-point wave RNIP for diffractions. We then used the separated diffracted
wavefield for migration velocity analysis using a focusing criterion. As the measure of focusing we used
the semblance norm. Finally we imaged diffraction only data using the determined velocity model. The
presented technique represents a fast and stable method for poststack time migration velocity analysis.
The developed method has assumed 2-D data. These concepts may also be generalized to three dimensions
by designing 3-D diffraction filter. Also the time-to-depth conversion may be applied for the diffraction
only data. The conversion algorithm can be divided in two steps: NIP image wave tomography and post-
stack depth migration.
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Figure 2: Velocity spectra for poststack migration velocity analysis by diffraction focusing of the synthetic
model with 4 small lenses: CMP. 120 (a) and CMP 307. (b). CMPs are located directly over the scatter
points. Red color indicates strong focusing, i.e. high semblance. The corresponding distribution of the
coherence values for CMPs illustrated in (a) and (b). One observes sharp and narrow maxima for apexes
of the diffractions.
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Figure 3: Poststack time migration of the diffraction only data of the synthetic model with five layers.
Time migrated section obtained with the estimated RMS velocity (a) and the velocity model estimated on
the diffraction only data (b).
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Figure 4: Stacked section of the full wavefield (a) and diffraction only (b) for the synthetic Sigsbee2a
model.
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Figure 5: Velocity spectra for poststack migration velocity analysis by diffraction focusing of the synthetic
model Sigsbee2a: CMP. 268 (a) and CMP. 1587 (b). CMPs are located directly over the scatter points. Red
color indicates strong focusing, i.e. high semblance.The corresponding distribution of the coherence for
CMPs illustrated in (a) and (b). We observe sharp and narrow maxima for apexes of the diffractions.
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Figure 6: Poststack time migration of the diffraction only data for the synthetic Sigsbee2a model: (a) left
part of the model, (b) right part of the model, where the scatterers build the sub salt.
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ABSTRACT

CSP data mapping is a tool in seismic-reflection imaging which allows to generate common scatter-
point (CSP) gathers from common midpoint (CMP) data. A CSP gather is similar to a CMP gather,
however the move out is based on the distance from the sources and receiver to the scatter point loca-
tion. The CSP gather as well as the CMP gather is focused by NMO and stacking. The CSP stack is
a complete Kirchhoff prestack migration section, while the CMP stack still requires poststack migra-
tion.
A key concept of the method is the parameterization of the double square root (DSR) equation into the
apex time. The parameterized migration operator allows to map the summed amplitude directly into
the apex of the traveltime surface. Also the algorithm is formulated in the space-time domain, which
enables prestack migration velocity analysis and multiparameter stacking like the Common Reflection
Surface (CRS) stack. The possibility to regularize the CSP gather in the data mapping process and the
absence of the diffractions enables a more accurate velocity analysis. The multiparameter stacking of
CSP gathers using, e.g, the CMP or the CRS stacking provides enhanced image as compared to the
PreSTM.
Application to a complex synthetic model and field data demonstrate that the method is stable and
produces highly focused time migrated images.

INTRODUCTION

Prestack time migration (PreSTM) still represents the majority of seismic imaging activities in the industry.
The reason for this is the speed and robustness of time imaging and its ability to focus seismic events for
most geological settings. One of the preferred PreSTM methods is the common offset (CO) Kirchhoff
diffraction stack. The time image of the seismic wavefield is steered by a migration operator based on
the double-square-root (DSR) equation (Yilmaz and Claerbout, 1980). For every CO section the summed
amplitude is assigned to the zero offset (ZO) apex of the migration operator. When the velocity model is
correct, the PreSTM leads to flat image gathers. Although the PreSTM provides enhanced images, migrated
seismic data are not suitable for the further applications like stacking velocity analysis or multiparameter
stack.
There exist several methods to overcome this limitation to use the seismic data after the PreSTM. Bancroft
et al. (1998) proposed to construct the CSP gathers using the equivalent offset. A CSP gather is similar to
a CMP gather, however the move out is based on the distance from the sources and receiver to the scatter
point location. The CSP gather is focused by NMO and stacking and the CSP stack is a complete Kirchhoff
prestack migration section. The equivalent offset method is based on a reformulation of the DSR operator
into a single square root. The single square root uses an equivalent offset representing the the surface
distance from the scatterpoint to a collocated source and receiver. Silva and Wang (2002) proposed to build
velocity models and to image seismic data after PreSTM. Their method is based on the separation of the
DSR equation into velocity-dependent and velocity-independent terms. The velocity-dependent term is the
hyperbolic NMO correction. In the PreSTM this corresponds to the application of a vertical correction of
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the initial migration velocity model.
We introduce a new method, which we call CSP data mapping, that generates CSP gathers from input CMP
gathers. The developed method is based on the parameterization of the DSR equation into apex time and
allows in every CO section to map the summed amplitude directly into the corresponding CO apex of the
migration operator. The output CSP gathers have the same offset size as the input CMP gathers and are
suitable for migration velocity analysis and stacking. We then perform imaging with the CSP gathers using
the CRS stack. The CRS stack is a multiparameter stack that is based on a second-order approximation of
the kinematic reflection response of a reflector segment in depth. We demonstrate by complex synthetic
data and field data, that the CRS stack of the CSP gathers provides more focused migrated images then the
conventional PreSTM.

THEORY

Kirchhoff Diffraction Stack

The Kirchhoff diffraction stack belongs to the seismic time migration methods, that remove the influence
of the overburden from the data. In detail, migration alters the location and inclination of reflection events,
collapses diffraction patterns that are caused by scatter points and unfolds triplications. The time migrated
section is constructed in the time domain and assumes hyperbolic move out of the reflection events. An
appropriate velocity model is essential and usually root mean square (RMS) velocities serves as time migra-
tion velocities. Generally, the Kirchhoff diffraction stack is based on the fact that the diffraction traveltime
surface or Huygens surface tD of an actual reflection point MR and the reflection traveltime surface tR are
tangent in the time domain at the stationary pointNR (Fig. 1). In the same way, the isochron of a reflection
event NR and the reflector are tangent at MR in the depth domain. These tangency conditions were first
observed by Hagedoorn (Hagedoorn, 1954) and are commonly referred to as Hagedoorn’s imaging condi-
tion or dualities (Schleicher et al., 2007). The main idea of Kirchhoff migration is to treat each point of a
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Figure 1: Hagedoorn’s imaging condition. The Huygens curve tD(MR) of a reflection pointMR is tangent
to the reflection traveltime curve tR(NR) at point NR in the time domain.

sufficiently dense grid in the considered target area as a potential diffraction point. The Huygens curve can
be calculated independently for any of these points from the image time associated with the actual depth
location for a particular migration operator using the known velocity model. The migration operator is
given by the double square root equation

tD =

√
t20
4

+
(m− h)2

v2
+

√
t20
4

+
(m+ h)2

v2
(1)

where h is half source-receiver offset, t0 is the image time, m is the midpoint displacement with respect
to the considered CMP position m0 and v is the migration velocity. As the image time is generally not
known, the migration output is assigned to the ZO operator apex. In case of CO prestack migration, the
procedure is carried out for each individual offset (Spinner, 2007).
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In the time migration process, the seismic amplitudes along the Huygens curve are summed up and the
result is assigned to the corresponding ZO apex time. If the diffraction traveltime curve is tangent to the
reflection traveltime curve for an actual reflection point, the summation along the diffraction curve leads to
a nonnegligible result due to constructive interference. Otherwise, the contribution ideally yields zero.

Common Scatterpoint Gather

The traveltime surface of a single scatter point at (m0, t0) is given by the DSR equation (Eq. 1) and
is known as the Cheops pyramid (Claerbout, 1985). A CSP gather building process can be defined as a
collection of energy from all input traces in 3-D space of midpoint, offset and time (m,h, t) within the
migration aperture (Fig. 2a) and the recollection of their energy in a 2-D space of offset and time (h, t)
along a path (Fig. 2b). A CMP gather that is located at the scatter point (m0) intersects the Cheops pyramid
on a hyperbolic path, which coinsides with the apexes of the traveltime surface (Fig. 2, 250. CMP). For this
CMP all the scattered energy will be focused along the hyperbolic path (Fig. 2b). The intersections of all
other CMP gathers have nonhyperbolic paths. For these CMP all the scattered energy will be mispositioned.
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Figure 2: The traveltime surface t(m,h) for a single scatter point (a). The traveltime surface is known
as the Cheops pyramid. The CSP gather formed by collapsing the Cheops pyramid to a hyperbola in the
m = 0 plane. The apex of the hyperbola lays at (m0, t0).

Similar to the traveltime expression for the CMP gather, the traveltime in the CSP gather can be evaluated
as a Taylor expansion. The move out in the CSP gather is based on the distance from the sources and
receivers to the scatter point location. The ZO ray of the CSP gather coinsides with the image ray. Due
to this the traveltime is expanded in the vicinity of the image time. Truncation after the second term, the
traveltime of the CSP gather is given by

t2 = t20 +
4h2

v2
m

where t0 is the image time, h is half source-receiver offset and vm is the migration velocity.

Migration velocity

Since time migration as well as data mapping is based on the Kirchhoff’s approach, the well defined migra-
tion velocity model is necessary. Usually the migration velocities are determined from root mean square
(RMS) velocities. However, the RMS velocity is not known and is approximated by stacking velocity vstk
which then serves as migration velocity. The stacking velocity is attached to the stationary point of the
migration operator, but the migration velocity is defined at the apex of the migration operator. Due to this
the time migration velocity vc may deviate from the stacking velocity, e.g., in case of dipping reflectors.
The migration velocity vc is not a physical property and can rather be interpreted as a best fit parameter
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which fit the migration operator to the reflection events in the data. In order to correct for the difference
between vc and vstk the velocity model needs to be refined. Conventionally residual moveout analysis
(RMO) is carried out to refine time migration velocities (Yilmaz, 2001). The RMO routine is an iterative
approach and starts with PreSTM which is performed with an initial velocity model. After the PreSTM im-
age gathers are constructed which may show residual moveout. For the selected image gathers an inverse
NMO correction is applied using the initial velocities. The inverse NMO correction forms CSP gathers
from the image gathers. However, the RMO algorithm makes the assumption that a location of the output
CSP gather coincides with a location of the input CMP gather. In the case of lateral velocity variations this
assumption is not valid and the RMO algorithm forms the CSP gathers with the wrong velocities. After
the CSP gathers have been formed, they enter into a classical stacking velocity analysis. Stacking velocity
analysis of CSP gathers matches the observed traveltime with the migrated output traveltime and is based
on the distances from the sources and receivers to the CSP location and not on the source-receiver offset
as for velocity analysis of the CMP gathers (Bancroft et al., 1998). There is no reflection point smearing
as in the CMP gathers for the dipping reflector. Due to increased reflector resolution of the CSP gather, a
more accurate velocity model may be estimated from the CSP gathers. Even in the case of the mild lateral
velocity variation the stacking velocity analysis in the CSP gathers provides proper migration velocities. As
the velocity analysis is usually carried out on a coarse grid, the velocities have to be interpolated onto the
migration grid. Eventually the interpolated stacking velocities build an updated migration velocity model.

Data mapping

The principle of the PreSTM is to assign the migration output to the ZO apex of the migration operator,
while the principle of the CSP data mapping is to assign the migration output to the CO apex of the
migration operator given by

tapex =

√
t20 +

4h2

v2
(2)

where t0 is the image time that corresponds to the ZO operator apex, h is half source-receiver offset and
v is the migration velocity. Fig. 3 shows the principle of the time migration and the data mapping. The
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Figure 3: The figure compares the principle of time migration and data mapping for a homogeneous model
with a dipping reflector. The reflection response is depicted in blue. The migration operator for CMP 250
is depicted in cyan. The migration output is assigned to the ZO operator apex for every CO section (black
line). The mapped output is assigned to the CO operator apex for every CO section (red line).
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diffraction traveltime curve defined by the DSR formula (Eq. 1) can be parameterized with the CO apex
time tapex (Eq. 2).

t =

√
t20
4

+
m2 − 2mh+ h2

v2
+

√
t20
4

+
m2 + 2mh+ h2

v2

t =

√
t20
4

+
h2

v2
+
m2 − 2mh

v2
+

√
t20
4

+
h2

v2
+
m2 + 2mh

v2

t =

√
1
4

(
t20 +

4h2

v2

)
+
m(m− 2h)

v2
+

√
1
4

(
t20 +

4h2

v2

)
+
m(m+ 2h)

v2

With equation 2 one obtains:

t =

√
t2apex

4
+
m(m− 2h)

v2
+

√
t2apex

4
+
m(m+ 2h)

v2
(3)

Please note, that the velocity in the latter equation is parameterized for the CO apex time tapex but belongs
to ZO apex time of the migration operator t0. Thus the parameterized DSR equation finally is

t =

√
t2apex

4
+
m(m− 2h)
v(t0)2

+

√
t2apex

4
+
m(m+ 2h)
v(t0)2

(4)

To find the velocity v(t0), which corresponds to tapex a search procedure is performed (Fig. 4). A similar
procedure is also applied for the generation of CRS Supergather (Baykulov and Gajewski, 2009). All t0
traveltimes within the time window [0; t] and a range of velocities [vmin, vmax] are tested for an event
A(tA, hA) to determine the best fitting hyperbola. The hyperbolas are computed using the equation for
CO operator apex (Eq. 2). After the time t′0 which corresponds to the minimum deviation between the
computed and the actual time for sample A(tA, hA) is found, velocity belonging to t0 is determined.
The CSP data mapping forms the CSP gathers directly from the input CMP gathers with initial velocities.
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Figure 4: Testing traveltime curves to find the best-fit hyperbola for the sample A(tA, hA). The sample
A(tA, hA) corresponds to an apex of the CO migration operator. All t0 traveltimes within the time window
[0; t] and a range of velocities are tested. The time t′0 corresponds to the minimum deviation between the
computed and the actual time for sample A(tA, hA). This time is assumed to be the searched for ZO apex
time. The velocity corresponding to this time is then assumed to be the searched for v(t0) velocity. The tic
interval of the TWT axis corresponds to the time sample rate of the data.

As the initial velocities we use the stacking velocities that are obtained as a byproduct after an automatic
CMP stack of the CMP gathers. The whole process is performed automatically and doesn’t require the
manual picking of the velocities. Neither inverse NMO correction nor velocity interpolation on the migra-
tion grid is necessary. Thus the generation of the CSP gathers with the CSP data mapping is more relyable
than with the RMO method. In comparison to the equivalent offset method the CSP data mapping generates
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CSP gathers that doesn’t exceed the size of the input CMP gathers in the offset direction. The enlarged
size of the CSP gathers in equivalent offset method may lead to the violation of the hyperbolic approach.
In this case not all traces are accounted for the stacking velocity. After the CSP gathers have been formed
with the initial stacking velocities, they enter into the automatic CRS stack.

RESULT

In order to demonstrate the potential of the developed data mapping, it is applied to synthetic and field data.

Synthetic data

Sigsbee2a Figure 5 shows the stacked section of the full wavefield for the synthetic Sigsbee2a model.
Sigsbee 2A is a synthetic constant density acoustic data set released in 2001 by the "SMAART JV" consor-
tium. Sigsbee2A models the geologic setting of the Sigsbee escarpment in the deep water Gulf of Mexico.
Irregular boundaries of the salt body cause strong diffractions in the right part of the section. In the left
part of the section diffractions are caused by scatter points.
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Figure 5: Automatic CRS stack of Sigsbee2a

Figure 6 shows the CMP gather (a), the corresponding CSP gather (b) and their velocity spectra (c,d).
When a scatter point is located at the considered output position m0 of a CSP gather the scattered energy
is constructively stacked along the hyperbolic paths in the CSP gather. The energy from scatter points
displaced from the output position m0 is canceled by a destructive interference. Velocity analysis of CSP
gathers and of CMP gathers was done using a conventional semblance technique. Due to the regular
geometry of the CSP gathers and the absence of diffractions the velocity resolution is improved. Figure 7
shows the prestack time migrated section and CRS stack section of CSP gathers. Time migration velocities
were obtained from the interval velocities by Dix inversion. The data mapping as well as the time migration
were performed with the same velocity model. For the CSP gathers an automatic CRS stack was performed.
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In the stack section the reflections appear more continuous compared to the CMP prestack time migrated
section.
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Figure 6: CMP gather (a) and corresponding CSP gather (b) for the Sigsbee2a model. Velocity spectra
of CMP (c) and of CSP gathers (d). The spectrum of the CSP gather is better focused and has higher
semblance values.



Annual WIT report 2009 47

2

4

6

8

10

T
W

T
 [

s
]

240 480 720 960 1200 1440 1680 1920
CMP Number

(a)

2

4

6

8

10

T
W

T
 [

s
]

240 480 720 960 1200 1440 1680 1920
CMP Number

(b)

Figure 7: Sigsbee2a model. Automatic CRS stack of the mapped data (b) and prestack time migrated
section (a). Reflections appear more continuous and the salt-sediment boundaries are easier to identify in
the CRS stack section of the CSP gathers compared to the prestack time migrated section.
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Field data

Marine data from the Levantine Basin The data set from the central Levantine Basin in the south-
eastern Mediterranean Sea covers the basinal succession of the Messinian Evaporites, the Pliocene-Quaternary
overburden, and the upper pre-Messian succession. According to the chronostratigraphic scheme the pre-
cipitation of the basinal succession started around ∼5.6 mya during the Messinian Salinity Crisis (Clauzon
et al., 1996). The Levantine Basin has a complex seismic stratigraphy of the basinal succession (Net-
zeband et al., 2006). The deformation pattern of the intra-evaporitec sequences include folds and thrust
faulting, which gives evidence for extensive salt tectonics and shortening during the depositional phase.
Post-depositional gravity gliding caused salt rollers in the extensional marginal domain, compressional
folds, and faults within the Levantine basin. A part of the data consisting of 2000 CMP gathers with a total
line length of ∼15 km was chosen for the processing. 2D acquisition was performed, with a shot spacing
of 25 m and a receiver spacing of 12.5 m, with maximum offsets of 7325 m. The record length was 8 s
with 4 ms sample rate.
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Figure 8: Marine data from the Levantine Basin, automatic CRS stack.

Figure 9 shows the CMP gather (a), the corresponding CSP gather (b) and their velocity spectra (c,d).
As migration velocities we used stacking velocities provided by TGS-TOPEC. The CSP data mapping as
well as the time migration was performed with the same velocity model. When scatter points are located
at the output position of a CSP gather the scattered energy is constructively stacked along hyperbolic paths
in the gather. The energy from scatter points displaced from the output location is canceled because of
destructive interference. Velocity analysis of CSP and of CMP gathers was performed by conventional
semblance technique. Due to the regular geometry of the CSP gathers and the absence of diffractions the
velocity resolution is improved. For the CSP gathers an automatic CRS stack was performed. Figure 10
shows the prestack time migrated section (b) and CRS stack of CSP gathers (d). The reflections appear
more continuous and faults and subsalt structures more crisp in the latter section compared to the CMP
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prestack time migrated section.
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Figure 9: Marine data from the Levantine Basin. CMP gather (a) and corresponding CSP gather (b).
Velocity spectra of the CMP gather (c) and of the CSP gather (d). The latter is better focused and provides
higher semblance values.
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Figure 10: Marine data from the Levantine Basin. Automatic CRS stack of the mapped data (b) and
prestack time migrated section (a). Reflections appear more continuous and the faults are easier to identify
in the CRS stack section of the CSP gathers compared to the time migrated section.
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Marine data from the North Sea The study area is located in the North Sea close to the German coast
line. Salt structures and complex fault systems characterize the region. The area is a part of the intracratonic
Southern Permian Basin formed at the end of the Variscan orogeny. The orogeny occurred in Paleozoic
times (from ∼390 to ∼310 mya). It reflects the continental collision between Laurasia and Gondwana
to form the supercontinent of Pangea (Mohr et al., 2005). The sedimentation process started in the Upper
Rotliegend and continued to the evaporites of the Zechstein Group, which reached up to 800 m in thickness.
Different phases of salt movements that started in Triassic time formed the salt structures of the region.
Each phase is characterized by changing tectonic regimes and different kinds of salt diapirism. A part of
the data consisting of 2000 CMP gathers with a total line length of∼26.5 km was chosen for the processing.
Seismic reflection data were acquired in a 2D marine survey carried out in 1988 on behalf of ARCO (later
acquired by BP). An airgun generated the seismic signal at 6 m depth. The shotpoint spacing was 25 m.
A 240-channel streamer with 3000 m active length and 250 m lead-in with hydrophones towed at 7.5 m
water depth was used. The receiver group spacing was 12.5 m. The acquisition geometry leads to 6.25
m of CMP spacing and a maximum CMP fold of 60. The record length was 7 s with 4 ms sample rate.
No well information was available. The stacking velocities were determined from CRS attributes of the
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Figure 11: Marine data from the North Sea, automatic CRS stack.

data set and were used as the time migration velocities. The CSP data mapping as well as the prestack
time migration was performed with these velocities. Velocity analysis of the CSP and CMP gathers was
done using conventional semblance technique. The higher semblance value indicates an improved velocity
analysis (Fig. 12). Figure 11 shows the prestack time migrated section (b) and the CRS stack section of
CSP gathers (c). Neither for the time migrated section nor for the CRS stack any filters were applied. The
reflections appear more continuous in the CRS stack section of CSP gathers compared to the prestack time
migrated section, especially the top of salt and flanks of the salt appear more crisp.
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Figure 12: Marine data from the North Sea. CMP gather (a) and corresponding CSP gather (b). Velocity
spectra of the CMP gather (c) and of the CSP gather (d).)

CONCLUSIONS

We have developed a method, that allows to map CMP gathers into CSP gathers. The CSP data mapping
is based on the principles of Kirchhoff time migration and uses the parameterization of the DSR equation
with the apex time. The summed amplitude is directly mapped into the CO apex of the migration operator.
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Figure 13: Marine data from the North Sea. Automatic CRS stack of the mapped data (b) and prestack
time migrated section (a). Reflections appear more continuous and the salt-sediments boundaries are easier
to identify in the CRS stack section of CSP data compared to the time migrated stack section.
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A CSP gather collects all scattered energy from a 3-D array (m,h,t) within the migration aperture and
redistributes this energy into a 2-D array (h,t) along a hyperbolic path. When a scatter point is exactly at
the output location of a CSP gather its scattered energy is constructively stacked along this hyperbolic path.
Energy from scatter points displaced from the output location is canceled through destructive interference.
The time domain formulation of the data mapping allows CSP gathers to be formed at arbitrary locations,
i.e., a regularized gather is obtained Also the method can be extended to 3-D geometries in a strait forward
way.
Velocity analysis of the CSP gathers uses conventional semblances technique. Due to the regular geometry
of these gathers and the absence of diffractions the velocity analysis is improved. We have shown that
the new workflow using CSP data mapping and CRS stack provides enhanced images in comparison to
the conventional prestack time migration. Reflections appear more continuous. Top of salt, flanks of salt
bodies and also faults appear more crisp.
We have introduced a new workflow which includes three steps: an automatic CMP stack of the data to
estimate an initial velocity model, the CSP data mapping to generate the CSP gathers from the input CMP
gathers and CRS stack of CSP gathers. We have shown that the new workflow provides enhanced images in
comparison to the conventional PreSTM. For complex synthetic model as well as for field data reflections
appear more continuous. Top of salt, flanks of salt bodies and also faults appear more crisp.
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ABSTRACT

We briefly review Common Reflection Surface (CRS) stacking and describe its current implementa-
tion and parameter determination strategy. Since the CRS stacking operator depends on three stacking
parameters in the 2D case, a global simultaneous parameter determination is expensive. Therefore,
the parameter search is divided into subsequent 1D searches. One parameter is determined in the
CMP domain and the two others in the Zero Offset (ZO) domain. To improve and accelerate the
parameter determination, we introduce geological constraints into this procedure. First, we assume
that the stacking velocity is smoothly increasing with time. Based on this, we implemented a scheme
to dynamically restrict the stacking velocity parameter intervals. The assumption is not fulfilled for
every geological situation, but can be applied in many cases. Second, we assume dominant geological
dips in the stacked section, which leads to dip filtering in the corresponding data space, i.e., in the ZO
sections. The assumption that reflections and unwanted events have different dips, is not always sat-
isfied, but can be applied when a priori geological information of the subsurface is available. Results
of the constrained parameter search obtained for field data from the Eastern Mediterranean/Levantine
basin indicate the potential of the approach. The constrained parameter search emphasizes reflections,
reduces scattered energy and provides improved CRS attributes which is beneficial for all following
processing steps in the CRS workflow. The latter is of major importance even if the improvement in
the stacked image of the constrained search may not be overwhelming.

INTRODUCTION

After acquisition and preprocessing (i.e., geometry processing and de-noising) of seismic data, stacking is
the next step in the seismic data processing chain. Here, the concept of covering one subsurface element
with many seismic waves (multi-coverage data) is exploited. This means, that redundant information be-
longing to the same subsurface element is searched and stacked coherently. The measure used within the
stacking process for coherency evaluation of the data is usually semblance (Neidell and Taner, 1971). Since
the traveltime of a seismic wave between a source and a receiver is not equal for varying source and receiver
pairs, the coherency of a seismic event in the gather is described by the traveltimes of the corresponding
seismic rays. In a second order approximation, the traveltimes of a seismic reflection can be described in
a hyperbolic way (Hubral and Krey, 1980). This means, that a reflection event can be approximated by a
hyperbola, which is characterized by the moveout. This forms the basis of the Normal Moveout (NMO)
velocity analysis. The semblance value of a certain reflection event in a CMP gather is estimated by fitting
a hyperbola to the data. For a single horizontal layer, the hyperbolic assumption is exact. In an arbitrary
medium the hyperbolic assumption is approximate and applicable to small source receiver offsets. The
fitted hyperbola is described by a single stacking parameter, the stacking velocity.

During the NMO velocity analysis for every CMP position and reflection event a hyperbola is fitted to
the data such that the semblance value for this event is maximised. An extension of the CMP concept is the
Common Reflection Surface (CRS) stack (e.g., Müller (1999); Mann (2002)), where the traveltime is no
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longer approximated by a hyperbola, but by a hyperbolic surface since also neighbouring CMP positions
are considered. Here three stacking parameters have to be searched instead of one. This means, that a
hyperbolic surface is fitted to the data, NMO corrected, and stacked where the amplitude is attributed to
the corresponding zero offset position of the data. This results in an enhancement of the stacking fold, and
therefore, in a higher signal to noise ratio in the corresponding stacked section.

The CRS stacking procedure is implemented as a three dimensional semblance optimisation (e.g.,
Mann (2002); Müller (2007)). In the existing implementations the parameter estimation is split up in
one-dimensional semblance optimisations for special geometrical configurations. This reduces the compu-
tational costs of the method. Due to the automated implementation, non-physical stacking parameters in
areas of low coherency may occur, i.e., where no or weak reflection events are present. In these circum-
stances, the algorithm can determine geological unreasonable parameters. Therefore, we will introduce
parameter search restrictions, that can be linked to geological features. These features may be known
before the processing starts, which will then lead to a geological constrained parameter estimation.

In the following, we review the CRS theory, describe the current implementation, and introduce ge-
ological constrained parameter searches into the CRS implementation. Finally, we will show results of
an initial test of these attempts on a marine industry data set from the Eastern Mediterranean / Levantine
Basin.

THE CRS STACK

The conventional CRS formula is obtained by a Taylor series expansion of the traveltime at zero offset t0
in midpoint and half offset coordinates, xm, h, respectively. The traveltime expansion is according to , e.g.,
Jäger et al. (2001):

t2(xm, h) = (t0 +
2sinβ0

v0
xm)2 +

2t0cosβ0

v0
(KNx

2
m +KNIPh

2), (1)

where v0 is the near surface velocity, β0 is the angle of emergence for the zero offset ray, KN is the
Normal-wave curvature, and KNIP is the Normal-Incidence-Point (NIP)-wave curvature. The latter two
parameters are linked to combinations of second order derivatives of the traveltime (Vanelle, 2002), but they
can also be interpreted as wavefront curvatures measured at the acquisition surface for two artificial one
way experiments. The Normal-wave is a wave front emerging from a circular exploding reflector element
in depth centred at the NIP. The curvature of this wavefront in the acquisition surface isKN . The NIP-wave
is a wave front emerging from a point source at the NIP of the considered reflector and its curvature at the
acquisition surface is KNIP (for more details, see Hubral and Krey (1980)).

The CRS formula describes a hyperbolic surface (see Figure 1) which is parametrised in midpoint and
half offset coordinates and can therefore be used as a stacking operator, that also considers the moveout to-
wards neighbouring CMP locations (midpoints). This leads to some consequences for the resulting stacked
section. First of all, since neighbouring CMPs are considered more traces compared to the CMP stack can
be taken into account, i.e., the stacking fold is enhanced. This results in a better signal to noise (S/N) ratio
in the final stacked section (Mann, 2002). As a result of the CRS stack we obtain the CRS attributes, which
form the basis for many applications.

The stacking operator can not be arbitrarily enlarged, because we have approximated the traveltime
by a second order Taylor series expansion. Therefore, we have to restrict the spatial extend of the CRS
stacking operator. For the midpoint coordinate, the extend of the operator can be expressed in terms of the
first projected Fresnel zone (Mann, 2002), which is linked to the lateral resolution of the seismic wave. The
projected Fresnel zone around a receiver at the surface can be expressed as (e.g., Schleicher et al. (1997)):

| tD(x)− tR(x) |≤ T

2
, (2)

where tD is the traveltime of a diffraction, tR the traveltime of a reflection, and T the main period of the
considered signal. The size of the projected Fresnel zone WF can be approximated according to Mann
(2002) by

WF = v

√
T 2

4
+ Tt0 ≈ v

√
Tt0. (3)
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Figure 1: The hyperbolic CRS stacking operator in the midpoint and half data volume. All amplitudes on
the green surface are stacked (Figure from Hertweck et al. (2007)).

In this equation a homogeneous half space is assumed and v corresponds to the average velocity in the
overburden. For the half offset coordinate no explicit or approximate formula can be given. Here, we use
the widely accepted rule of thumb that the target to offset ratio should not exceed 1. The spatial extend of
the CRS stacking operator is crucial for the image quality. By a careful choice of the aperture the resolution
of the CRS stack should never be worse than the resolution of the CMP stack.

IMPLEMENTATION

The following description mainly focusses on the CRS implementations of Mann (2002) and Müller (2007).
We restrict the description to the 2D case, but it is straight forward to extend the approaches to the 3D
case, see, e.g., Müller (2007). The implementation of the 2D CRS stack is realised as a three parameter
optimisation procedure. By fitting a hyperbolic surface to the data, the semblance is optimised for every
sample in the considered CMP gather. The semblance is defined after Neidell and Taner (1971) as:

S =

∑W/2
J=−W/2

(∑N
i=1 fi,J+k(i)

)2

N
∑W/2
J=−W/2

∑N
i=1 f

2
i,J+k(i)

(4)

Here fi,J denotes the amplitude of the JTh sample of the iTh of N traces. A time window of width W is
defined around the CRS operator at k(i). A good choice for the length of the time window is the dominant
period in the data. A drawback of the semblance criterion is the assumption of constant amplitude and
phase along the stacking operator. In reality this is not always fulfilled since the reflection coefficient is
angle dependent. Gelchinsky et al. (1985) present several alternative coherency criteria, which incorporate
this fact correctly. Nevertheless, semblance is widely used, since the alternative coherency criteria are
computationally more expensive.

The simultaneous optimisation of three parameters is a challenging task. Implementations simultane-
ously optimising all three parameters right from the start are currently under investigation. The method
suggested by Santos et al. (2008) could be used as a good starting parameter set for a multidimensional
optimisation. The current implementation simplifies the parameter search. The CRS operator is considered
for typical acquisition geometries leading to 1-D optimisations. This speeds up the calculation, however,
this procedure also reduces the number of traces involved in the parameter search which decreases the ob-
tained semblance values. This approach is called the pragmatic search strategy (Mann, 2002). This search
strategy and how to incorporate geological constrains is discussed in the next section.
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CMP search

In the initial step the CMP configuration is considered, i.e., xm = 0, and equation (15) reduces to a formula
with two unknowns, the angle β0 and the NIP-wave curvature:

t2(xm, h) = t20 +
2t0cos2(β0)KNIP

v0
h2. (5)

This equation can be simplified via the equation

t0cos
2(β0)KNIP

v0
=

2
v2
NMO

(6)

to the conventional NMO formula

t2(xm, h) = t20 +
4h2

v2
NMO

. (7)

Thus, the first step of the pragmatic parameter search strategy reduces to automatic stacking velocity anal-
ysis. The stacking velocity is estimated by semblance optimisation for every sample in the data set. This
is done by performing a grid search, with varying stacking velocity intervals. A stacking velocity interval
is defined for the minimum time of the data as well as for the maximum time. For intermediate times the
intervals are interpolated linearly. Then grid searches are performed in the interval with highest semblance
to detect the best stacking velocity for every ZO sample. Since multiples or diffractions or other coherent
noise may have high semblance values, the automatic determination of stacking velocities may lead to false
results, if the velocity range does not exclude noise events above the semblance value of the reflection. This
situation is illustrated in Figure 2.

Stacking Velocity

Semblance

multiple or 
diffraction

weak reflection

Figure 2: Erroneous automatic determination of stacking velocity. Coherent noise with large semblance
may result in wrong stacking velocities. The boundaries of the stacking velocity range touch the noise
event at higher semblance values than the reflections.

Obviously, to avoid this situation good a priori knowledge on the potential stacking velocities is essen-
tial. This could be done by incorporating only certain stacking velocity ranges as guides from previous
processing steps. These guide velocities are usually picked manually during velocity analysis according to
the expected geological situation. This step requires human intervention.
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To restrict the parameter search without manual user interaction (i.e., velocity picking), we have to make
assumptions on the geological situation and incorporate it into the automatic search. The RMS velocity
of a layered medium is a slowly and smoothly varying function. Since the velocity often increases with
depth we assume that the stacking velocity increases or stays constant with increasing time. Applied to
the geological situation, this means that the sediments in the subsurface should not have strong negative
velocity contrast such that the stacking velocity decreases. The assumption of a general increasing or
constant stacking velocity can be applied to a wide range of geological situations. The smoothness of the
stacking velocity is an additional option to check.

To incorporate this in an automated parameter determination, we implemented a dynamic stacking
velocity range in the parameter search. We can restrict the lower boundary of the stacking velocity search
interval to the determined stacking parameter of the previous sample. However, in the case of poor data
quality (i.e., low S/N), this procedure is likely to generate non-physical results. Therefore, we only adjust
the lower stacking velocity boundary for events with high semblance (see Figure 3 for an illustration of
the scheme). Assuming increasing or constant stacking velocities we dynamically restrict the stacking
velocity ranges in a data oriented way. This will provide a geologically more reasonable stacking velocity
estimation. Guide functions or geological constraints also prevent the automatic algorithm from fluctuating
parameter determination in the water column, to consider multiples, and large parameter fluctuations in
deeper parts of the section. For low coherent events, e.g. for bad quality land data, the described procedure
will not introduce restrictions to the search intervals.

Figure 3: Schematic illustration of the dynamic stacking velocity range procedure. When an event reaches
the coherency threshold (dotted black line), the lower boundary of the stacking velocity search interval is
adjusted.

Zero offset search

The second parameter search is performed in zero offset sections, i.e., h = 0. The parameters are deter-
mined in the post-stack data domain, e.g., in the stacked section obtained from the first search. A drawback
of the pragmatic search strategy is apparent if an automatically generated low quality CMP stacking re-
sult is generated. In this case the following ZO searches will not determine high quality parameters. To
avoid this, one could generate a CMP stacking result manually by the conventional way. With process-
ing experience, a sufficient image quality of the CMP stack can be achieved and the subsequent searches
would benefit from this. Moreover, the determined stacking velocities can be used to guide the automatic
parameter search.

Similar to the CMP search, the stacking parameters of the ZO search are determined by a grid search
optimising the semblance. These searches are restricted to varying parameter intervals. In the zero offset
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case, equation (1) reduces to

t2(xm, h = 0) = (t0 +
2sin(β0)

v0
xm)2 +

2t0cos2(β0)KN

v0
x2
m. (8)

In this equation two parameters are unknown. The assumption of plane waves, i.e., KN = 0 (Hubral and
Krey, 1980), leads to the equation:

t2(xm, h = 0)KN=0 = (t0 +
2sin(β0)

v0
xm)2. (9)

From this equation the angle of emergence can be determined by a one parameter optimisation. Afterwards
the Normal-wave curvature KN is determined by equation (8). Please note, that for the estimation of KN

the aperture of the optimisation has to be enlarged compared to the aperture for the determination of the
angle of emergence. Otherwise,KN would be determined close to zero, since this was assumed in equation
(9) and already gave the optimal fit for the stacking operator. Finally, the remaining CRS parameter, i.e.,
the NIP-wave curvature, can be calculated with the help of the angle of emergence and the stacking velocity
in equation (6). Although the pragmatic approach is computationally efficient, less traces are involved in
the corresponding parameter searches leading to lower semblance values. Simultaneous searches provide
higher quality and more smooth CRS parameter fields. All processing steps relying on CRS attributes
would benefit from this.

Geological constrains to restrict the parameter searches are easily introduced into the zero offset opti-
misations. The search is performed in the stacked section, which already provides a first insight into the
geological situation. Dominant structural information can be derived and incorporated into the parameter
estimations. Since the angle of emergence is directly linked to the time dip of the considered reflection,
the determination of the angle of emergence can be restricted to a certain interval. Without limits for the
angle steep dipping noise events like diffractions might be detected particularly in areas of low S/N ratio.
Such events may not correspond to the geological situation. In Figure 4 such a situation is displayed. In
this data set from the North German Basin we hardly see geological structures in the section, but some
coherent steep dipping events (from Baykulov et al. (2008)). From a priori geological knowledge we ex-
pect dominantly horizontal events for this area. If the interpreter has initial ideas on the expected dip we
may limit the search range for the angle of emergence. Please note, that the determination of the curvature
of the Normal wave also benefits from this procedure, since this parameter is determined from the same
data, i.e., the stacked section. We assume that we approximately know the minimum and maximum time
dip αmin, αmax of the main geological structures in the data. That means we can restrict the grid search
intervals for the angle of emergence to αmin ≤ β0 ≤ αmax. Alternatively, in the current implementation
of the CRS stack a guide file can be introduced to the search, similar to the guide file in the CMP search.
Restricting the grid search interval helps to force the estimation of the angle of emergence to the relevant
area of interest. However, in the case of conflicting dips, where a strong unwanted event crosses a weak
wanted event, the angle might be determined at the border of the corresponding search interval, i.e., it clips
at the boundary of the search interval (see Figure 5). This clipping is an unwanted effect and is caused
by a slow decrease of the coherency function of the strong unwanted event. By just restricting the search
intervals the correct determination of the parameter for the weak but wanted event is nearly impossible.

To overcome these limitations, we have to pre-process the input data, i.e., the CMP section. If the
geological situation allows, we modify the CMP stack in the desired way by restricting the dips in the
sections and remove the unwanted events before the actual search is started. We apply dip filtering on the
CMP stack sections for this purpose. Events that dip in the (t, x) domain are separated in the (ω, k) domain
according to their dip (Yilmaz, 2001). A 2D Fourier transformation is applied transforming the (t, x) space
into the (ω, k) space. In the (ω, k) domain, the data is decomposed into their time dips, and can therefore be
discriminated. The data are filtered according to the desired dips., i.e. the unwanted dips are removed. This
has to be done with a smooth taper function to avoid boundary effects in the (t, x) domain. Afterwards, the
stack is transformed from the (ω, k) domain back into the (t, x) domain.

In the dip filtered stacked section we have attenuated unwanted events, e.g., diffractions or steep dipping
coherent noise. With a proper choice of the filter parameters and the search interval, clipping effects at the
borders of the search interval should not occur. Obviously this only works properly if the considered events
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Figure 4: Stacked section from the North German Basin. Unwanted steep dipping coherent noise events
occur in the section that hamper a geologically reasonable parameter determination.

Dip

Semblance

undesired
event

desired weaker
event

Figure 5: In a conflicting dip situation strong unwanted events may lead to wrongly determined dips at the
border of the search interval.
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have different dips than the unwanted noise or diffracted events. In many cases these circumstances are
fulfilled. Alternatively, the procedure can be applied in certain data areas, e.g., as a windowed application.
As mentioned above the determination of the normal wave curvature will also benefit from this procedure,
since the CRS parameter estimation should be performed on reflection events. Please note that only the
CRS attributes are determined in the dip filtered sections. The final ZO CRS stacked section is obtained
from the original pre-stack data set using the improved CRS attributes.

CRS stack

After estimating the CRS attributes KNIP ,KN and β0, equation (1) is used for the CRS stack. Since this
is done with the geological constrained parameters the stacking result will probably not reach maximum
possible coherency values but will emphasize the geological relevant events. All following procedures
using CRS stacking results like post-stack time migration will benefit from this procedure not just because
of an improved stacked section but particularly because of improved CRS attributes.

Optimisation

According to the implementations of Mann (2002) and Müller (2007), the parameters determined by the
pragmatic approach can be further optimised. The optimisation will in most cases not enhance the quality
of the stacked section, but the determined parameters. This is of great importance to applications based
on these CRS attributes. In Mann (2002) the CRS attributes are optimised jointly (simultaneous search)
after their independent determination in the pragmatic approach. A flexible polyhedron search is used
(Nelder and Mead, 1965). In contrast to that, Müller (2007) uses a technique based on simulated annealing
(Kirkpatrick et al., 1983). Here, the flexible polyhedron search is extended by a so-called continuous
optimisation by a simulated annealing algorithm (Press et al., 2002). This optimisation procedure can be
applied after each initial grid search, i.e., after the CMP or the ZO search in the pragmatic approach, or for
the final simultaneous optimisation of all parameters.

FIELD DATA EXAMPLE

To illustrate the application of geological constrains in the CRS parameter searches, we will process a
subset of an industry data set from the Levantine basin in the Eastern Mediterranean Sea. The data covers
the so-called Messinian evaporites, which result in strong vertical velocity contrast in the subsurface (bigger
than 2000m/s). The data was recorded using a 7175m streamer. Here, we use a maximum offsets of
3000m. The CMP spacing is 12.5m. In the following, we will discuss the CRS processing of the data
and the results with special emphasis on the geological constrains introduced into the processing flow. For
the sake of comparison we will also show processed sections using the conventional parameter searches
without constraints.

First, we apply the stacking velocity constrains (Figure 6(c)) and compare the results of a fixed interval
search (Figure 6(a)), a guide file constrained search (Figure 6(b)), and the reference result, picked manually
from the stacked section (Figure 6(d)). As we can see, the result of the fixed interval search suffers from
strong parameter fluctuations. These fluctuations are originating, e.g., from multiple reflections present in
the data from about 3s onward. Although the search interval is set to higher values than typical multiple
velocities, still stacking velocities at the boundaries of these search intervals are determined (see Figure
2 for illustration). The leads to the determination of lower stacking velocities than expected. Also some
artefacts are present around 2.5s, which correspond to unreliably determined parameters (i.e., for low
coherency events). When a guide file obtained from standard stacking velocity analysis is used with limits
of ±100m/s (Figure 6(b)), the automatically obtained stacking velocity field is significantly improved and
less scatter occurs. The multiple reflections are not considered and artefacts are reduced. To obtain such
a result without the knowledge of a guide file would be desirable. In Figure 6(c), we see the result of the
dynamic geologically constrained search. We observe, that the scatter and the influence of the multiples
are reduced. The overall impression is similar to the result obtained with the guide file but still more scatter
is present. We also observe some slightly too high estimated velocities from 3s onward and some artefacts
when comparing this result with Figure 6(b). However, the overall comparison of both search strategies
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(a) (b)

(c) (d)

Figure 6: Stacking velocity fields from the CMP search. (a) fixed search interval result, (b) guide file con-
strained result, (c) dynamically geological constrained result, and (d) the reference result picked manually
for the main events in the section (please note the different scale for image (d)).
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is fairly well and we obtained comparable stacking velocity fields, generated fully automatically without
using a guide file.

Continuing in the CRS processing chain, we perform the ZO searches, where we introduce geological
constrains in the β0 and RN searches. For this purpose, we processed the data in the conventional way by
restricting the parameter ranges and we also applied the geological constrained approach using dip filtering.
First, we take a look at some of the stacking results. In Figure 7(a) the CMP stacking result is displayed.
Many diffracting events are present which hamper the parameter estimation of the primaries. Fortunately,
the diffractions have a significantly different time dip than the reflections and can therefore be removed by
dip filtering. As a side effect of dip filtering noise generated by Radon filtering for multiple attenuation is
also removed. The result after application of the dip filter can be seen in Figure 7(b). This section is almost
free of unwanted events and will serve as input for the geological constrained ZO parameter estimation. In
Figure 7(c) the removed events are displayed. Many unwanted events were removed.

We now take a look at the ZO parameter sections, i.e., the angle of emergence β0 and the curvature
of the Normal-wave KN . In Figures 8(a) and 8(b), we see the results of the interval restricted search and
the dip filtered search, respectively. As we can see from the comparison of both sections, the proposed
search strategy shows less parameter fluctuations and focusses mainly on the reflections. In the result of
the interval restricted search, we see some search interval clipping effects as illustrated in Figure 5 (angle
values of ±10 degree), especially in the areas of the steep dipping diffraction events. The search interval
was already restricted to ±10 degrees to focus on the reflections only. Via dip filtering, we could better
force the parameter search to the relevant events in the section and thus determine the parameters in a less
biased way.

Next, we will take a closer look at the KN sections as determined by the second search in the ZO
section. In Figure 8(c), we see the result of the interval restricted search and in Figure 8(d) the result of the
dip filtered search. In comparison, we hardly see any differences beneath the ocean floor. In the area above
the ocean floor, a top mute was applied in the interval restricted search, thus no parameters are determined
here. However, when we take a closer look at the part of the section which was heavily contaminated with
multiples (from 3s onward), it seems that the result of the dip filtering approach shows slightly less scatter.
The difference between these two parameter sections appears to be small. One reason why the difference
is small is the physical nature of the parameter itself. KN is linked to the curvature of a reflector, which is
for this section quite small since the interfaces are almost plane.

After the geological constrained parameter determination, the actual CRS stacking is the next step. For
this stack the original pre-stack data are used. In Figure 9(a) the CRS stack is show where the automatic
search for the stacking attributes were performed without constraints. Figure 9(b) shows the CRS stack
where geological constraints were used in the search procedure. The stack with constrained search em-
phasise the geologically important events, i.e., the reflections. We observe less conflicting dip situations in
Figure 9(b) and the noise level appears to be reduced particularly for times greater than 3s. Here the stack
obtained from the constrained stacking attributes is more crisp. The constrained parameter search reduced
the processing time and improved the image quality. Even if the improvement in the stack itself might not
be too impressive, we have seen that the CRS attributes are generally better behaved and show less scatter.
The improved CRS parameters are beneficial for subsequent procedures like, e.g., NIP-wave tomography.
This might be even more important than a little improvement in the CRS stack itself. The smoother CRS
attribute and their improved quality stabilises the tomography and reduces the computational time.

CONCLUSION

We have introduced geological constraints into the pragmatic parameter search strategy for the CRS at-
tributes. If a priori information on the stacking velocities is available, this information can be incorporated
into the search for theKNIP attribute which is linked to the stacking velocity. One option for a constrained
search is to use a guide file which specifies the range of the stacking velocities from previous velocity anal-
ysis. Even if no a priori information is available constraints on the stacking velocities may be applied. The
stacking velocity function usually varies smoothly and for many geological situations increases with time.
This may be used to constrain stacking velocities in an automated fashion. Stacking velocities and KNIP

usually show less scatter and are more smooth when constraints are used.
If a priori information of potential dips in the subsurface is available further constraints may be applied.
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(a) (b)

(c)

Figure 7: Results of the dip filtering before the ZO parameter searches.(a) Result for the CMP stack
without preprocessing, (b) result after dip filtering, and (c) removed events.



66 Annual WIT report 2009

(a) (b)

(c) (d)

Figure 8: Results of the ZO parameter estimation. Angle of emergence determinations without (a) and
with dip filtering (b), KN estimations without (c) and with (d) dip filtering. The fluctuation above the
ocean floor reflection in (b) and (d) are caused by weak coherent events in the water column (no top mute
was applied).
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Figure 9: (a) CRS stack without geologically constrained search. (b) CRS stack with geologically con-
strained search

This leads to dip filtering in the ZO section prior to CRS attribute determination of β0 and RN . This
procedure steers the parameter search to reflections and avoids diffractions and other unwanted events.
Again the result is a more smooth distribution of CRS attributes and reduced artefacts in the image.

CRS attributes obtained with constraints are particularly valuable for other processing steps based
on these attribute (e.g., NIP-wave tomography, multiple suppression, pre-stack data enhancement, par-
tial stacks). The difference in the CRS stacks obtained for CRS attributes with and without constraints
may not be overwhelming. The positive influence on subsequent processing steps using these attributes,
however, justifies the application of constraints. Moreover, since constraints usually limit the search ranges
the CRS parameter determination is generally faster compared to a search without constraints. As soon as
the constraints are specified, the search procedure itself is fully automatic as for the unconstrained search.
The incorporation of constraints corresponds to dip and velocity filtering to obtain the stack. If the a priori
information is wrong, desirable events might be missed.

ACKNOWLEDGEMENTS

We are grateful to the Applied Geophysics Group at the University of Hamburg, Germany, for fruitful dis-
cussions. This work was partially supported by the sponsors of the Wave Inversion Technology consortium,
and the German Research Foundation (Hu698/14-1).

REFERENCES

Baykulov, M., Brink, H., Gajewski, D., and Yoon, M. (2008). Revisiting the structural setting of the
Gl§ckstadt Graben salt stock family, North German Basin. Tectonophysics.

Gelchinsky, B., Landa, E., and Shtivelman, V. (1985). Algorithms of group and phase correlations. Geo-
physics, 4(50):596–608.



68 Annual WIT report 2009

Hertweck, T., Schleicher, J., and Mann, J. (2007). Data stacking beyond CMP. The leading Edge, pages
818–827.

Hubral, P. and Krey, T. (1980). Interval velocities from seismic reflection traveltime measurements. Soc.
Expl. Geophys.

Jäger, R., Mann, J., Höcht, G., and Hubral, P. (2001). Common-Reflection-Surface stack: Image and
attributes. Geophysics, 66:97–109.

Kirkpatrick, S., Gelatt, C., and Vecchi, M. (1983). Optimisation by simulated annealing. Science,
220(4598):671–680.

Mann, J. (2002). Extensions and Applications of the Common-Reflection-Surface Stack Method. Ph. D.
thesis, University of Karlsruhe.

Müller, N. (2007). Determination of interval velocities by inversion of kinematic 3D wavefield attributes.
Ph. D. thesis, University of Karlsruhe.

Müller, T. (1999). Die Methode des Common Reflection Surface stacks. Logos Verlag, Berlin.

Neidell, N. and Taner, M. (1971). Semblance and other coherency measures for multichannel data. Geo-
physics, 71:482–497.

Nelder, J. and Mead, R. (1965). A simplex method for function minimization. Computer Journal, (7):308–
313.

Press, W., Teukolsky, S., Vetterling, W., and Flannery, B. (2002). Numerical Recipes in C++, Second
Edition. Cambridge University Press.

Santos, L., Schleicher, J., Costa, J., and Novais, A. (2008). Fast estimation of CRS parameters using local
slopes. WIT annual report, pages 219–229.

Schleicher, J., Hubral, P., Tygel, M., and Jaya, M. (1997). Minimum apertures and fresnel zones in migra-
tion and demigration. Geophysics, 62:183–194.

Vanelle, C. (2002). Traveltime based true amplitude migration. P.h.D. thesis, University of Hamburg.

Yilmaz, O. (2001). Seismic data analyses. Society of Exploration Geophysicists, Tulsa.



69

A BRIEF REVIEW OF 3D NIP WAVE TOMOGRAPHY

S. Kang

email: shin.kang@kit.edu
keywords: stacking, wavefield attributes, inversion

ABSTRACT

In this paper, I would like to review the fundamentals of the 3D normal-incidence-point (NIP) wave
tomography and to extend my research intention beyond NIP wave tomography. NIP wave tomog-
raphy is an efficient method to invert for a depth velocity model which is kinematically consistent
with the seismic reflection data. However, there still remain some problems to be solved and/or op-
timized. This includes the efficient handling of the optimization problem itself, but also the inherent
second-order limitations of the NIP wave tomography. The goal is to achieve a smooth velocity model
sufficiently accurate to allow for accurate depth imaging of reservoir structures.

3D CRS STACK OPERATOR

To do 3D inversion in the way proposed by Duveneck (2004), the starting point will be to prepare the
seismic data. The CRS stacking parameters are determined from the seismic prestack data by coherence
analysis. A raw prestack dataset is usually very huge and contains various kinds of incoherent and coherent
noise. As the CRS stack is looking for coherent events in the prestack data, especially the coherent noise
is an issue and should be attenuated as far as possible before the stacking process. The CRS stack method
has been initially developed for 2D data (see, e. g., Mann et al., 1999; Jäger et al., 2001). The concepts of
this method can be easily extended to the 3D case. The hyperbolic form of the 3D CRS operator can be
written as follows:

t2(Xm,h) = (t0 + 2p∆X)2 + 2t0(∆XTN∆X + hTMh) , (1)

where Xm is the 2D location vector of the source/receiver midpoint on the acquisition surface. ∆X =
Xm −X0 is the midpoint displacement vector with respect to X0, the location of the zero-offset trace to
simulated. Finally, h is the half-offset vector between source and receiver. This operator is defined by eight
independent parameters, here expressed in terms of the kinematic wavefield attributes horizontal slowness
vector p and two matrices of second spatial derivatives, N and M. Their definition and their relation to
geometrical properties can be expressed as follows:

2p =
(

∂t

∂xm
,
∂t

∂ym

)T
=

2
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(cosα sin θ sinα sin θ)
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∂x2
m

∂2t
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∂2t
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∂2t
∂h2

y

)
=

1
v0

HKNIPHT , (2)

where H describes the transformation from local ray centered Cartesian coordinates to the global Cartesian
coordinates system at the normal ray emergence location xm. v0 denotes the near-surface velocity. The
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first derivatives in p relate to the emergence angle α and the azimuth φ of the normal ray. The matrices
M and N relate to the curvature matrices of two hypothetical wavefronts as observed at xm: the NIP wave
curvature KNIP due to a point source at the NIP and the normal wave curvature KN (Höcht, 2002).

Furthermore, the matrix M can be defined in the CMP volume (∆Xm = 0), whereas the matrix N is
defined in the ZO volume (h = 0). In practice, we first consider a small aperture in the ZO volume, such
that the second order terms can be neglected, meaning that the normal wave matrix M can be assumed to
vanish.

For 2D acquisition, the hyperbolic CRS stack operator in the CMP volume can be reduced by the
well-known CMP stack operator (Mayne, 1962) as follows:

t2(h) = t20 +
4h2

v2
NMO

, (3)

where vNMO = v/ cosα, with α again representing the dip of the reflection event and v the average velocity
of the reflector’s overburden. Levin (1971) extended this to 3D acquisition. The normal moveout (NMO)
velocity here also depends on the source-receiver azimuth angle θ with respect to the normal ray, namely
vNMO = v/(1 − sin2 β cos2 θ). For a given azimuth, the relation between the NMO velocity and the CRS
attributes is given by

v−2
NMO =

t0
2

eTθ Meθ , (4)

with the unit vector eθ pointing in the azimuth direction θ.

The parameters of the 3D CRS operator

Subsets of the parameters can be conveniently determined in certain subset of the prestack data: the 3D
CRS operator (2) can be decomposed as follows:

t2 = t20 + hT ·M · h for ∆Xm = 0 , (5)
t2 = (t20 + p ·∆Xm)2 + ∆XT

m ·N ·∆Xm for h = 0 . (6)

Thus, matrix M is determined in the CMP volume according to Equation (5), whereas p and matrix N can
be determined in the ZO volume according to Equation (6). In practice, the problem is further simplified
by splitting the the latter problem: within a small ZO aperture, we first determine the horizontal slowness
p, followed by a second search in a larger aperture for matrix N.

In practice, the number of relevant and determinable CRS attributes depends on the acquisition geome-
try and, thus, on the dimension of the prestack data hyper-volume. This ranges from 2D acquisition along
a line with a 3D data volume (xm, h, t) and three CRS attributes via single-azimuth 3D data with a 4D
data hyper-volume to the (xm, ym, hx, hy, t) and eight independent CRS attributes: dip angle α, azimuth
angle θ and three independent values in each of the symmetric 2 × 2 curvatures matrices KNIP and KN,
respectively. In principle, all of these eight parameters in 3D CRS operator should be computed simul-
taneously with a global optimization algorithm. However, this task would require an unacceptable high
computational cost. The above described searches in subsets of the data allows to significantly cut this
costs, accompanied with some loss of accuracy.

NIP WAVE TOMOGRAPHY

The NIP wave tomography introduced by Duveneck and Hubral (2002) is based on two imaging conditions:
one is Snell’s law, which is implicitly met by the considered normal rays, the other one is that in a consistent
model the hypothetical NIP wave has to focus at zero time and infinite curvature if propagated back into
the subsurface. The matrix M and the horizontal slowness vector p parameterize the normal ray and the
hypothetical NIP wavefront up to second order according to the so-called NIP-wave theorem. The latter
states that the (hypothetical) ZO traveltime and the CMP traveltimes actually given in the data coincide up
to second order.

For a true diffractor in the subsurface, normal wave and NIP wave coincide, i. e., M = N. For hypothet-
ical diffractors as used in the NIP wave tomography, an analytic approximation of the diffraction traveltime



Annual WIT report 2009 71

is obtained by setting M equal to N in Equation (1) once all CRS attributes have been determined. This
approach has certain advantages:

• We can consider the NIP waves for a discrete number of picked reflection events.

• The picks are independent of each other.

• For convenient and efficient ray tracing, we use a smooth velocity model description.

• There is no need to pick contiguous reflection events in the prestack data hyper-volume.

• Picking is only performed in the stacked ZO volume.

DATA SPACE AND MODEL SPACE

The determination of the velocity distribution in the subsurface is a crucial inversion problem. In order
to solve the inverse problem in the case of NIP wave tomography, we are looking for a velocity model
and a distribution of NIPs in the subsurface which is consistent with the CRS attributes, locations, and
traveltimes extracted from the CRS stack results: the aim of the NIP wave tomography is to minimize the
difference between the data forward-modeled from the NIPs to the acquisition surface and the data-derived
CRS attributes. The inversion problem is stated as a minimization of a cost function in a least square sense.
The inversion problem is solved by local linearization and iterative updating.

Jacobian Matrix for the model update

The model update can be assessed by the Jacobin matrix which is constructed with the perturbation ratio
of the relationship between the data components and the model components. The data components consist
of the emergence location xm of the normal ray, the one-way ZO traveltime T = t0/2, the horizontal
slowness vector p which is related to the first traveltime derivatives, and the NIP matrix M related to
the second traveltime derivatives for each individual picked reflection event. The data components can be
represented as follows:

dmea = (Ti,xmi ,pi,M
NIP
i ), i = 1, . . . , ndata (7)

In case the seismic acquisition geometry is limited to a narrow azimuth interval around a given azimuth φ
as in marine seismic acquisition, only the the component MNIP

φ,xm
= eTφMNIP

xmeφ occurs in the CRS operator
and can, thus, be determined from the data.

The model parameters can be expressed by a 3D location vector of each NIP in the general 3D case
and, in order to define the local reflector dip at the NIP, two unit vectors or angles have to be included as
model parameters for each NIP. Of course, we also need a parameterization of the velocity model in the
inverse process. The model parameters can be expressed as follows:

k =
(

(xi, yi, zi, exi , eyi)
NIP

, vjkl

)
i = 1 . . . ndata, j = 1 . . . nx, k = 1 . . . ny, l = 1 . . . nz , (8)

where nx, ny, nz are the number of knots in x, y, and z-direction, respectively. In case of a smooth velocity
model, the velocity model can be composed by B-splines (de Boor, 1972):

v(x, y, z) =
nx∑
j=1

ny∑
k=1

nz∑
l=1

vjklBj(x)Bk(y)Bl(−z) , (9)

where vjkl are the B-spline coefficients and Bj form a B-spline basis according to

B
[m]
[xj ,...,xj+m+1](x) =

x− xj
xj+m − xj

B
[m−1]
[xj ,...,xj+m](x) +

xj+m+1 − x
xj+m+1 − xj+1

B
[m−1]
[xj+1,...,xj+m+1](x) , (10)

where m denotes the degree. The larger m the more the B-spline order increases. On order of m = 4 is
suited for 2D and 3D velocity models.
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With Equations (7) and (8), the inversion process consist of the minimization of the cost function

G(k) =
1
2
||dmea − dmod(k)||2 =

1
2

∆dT(k)C−1
D ∆d(k) , (11)

where dmod = (Ti,xmi ,pi,M
NIP
i )mod represents the forward-model variables for the model specified by

Equation (8). CD is a weight matrix for the difference between the different data points. The elements
of CD regarded as a data covariance matrix (Tarantola, 1987) are the weights for t and xm due to the
the uncertainties of 3D CRS stacking operator parameters. The weight matrix is diagonal matrix, i. e.,
(CD)ii = σ2

i , owing to the fact that the individual data vectors are not correlated with each other: the
meaning of the fact that CD is diagonal is that data errors are uncorrelated. In the NIP wave tomography,
there are four different data types: traveltime, first traveltime derivatives, second traveltime derivatives, and
lateral coordinates with the corresponding weight factors σT , σM, σp and σxm .

The involved forward model is nonlinear. Thus, the inverse problem which can be minimized according
to Equation (11) is nonlinear as well. The direct minimization by means of a global nonlinear optimization
method is prohibitively costly. Therefore, the inverse process is addressed in an iterative manner using
local linearization: the modeling operator dmod(k) is approximated by

dmod(kn + ∆k) ≈ dmea(kn) + J∆(k) , (12)

where Jij = ∂Ji/∂mj . In the inversion process, this Jacobin matrix or tomographic matrix hast to be
determined. It can can be expressed in terms of the partial derivatives of the forward-modeled parameters
with respect to the NIP and velocity model parameters as follows:

J =
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where v denotes the B-spline coefficients. In the 3D case, v = vijk with i, j, k varying of the number of
knots for x, y, and z. The Jacobian matrix is iteratively updated after calculating the misfit by means of
LSQR method.

Future directions of research

By the given source points and receiver points from the dataset and the inverted normal rays and NIPs,
the scattering angle vector Φ and the illumination angle vector Ψ can be defined instead of half-offset and
midpoint coordinates so that the Jacobian Matrix would be minimized in terms of these angles (Klüver,
2007). The 3D CRS operator can be reformulated with respect to these angles as follows:

t2(Ψm,Φ) = (t0 + 2p∆Ψ)2 + 2t0(∆ΨTN∆Ψ + ΦTMΦ) , (13)

where Ψm is the illumination angle and ∆Ψ = Ψm − Ψ0, Ψ0 is the illumination angle relative to the
actual reflector dip Ψ0. Φ is the scattering angle vector:

Φ =
AS −AG

2
, (14)

Ψ =
AS + AG

2
, (15)

where AS is the angle between the normal on the reflector and the ray to the source and AG is the angle
between this normal and the ray to the receiver. According to the change of these angles, the attributes and
the traveltime may be represented in the angle domain. This describes a beam which might be named NIP
beam. I would like to investigate the traveltime with respect to these angles. The 3D CRS operator can be
utilized as the variable of a Gaussian beam which is also used in tomographic methods.
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ABSTRACT

With the increasing performance of parallel supercomputers full waveform tomography (FWT) ap-
proaches can reduce the misfit between recorded and modelled data, to deduce a very detailed physi-
cal model of the underground. In recent years acoustic waveform tomography became a very popular
tool to image the underground structures. However, acoustic waveform inversion has the disadvan-
tage, that only P waves can be inverted. It can not invert for S-waves or surface waves. Here we will
investigte the influence of parametrization on resolution and ambiguity using our elastic parallel time
domain FWT code with two synthetic model examples. Even though the problem is highly nonlinear
and ill conditioned the elastic FWT is able to resolve very detailed images of all three elastic model
parameters.

INTRODUCTION

Full waveform tomography (FWT) is a state of the art imaging concept, which requires a massive amount of
computer resources. Therefore the first applications of FWT for moderate 2D problems were undertaken in
the late 1990s (Pratt (1999), Pratt and Shipp (1999)) for the acoustic case. The application of elastic FWT
is even more complicated, because 3 coupled elastic parameters have to be optimized at the same time. In
this paper we give a short overview of the first results we achieved with the elastic time domain FWT code
DENISE (subwavelength DEtail resolving Nonlinear Iterative SEismic inversion). As the name already
states the FWT can only image structures at or below the seismic wavelength. The long wavelength part of
the model has to be estimated by other methods like first arrival tomography. In this paper we investigate
the influence of different model parametrizations on the FWT result.

THEORETICAL BACKGROUND

The aim of full waveform tomography is to minimize the data residuals δu = dmod − dobs between the
modelled data dmod and the field data dobs. The misfit can be measured by the residual energy:

E =
1
2
δuTδu. (1)

The residual energy can be minimized by updating the model parameters mn at iteration step n using a
steepest-descent gradient method:

mn+1 = mn − µnPδmn, (2)

where δm denotes the steepest-descent direction of the objective function and µn the step length. To
increase the convergence speed of the FWT code the application of a preconditioning operator P is recom-
mended.

mailto:daniel.koehn@geophysik.tu-freiberg.de
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According to Mora (1987) the gradients for the Lamé parameters λ, µ and the density ρ can be expressed
as:

δλ= −
∑

S

∫
dt
(
∂ux

∂x
+
∂uy

∂y

)(
∂Ψx

∂x
+
∂Ψy

∂y

)
,

δµ= −2
∑

S

∫
dt
(
∂ux

∂y
+
∂uy

∂x

)(
∂Ψx

∂y
+
∂Ψy

∂x

)
+
(
∂ux

∂x
∂Ψx

∂x
− ∂uy

∂y
∂Ψy

∂y

)
,

δρ= −
∑

S

∫
dt
(
∂ux

∂t
∂Ψx

∂t
+
∂uy

∂t
∂Ψy

∂t

)
,

(3)

where ui denotes the ith component of the forward displacement wavefield, while

Ψj(x, t) = −
∑
R

Gij(x,−t; xr, 0) ∗ δui(xr, t). (4)

is a wavefield generated by propagating the residual data δui from the receiver positions backwards in time
into the medium. Gij denotes the Green’s function solution of the elastic wave equation.

The gradients for other material parameters mnew can be calculated by applying the chain rule on the
Frechét kernel in the adjoint problem:

δmnew =
∑

S

∫
dt
∑
R

[
∂d
∂m

∂m
∂mnew

]∗
δui (5)

Using the relationships between P-wave velocity Vp, S-wave velocity Vs, the Lamé parameters λ, µ and
density ρ:

Vp =

√
λ+ 2µ
ρ

, Vs =
√
µ

ρ
(6)

or
λ = ρV2

p − 2ρV2
s , µ = ρV2

s (7)

the gradient for Vp can be written as:

δVp=
∑

S

∫
dt
∑
R

[
∂d
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∂Vp
+
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dt
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S
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dt
∑
R

[
∂d
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]∗
δui

= 2ρVpδλ

(8)

The gradients for Vs and ρ are calculated in a similar way, so the gradients in terms of seismic velocities
can be written as:

δVp= 2ρVpδλ,

δVs= −4ρVsδλ+ 2ρVsδµ,

δρvel= (V2
p − 2V2

s )δλ+ V2
s δµ+ δρ

(9)



In summary one iteration step of the elastic FWT algorithm consists of the following steps:

1. For each shot S solve the elastic wave equation for the actual model mn to generate a synthetic
seismograms dmod and the wavefield u(x, t).

2. Calculate the residual seismograms δu = dmod − dobs.

3. Generate the wavefield Ψ(x, t) by backpropagating the residuals from the receiver positions R.

4. Calculate the optimum perturbations δm of each material parameter according to (3) or (5).

5. Apply an appropriate preconditioning operator P.

6. Estimate the step length µn by a line search.

7. Update the material parameters using the gradient method mn+1 = mn − µnPδm.

In our FWT code the forward problem and backpropagation of the residual wavefield are solved using
a parallel time domain finite difference code (Bohlen (2002)).

THE CTS TEST PROBLEM

To investigate the influence of different model parametrizations we build two elastic models for the param-
eter sets m1 = [λ, µ, ρ] and m2 = [Vp, Vs, ρ] (Fig. 1). The models consist of a free surface at the top,
an elastic layer and a half space. Seismic body waves are traveling from the sources at the surface and are
reflected back to the surface at the interface between the layer and half space. Embedded in the layer are
different geometrical bodies, which are disturbing the wavefield of the reflected waves. These geometrical
bodies consist of

1. 7 crosses indicating perturbations of the Lamé parameter λ and the P-wave velocity Vp.

2. 8 triangles indicating perturbations of the Lamé parameter µ and the S-wave velocity Vs.

3. 6 squares indicating perturbations of the density ρ.

Due to the different geometrical structures we call this model Cross-Triangle-Squares (CTS) model. The
geometrical bodies are located at different non overlapping places. This does not represent a realistic
geological situation, but it is an effective way to demonstrate the resolution and ambiguity of the FWT
result when using different elastic parametrizations. The S-wave velocity Vs and density ρ for the differ-
ent geometrical structures are calculated from the P-wave velocity Vp of the crosses using the following
relationships

Vs= Vp/
√

3,

ρ= 0.31 ∗ 1000.0 ∗V1/4
p .

(10)

The corresponding models for the Lamé parameters are calculated using the relationships in Eq. (7), but
without mixing the structural models. Therefore the resulting models for seismic velocities and Lamé
parameters are not equivalent and the resulting wavefields are different, which can be easily seen by com-
paring the seismic sections for the different parametrizations in Fig. 3 (c). The aquisition geometry consists
of 100 explosive sources 40 m below the free surface. The source signature is a Ricker wavelet with a cen-
tre frequency of 5 Hz and a maximum frequency of 10 Hz. The elastic wavefield is recorded by 400 two
component receivers in 40 m depth. Using an 8th order spatial FD operator for the forward modelling
and backpropagation of the wavefield the model can be discretized with 500× 150 gridpoints in x- and y-
direction with a spatial gridpoint distance of 20.0 m. The time is discretized using DT = 2.7 ms, thus for a
recording time of T = 6.0 s 2222 time steps are required. Synthetic multicomponent datasets are calculated
for the CTS model and inverted using a starting model with the correct elastic material parameters for the
layer and the half space but without the geometrical structures. In Fig. 2 the inversion results are shown us-
ing the Lamé parameters and the seismic velocities as elastic inversion parameters. In both cases the elastic
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Figure 1: The Cross-Triangle-Squares test problem for the parameter sets m1 = [λ, µ, ρ] and
m2 = [Vp, Vs, ρ].

parameters could be reconstructed very well without any ambiguity. The Lamé parameter λ shows a little
bit more artefacts than the P-wave velocity Vp, but the results are still quite similar in terms of resolution.
Surprisingly the choice of parameters has a huge impact on the density results. Using Lamé parameters
the squares of the density model could be recovered very well, but they are disturbed by extremly large
triangular shaped µ artefacts which would hide the true density result in a geological more realistic setting.
When using seismic velocities as model parameters a stronger ambiguity is present, the crosses of the Vp

model and the triangles of the Vs model are partly interpretated as density information, but they have the
same magnitude as the true density model. In Fig. 3 the seismic sections of shot 50 are plotted for the
starting model (a), the inversion result (b) the true model (c), the initial residuals (d), the final residuals (e)
and the evolution of the residual energy (f) using the different parametrizations. The fit of the phases and
amplitudes is very good in both cases. Even though the final residuals are a bit larger in case of the seismic
velocities (Fig. 3 (e)).

A COMPLEX GEOLOGICAL TEST PROBLEM - THE ELASTIC MARMOUSI MODEL

A widely used test problem for seismic imaging techniques is the elastic Marmousi-II model (Fig. 4, Mar-
tin et al. (2006)). The model consists of horizontal layers near the boundaries, while steep thrust faults are
disturbing the layers. The deeper parts of the model consist of salt and reef structures. The thrust fault sys-
tem and the reef structures are not easy to resolve by conventional first arrival tomography, so it is an ideal
test model for the FWT. Due to computational restrictions the original Marmousi-II model could not been
used, because the very low S-wave velocities in the sediments would require a too small spatial sampling
of the model. Therefore new S-wave velocities are calculated using scaling relation (10).
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Figure 2: Results of the FWT for the Cross-Triangle-Squares model using Lamé parameters (top) and
seismic velocities (bottom) as inversion parameters.
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Figure 3: Seismic sections for the Cross-Triangle-Squares model using Lamé parameters (top) and seis-
mic velocities (bottom). (a) starting model, (b) FWT result, (c) true model, (d) initial residuals, (e) final
residuals and (f) evolution of the residual energy.
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Figure 4: The Marmousi-II model.

The acquisition geometry consists of a streamer towed 40 m below the free surface with 400 two
component receivers in a 500 m thick water layer. The synthetic dataset consists of 100 airgun shots. The
source signature is a 10 Hz Ricker wavelet. Using an 8th order spatial FD operator the model can be
discretized with 500× 174 gridpoints in x- and y-direction with a spatial gridpoint distance of 20.0 m. The
time is discretized using DT = 2.7 ms, thus for a recording time of T = 6.0 s 2222 time steps are needed.

Due to the results of the last section, we choose the seismic velocities as model parameters for the
inversion. The starting model (Fig. 5) is a median filtered version of the true model. To achieve a smooth
transition from the long wavelength starting model to the inversion result with short wavelength structures
the application of a frequency filter with variable bandwidth on the data residuals δu is vital, to avoid the
convergence into a local minimum. In this case the inversion is separated in two parts. In part I only
frequencies below 10 Hz are inverted, while in part II the full spectral content up to 20 Hz is inverted.

The inversion results after 350 iterations are shown in Fig. 6. The results contain a lot of small details
and fine layers which are completely absent in the starting model. The thrust faults and the reef structures in
the deeper part of the model are imaged very well. It is quite surprising, that the shear wave velocity model
could also be resolved very well, even though only streamer data and therefore mainly P-wave information
is used. Even the density, a parameter which can be hardly estimated from seismic data, could be recovered
from the seismic wavefield. In Fig. 7 the seismic sections of shot 50 are plotted for the starting model (a),
the inversion result (b) the true model (c), the initial residuals (d), the final residuals (e) and the evolution
of the residual energy (f). Notice the good fit of the first arrivals for the starting model, but the lack of
small details beyond the first arrivals. Only the direct wave, the reflection from the ocean bottom and a few
multiples are present. The inversion result fits the phases and amplitudes of the later small scale arrivals.
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Figure 5: Starting models for the Marmousi-II model.
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Figure 6: Results of the elastic FWT for the Marmousi-II model.
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Figure 7: Seismic sections for the Marmousi-II model. (a) starting model, (b) FWT result, (c) initial
residuals, (d) final residuals , (f) true model and (e) evolution of the residual energy.



CONCLUSIONS AND OUTLOOK

In this paper we have shown the potential of elastic FWT for imaging structures which are on the same
scale or smaller than the seismic wavelength. The success of FWT highly depends on the choice of model
parameters. For a successful joint inversion of all three elastic parameters it is essential to choose the
seismic velocities as model parameters. This could be demonstrated using the CTS model for different
parametrizations. The Lamé parameters produce strong density artefacts, while these artefacts are absent
when using seismic velocities. The choice of the seismic velocities also improves the image quality when
using a geological more realistic model, like the elastic Marmousi-II model. First tests with OBC data al-
ready looked very good, but even with streamer data the resolution of the elastic model is very impressive.
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ABSTRACT

This paper presents results of a consistent workflow for processing and imaging applied to marine
seismic data. The data set was collected in the Southern Atlantic offshore Brazil. Searching for tech-
niques to increase the data resolution, fundamental steps of signal processing together with imaging
methods based on the data-driven CRS technology, such as CRS-stack based residual static correction
and pre-stack data enhancement, were applied and proved to be successful. The final aim of the data
processing and imaging sequence was to obtain sections ready to be submitted to geological interpre-
tation. The latter was conducted on the final stacked and CRS time migrated sections. The obtained
image panels allow for interpreting discontinuities, thinning, faults, anticlines, plays of horsts and
grabens. Some selected parts of the line needed detail processing to make structures more evident that
where partly hidden by the strong free surface multiples and diffractions.

INTRODUCTION

Recently, Gomes et al. (2007), Heilmann et al. (2007) and Leite et al. (2008) have presented different case
studies where CRS-stack-based imaging workflows have been applied to land datasets in order to obtain a
better structural image of structures relevant for oil exploration. The present work represents an extension
of these efforts to marine data. Main steps of CRS-stack-based seismic imaging were carried out with
results that clearly showed improvement on the continuity of reflection events, enhancement in the signal-
to-noise ratio, and enhancement of free surface multiples. Previous to the CRS processing, several tasks
were performed beginning with the geometry setup, muting of bad shot and receiver gathers, f filtering, f-k
filtering, deconvolution, field static correction, and spherical divergence correction. The workflow of the
present work is summarized in Figure 1, where the major steps follow Heilmann (2007).

Complex geological environments often pose severe difficulties for accurate imaging in time and depth
domains, and even more if combined with complicated near surface conditions. Under such circumstances,
where simple model assumptions may fail, it is of particular importance to extract as much information
as possible directly from the measured data. The Common Reflection Surface (CRS) stack, described
by Müller et al. (1998) and Mann (2002), among others, has become a powerful data-driven method for
improving the zero-offset (ZO) simulation of seismic data. Topography can be directly considered during
the stack process which was irrelevant for the presented marine case. In 2D processing, for every ZO
sample three kinematic wavefield attributes are obtained as useful by-products of the stacking process
(Hubral, 1999). These attributes have been applied to improve the stack itself, and to support subsequent
processing as described in Duveneck (2004), Gamboa (2003), and Koglin (2005), among others. Using
the CRS attributes for the transformations between time and depth domains, an advanced data-processing
workflow can be established, covering a broad range of seismic reflection imaging issues in a consistent
manner.

mailto:hamiltonlim@gmail.com
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Pre-processing

⇓
CRS stack

⇓
Residual static correction

⇓
Prestack data enhancement

⇓
CRS stack

⇓
Migration

Figure 1: Major steps of the reflection seismic data processing.

DATA

The marine data set used in this case study was acquired by PETROBRAS for petroleum exploration. It is
free for use for academic research, and it was obtained from the Agência Nacional do Petróleo, Gás Natural
e Biocombustíveis (ANP) to support academic projects. In this case, the target was basin reevaluation based
on seismic reprocessing with non-commercial software for research purposes. The data set is offered in
the form of non-processed field records, therefore a complete pre-processing stage was necessary that is
partially described in the sequel. In order to provide to the reader a first orientation regarding the main
structural features present in the data at hand an idealized geological section is depicted in Figure 2.

Following the description of Mohriak et al. (2008), the geological sedimentary basins in the continental
shelf of the Brazilian Atlantic are classified as passive. The rifts are directly related to the global tectonics
and the opening of the Atlantic ocean. They are filled with sediments starting in the Jurassic with the pres-
ence of diabase intrusions and halogenic tectonics. The structural scenario of these basins features horsts,
grabens, anticlines, synclines, flower structures, and dip inversions. Transcurrent faulting is considered to

Figure 2: Selected idealized geological section of the Marine basin (Based information of the ANP site).
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Figure 3: Minimum offset section after pre-processing with automatic gain control applied for display.

have reactivated local features that were developed in the rift stage. The stratigraphic scenario is divided
into depositional sequences that reflect the geological evolution of the area.

PRE-PROCESSING

One marine line was selected for presentation, and it has the following general survey information: date
of acquisition 1985; direction SE-NW; length 40 km; 1578 shot points; time sampling interval 4 ms; 25 m
shot point and receiver station spacing; array guns placed at 8 m depth. The array distributions are from
left to right left-unilateral 0-120.

The pre-processing steps were performed with the free seismic processing package CWP/SU of the
Colorado School of Mines (Cohen and Stockwell, 2005). The SU data format can easily be created from
the original SEGY files and directly be used as input for the WIT/CRS codes. Pre-processing consisted of
3 main parts: (1) geometry setting; (2) muting of bad traces; and (3) f and f -k filtering. The workflow
was organized as an annotated sequence of targets in a Makefile with the aim to keep detailed reference
information to ensure the reproducibility of the results to emphasize the dependence of the processing on
several steps with various parameters. Conventional imaging was applied as well at this stage involving the
application of the following techniques: (4) velocity analysis; (5) NMO stacking; (6) migration.

Based on shot and receiver gathers, the original data was analyzed in order to locate noisy shot and
receiver sections and to look for dead or corrupted traces. Finally, all strongly corrupted traces were muted.
A trapezoidal band-pass filter was applied with corner frequencies of 8-10-70-80 Hz. Furthermore, a f-k
filter was used to suppress unwanted events such as water surface waves and critically refracted waves. The
decision for adopting filter parameters was based on the visual analysis of the trace gathers, their spectra,
and preliminary stack results that reinforced the importance of the pre-processing. Even though the data is
marine, residual static corrections, described by Koglin (2005) was also applied on the basis of geostatistics
and communication theory to obtain a better event correlation in the presence of vertical misplacement and
source and receiver delays. The Wiener-Hopf predictive error filtering and spiking deconvolution was
applied to the data to suppress ocean bottom multiples and to increase the temporal resolution. To show
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the results of the pre-processing stage, Figure 3 displays a minimum offset section for reference.

STACK OPERATOR

As resumed in Bernabini et al. (1987), numerous functionals have been proposed to evaluate quantitatively
the fit between measured data and a model function, e. g., parametrized by a stacking velocity value aiming
at describing the hyperbolic reflection response of a planar reflector on a given CMP gather. The most
common functionals measure the likeness of the corrected gather’s amplitude (u) based on correlation of
traces, and choices of normalization. The normalized 2D (h, x) measure semblance S(t0;m) is composed
by averages, and it is given by

S(t0;m) =

1
Nt

t=t0+δt∑
t=t0−δt

1
Nx

x=xL∑
x=xF

[
1
Nh

h=hL∑
h=hF

u(h, x; t0)

]2

1
Nt

t=t0+δt∑
t=t0−δt

1
Nx

x=xL∑
x=xF

1
Nh

h=hL∑
h=hF

u2(h, x; t0)

, (where 0 ≤ S ≤ 1); (1)

for a set of parametersm, from a first half-offset h = hF to a last half-offset h = hL offset withNh points,
and for a midpoint x ranging from xF to xL with Nx points, and in a time window specified by some δt
around t0. S(t0;m) takes values in the interval (0,1) regardless of the absolute signal amplitude, and it
quantifies the uniformity of the signal polarity across the NMO corrected gather amplitude u(t0;m). In
the NMO stack, the function S(t0;m) can also be interpreted as the function to be optimized, from where
optimum a value of stack velocity m = v results.

Conventional velocity analysis is performed on common-midpoint (CMP) gathers by approximating the
two-way traveltime t(x; t0, v) of primary reflection arrivals from an interface by a second order hyperbolic
model of the type

t2(h; t0, v) ≈ t20 +
4h2

v2
, (2)

where h stands for the half source-receiver offset, t0 for the normal two-way traveltime at h = 0, and v
denotes the stacking velocity. The above law is exact for a single horizontal reflector with homogeneous
overburden. For the next level of complexity of the model, one can consider an ideal medium composed of
multiple homogeneous, isotropic, layers with horizontal interfaces and small apertures. The above law is
still constitutes a reasonably accurate approximation, as described by Ursin (1982).

For NMO correction, the criterion for expressing in quantitative form the degree of fitting between the
model described by a stacking velocity value and the data usually involves a coherence measure. A typical
algorithm for velocity analysis in the (h, t) domain calculates at each point t0 the velocity spectrum which
consists of a coherence value for every stacking velocity v value within the search range. In practice, often
a simple 1D approximation is used to calculate the interval velocities of the medium from the previously
determined stacking velocity distribution: the stacking velocity v is assumed to approximate the root-mean-
square (RMS) velocity vRMS as described by Al-Chalabi (1992). Turning to a more realistic subsurface,
the underground geology can be described by a inhomogeneous velocity distribution that can be smooth or
with discontinuities separated by curved interfaces. Under such more general conditions, limitations of the
above NMO correction might emerge. The CRS stack concept takes a more complex reflector geometry
explicitly into account, which makes it necessary to extent the velocity analysis from the 2D time-offset
space to the 3D time-offset-midpoint domain.

The CRS stacking method does not explicitly depend on a macro-velocity model in the (x, t) domain.
It employs an automatic data-driven parameter search based on semblance analysis (1) in the prestack data
and can thus be seen as an optimization problem where the objective function is the semblance value related
to a certain parameter combination. The CRS stack operator can be derived from paraxial ray theory or
homeomorphic imaging concepts and constitutes a second-order traveltime formulation for 2D and 3D
inhomogeneous models with arbitrarily curved interfaces. This traveltime operator is parametrized using
two notional eigenwave experiments generating the so-called normal-incidence-point (NIP) wave and the
normal (N) wave. The NIP wave is associated with an exploding diffractor (or point source) at the normal-
incidence point NIP of the zero-offset ray. This produces the NIP wave which reaches the surface at x0



88 Annual WIT report 2009

with the radius RNIP. The N-wave is associated with an exploding reflector around the NIP location and
generates the normal wave which reaches the surface at x0 with of radius RN.

In the context of paraxial ray theory, we consider a central ray with normal incidence on the reflector at
the NIP. Furthermore, only primary events taken into account. The central ray satisfies Snell’s law across
the interfaces, and the wavefront curvatures of the NIP and N waves change according to the refraction and
transmission laws of curvature, as described in Hubral and Krey (1980). Following Schleicher et al. (2007),
the hyperbolic approximation for the two-way traveltime of primary reflections from a curved interface on
a flat observation surface is given by

t2hyp(xm, h) =
[
t0 +

2 sinβ0(xm − x0)
v0

]2

+
2t0 cos2 β0

v0

[
(xm − x0)2

RN
+

h2

RNIP

]
. (3)

P0(x0, t0) is the reference point of stack, and it is assumed that the velocity v0 is known and related to
the upper layer and around the observation point x0. The independent variables xm and h are the shot and
receiver midpoint coordinate and the half-offset, respectively. The parameter β0 corresponds to the vertical
emergence angle of the wavefront at the observation point x0. The quantities β0, RNIP, and RN are related
to the central ray in the paraxial ray theory.

For the practical work, the data headers contain the CDP numbers, the source coordinates xS , and
the receiver coordinates xG. Their relationship to the xm and h coordinates and are given by xm =
(xG + xS)/2 and h = (xG − xS)/2. The semblance analysis is performed along the spatial stacking
operator (3) spanned by the coordinates h and xm according to Equation (1). The vectorm takes the values
m = (RNIP, RN, β0; v0), where the parameters RNIP, RN, and β0 (with v0 fixed) are searched for as an
optimization problem with the semblance (1) as object function, and the CRS operator (3) as the forward
model. The parameter search is classified as a nonlinear ill-posed problem; therefore the strategy may need
a starting point in the parameter space and derivatives, or a controlled random search without derivatives.
Müller et al. (1998) and Mann (2001a) describe strategies for the parameter search, basically performed in
four steps.

Mann (2001b) described the problem related to conflicting dips in the stack sections, analyzed the
dependence of vNMO on β0, and proposed a solution to this problem by detecting multiple values β0 for
each contributing event by adapting the original search strategy of Müller et al. (1998). Soleimani et al.
(2009) addresses the conflicting dip problem by proposing a strategy that considers a multitude of different
values of β0 for each ZO sample, with the forward model (3) under the condition RN = RNIP , to improve
the continuity of reflection events and diffraction events, in a process named common-diffraction-surface
stack.

CRS MIGRATION

A Kirchhoff-type time migration scheme is integrated in the CRS stack algorithm This application proposed
by Mann (2002) considers that the CRS attributes allow to approximate the (hypothetical) diffraction event
associated with reflection event in the data, and, thus, a Kirchhoff migration operator. The apex of the
ZO diffraction response provides an approximation of the image location for time migration. Due to the
symmetry considerations, ∂thyp(xm, h = 0)/∂xm = 0 for the ZO plane h = 0. This yields the apex
location

xapex = x0 −
RNIPt0v0 sinβ0

2RNIPsin2β0 + t0v0cos2β0

, (4)

t2apex =
t0

3v0cos2β0

2RNIPsin2 β0 + t0v0cos2β0

. (5)

This approximate ZO diffraction response can be parametrized in terms of the apex location (xapex, tapex)
instead of the ZO location (x0,t0):

t2hyp(x) = t2apex +
4(x− xapex)2

v2
c

, with (6)

v2
c =

2v2
0RNIP

2RNIPsin2β0 + t0v0cos2β0

. (7)
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A summation along the approximate diffraction response, with its result assigned to its apex, approxi-
mates a Kirchhoff time migration. Even more convenient, the already available stack value computed along
the CRS operator can be assigned to the apex (xapex, tapex).

RESIDUAL STATIC CORRECTION

Aiming at increasing resolution, the static residual correction strategy has been applied under the concept
of virtual source-receiver vertical and horizontal displacements, and in terms of communication theory
looking for better correlation between the ZO trace and its corresponding family’s traces under small shifts.
Koglin (2005) and Koglin et al. (2006) describe in detail the CRS-based residual static correction as an
iterative process similar to the super-trace cross-correlation method as presented by Ronen and Claerbout
(1985). In this approach, the cross-correlations are performed within the CRS super gathers consisting
of all moveout corrected prestack traces within the spatial stacking aperture, instead of being confined to
individual CMP, common-shot or common-receiver gathers. Due to the spatial extent of the employed
stacking operator, a super gather contains many neighboring CMP gathers. For each considered super
gather centered around a particular ZO location, the moveout correction will, in general, be different. Since
each prestack trace is included in many different super gathers, it contributes to more cross-correlations than
in methods using only individual gathers. The cross-correlations of the stacked pilot trace and the moveout
corrected prestack traces are summed up for each shot and receiver location. This summation is performed
for all super gathers contained in the specified target zone. The searched for residual time shifts are then
expected to be associated with the locations of the maxima in the cross-correlation stacks, and they are used
to correct the prestack traces. The stack result after residual static correction is presented and we observed
an improvement in resolution.

PRESTACK DATA ENHANCEMENT

As a next step aiming at increasing resolution, the concept of prestack data enhancement by interpolat-
ing new CDPs based on the CRS stack operator and data driven attributes as described by Baykulov and
Gajewski (2007) has been integrated into the processing workflow. The CRS-based interpolation constructs
super gathers to prescribed positions xm, and results in better lateral resolution whereby the size of pro-
jected Fresnel zone is used for the lateral window control. Using the CRS attributes β0 and RNIP, the
corresponding time obtained from the t0 is given by

t2(xm, h) =

−h2 cos2 β0

v0RNIP
+

√(
h2 cos2 β0

v0RNIP

)2

+ t2 +
2 sinβ0

v0
xm

2

+
2 cos2 β0

v0

−h2 cos2 β0

v0RNIP
+

√(
h2 cos2 β0

v0RNIP

)2

+ t2

(x2
m

RN
+

h2

RNIP

)
. (8)

Depending on the quality of the data and on the acquisition geometry, the lateral windows for stacking
can be optimized in the directions xm and h. In our examples the sizes were the same as chosen in the CRS
stack.

RESULTS AND DISCUSSIONS

Our main attention in the present work was directed to the following CRS results: (1) optimized stack;
(2) migration; and (3) multiple enhancement. The stack serves as the basis for the migration to collapse
diffractions, and for the post-stack multiple enhancement to serve for further development and application
of techniques for multiple attenuation. For these aims, the results are shown in the following order: (1)
coherence; (2) RNIP, (3) 1/RN; (4) angle; (5) optimized Fresnel stack; (6) interpreted optimized Fresnel
stack; (7) optimized time migration; (8) interpreted optimized Fresnel time migration.

The analysis of the results starts with the minimum offset panels depicted in Figure 3 which serve
as reference to the stack and migration results. The CRS results are controlled by the distribution of
semblance values in the coherence panel, which is used to identify locations with very low coherence
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Figure 4: Coherence section of CRS super gather stack.
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values, considering that such locations are not expected to be associated with reliable attributes (RNIP, RN,
β0) to obtain the stacking parameters of the CRS operator.

The panels of the kinematic CRS wavefield attributes RNIP, 1/RN and β0 are shown in Figures 5, 6
and 7, respectively. Where the latter two panel show structural trends in a similar way as the stack and
migration panels, the RNIP has more similarity to an (unsmoothed) stacking velocity model.

CONCLUSIONS

We are here restricted to the geometrical interpretation of geological structures carried out mainly on the
basis of migrated sections and stacked sections. The meaning of the interpreted lines in these figures are
colored as: (red) horizontal and dipping reflectors; (blue) multiples; (yellow) reflectors as anticline; (green)
vertical discontinuities.

The analysis of the stack section in Figure 8, comparing with the Kirchhoff-type time migration section
in Figure 10, clearly shows the seafloor followed by the response of basin sediments with several reflectors
with similar geological attitude. These events are intersected by free surface multiples and diffraction
events. On the other hand, the migration panels do not present the effect of the diffractions by showing the
collapsing points.

For the stack, the main panel for interpretation is Figure 8 to result in Figure 9. For the migration, the
main panel is Figure 10. To compare the results of the CRS Kirchhoff-type migration with the stack itself,
the interpreted colored lines in Figure 9 were superimposed onto Figure 10 to result in Figure 11. From
these Figures 9 and 11 one can see only slight shifts between events and drawn lines, what establishes both
sections being useful for tracking structures.

For drawing the structures, it is important that the section have the proper scale, axis exaggeration,
and size. From screen color display and details of the used figures and zooms, discontinuities, thinning,
anticlines, faults, plays of horsts and grabens, and rollovers can be identified. On the other hand, the
basement is not easily traced, and the left part of the section needs more attention for structures to be better
recognized. Figure 11 shows details of reflector zones related to stratigraphical units. One of the most
prominent features is on the left side and can be interpreted as intrusions.

The quality of the marine seismic data is not a decisive limitation in enhancing different parts for the
imaging of the selected line. The intention with this conclusion is to geometrically trace structures and
to demonstrate the applicability of the CRS stack and and its integrated time migration towards basin
reevaluation providing a good basis for geological interpretation and, hopefully, for successful drilling.

The coherence sections served to indicate the fit between the CRS stacking operators and the primary
reflection events in the prestack data. We consider that the overall quality of the marine seismic under-
ground image is quite reasonable compared to other high quality seismic images that served as reference
for the present processing. Even though, the results obtained by CRS revealed good resolution as measured
by signal-to-noise ratio and reflector continuity. We call attention to the fact of the granular appearance of
the migration panel, a consequence of the point-to-point mapping inherent to this strategy.

This example serves also to reinforce our perspectives and intentions on research collaboration between
different universities, and between university and industry to provide development and human resources
for the established seismic technology for oil and gas exploration. The research is part of the continuous
cooperation between the Faculty of Geophysics of the Federal University of Pará (Brazil) and Karlsruhe
Institute of Technology, Germany.
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ABSTRACT

The construction of coherence panels in the velocity spectrum is traditionally achieved by summing
up amplitudes along auxiliary hyperbolae that are parameterised by zero-offset time and stacking ve-
locity, using semblance as the coherency measure. In this work we investigate how some of these
methods could benefit of smearing instead of stacking procedures. We implement and compare two
smearing methodologies – smearing the total amplitude, and smearing with constant amplitude den-
sity. We show that smearing the total amplitude leads to semblance as coherency measurement, thus
recovering conventional velocity spectra. Thus, using the smearing procedure may be an advanta-
geous alternative to using the stacking paradigm, especially because of its potential for parallel com-
puting. Using the amplitude density gives rise to a slightly different coherency measure, which we
call semblance-like. Our numerical experiments indicate that this measure might be able to improve
the focussing of the velocity peaks in the velocity spectra.

INTRODUCTION

CMP-based techniques, such as NMO correction, stacking and velocity analysis, are considered the core of
seismic processing, mainly because their products will feed more advanced and critical procedures, such
as migration and inversion. As a matter of fact, errors during the early stages of seismic processing often
accumulate, generating mispositioned reflectors and bad geologic interpretation.

All these techniques have in common that, in general, they are all theoretically based on velocity model
assumptions, associated to a traveltime expression, which is obtained from a combination of procedures
that relies on the physics of waves and geometrical optics. The design of the actual technique from the
theoretical model employs numerical schemes that are based on signal processing, basic laws of statistics
and numerical analysis. For instance, the simplest form of velocity analysis is based on a layered geological
model, in which the layers are homogeneous and separated by horizontal flat interfaces. The associated
traveltime expression is the hyperbolic traveltime formula, which depends of the offset and is parameterised
by RMS velocity and zero-offset traveltime, both obtained from the model (Dix, 1955; Castle, 1994). Also,
the numerical scheme is based on the semblance formula, which is, roughly speaking, a quotient between
the squared sum of amplitudes and sum of squared amplitudes collected along hyperbolic curves (Taner
and Koehler, 1969).

Although velocity analysis using CMP sections and coherency measurements is already a well estab-
lished procedure in practice, it has been subject to further theoretical studies since its formal introduction
by Taner and Koehler (1969). Many modifications and extensions to the original idea have been proposed,
all of them improving or changing the geologic model and/or the coherency measurements. Concerning
improvements related to the geologic model or traveltime expression there is, for instance, the inclusion
of anisotropy factors (Alkhalifah and Tsvankin, 1995), the geometrical correction of traveltime curves
(de Bazelaire, 1988) or considering non hyperbolic curves (Abbad et al., 2009). On the other hand, concern-
ing the improvements that address coherence measurements, we can cite, for example, the improvement of

mailto:dlmacbr@gmail.com
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statistical measurements of coherence (Neidell and Taner, 1971) and the introduction of differential sem-
blance (Li and Symes, 2007). Common to all of these modifications is the basic principle, i.e., the stacking
neighbouring traces to detect a best possible stacking velocity.

There is another set of procedures in the seismic method that relies on stacking. A great many of
imaging processes has its theoretical basis in integrals computed along auxiliary curves, such as Kirchhoff
migration (Hubral et al., 1996; Tygel et al., 1996) or tau-p transforms (Clayton and McMechan, 1981).
Actually these integrals explain theoretically why stacking amplitudes along auxiliary curves gives goods
results. Also, we can understand stacking amplitudes as the direct translation of theoretical formulas to
practical problems, with the only difference that the integral operation changes into a discrete summation.

The usual methods of velocity analysis, as well as its variants and extensions, are all designed under
the same principle, which is generically referred to as stacking, and which can be divided in three parts:

Location Consider a traveltime function which is geometrically equivalent to a line (or surface).

Measurement Design some statistical measurement that gives some desired property, such as coherency.

Stacking On the intersection of Location and the data section, apply the Measurement.

Therefore, by the term “stacking”, we mean to perform the numerical computation using the data collected
along a curve defined by the traveltime expression. For instance, the construction of coherency panels in
a velocity spectrum (VS) are usually made by properly summing up amplitudes and squared amplitudes
along auxiliary hyperbolae, which are parameterised by zero-offset time t0 and stacking velocity v.

As is well-known in seismic imaging, Kirchhoff-type operations can be as well realized as a stacking
as a smearing process. Both are described by the same theoretical integrals and differ from each other only
by the order of the nested loops and possibly necessary interpolations. In complete analogy, we propose in
this work a change of paradigm for the construction of velocity spectra, i.e., to perform velocity analysis
on coherency panels constructed by smearing instead of stacking.

In the case of seismic migration, the smearing paradigm means that the amplitudes of seismic traces
are smeared along isochrons in the migrated image (Santos et al., 2000). Actually, Kirchhoff migration by
smearing can be seem as a memory saving way to perform migration on massively pre-stack data, because
each trace can be used independently, pointing towards its potential for parallel algorithms.

When applying the smearing paradigm to the construction of velocity spectra, we use the conventional
geological model and traveltime expression, i.e., we consider a RMS velocity model and the hyperbolic
traveltime expression. Also, as coherency measurement we choose the semblance as a starting formula.
The main difference is that the CMP data are no longer summed for a single point of the velocity spectrum
along a hyperbola in the CMP gather to produce the corresponding semblance value, but the amplitude of
each sample of CMP section is spread along a proper curve that lies on the velocity spectrum.

Two steps must be taken to develop the proposed method:

• Define smearing curve expression;

• define the method to evaluate the semblance measurement in the smearing process.

These items are discussed in the following sections.

FAMILY OF HYPERBOLAE

In order to build the smearing curve corresponding to a single point in CMP section, we start by considering
a family of hyperbolae which pass through this point. The well-known basic formula of the hyperbolic
traveltime is

t2 = t20 + (x/v)2 , (1)

where t is the reflection time, t0 is the zero-offset (ZO) time, x is the offset and v is the medium velocity or
RMS velocity of the above layers. The above formula tells us that for each (v, t0) pair in the velocity spec-
trum, there is a hyperbola in the CMP gather and vice-versa. Conventional velocity spectra are constructed
by summing the CMP data along curves (1) for a set of values for t0 and v.
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Figure 1: A family of hyperbolae depicted in (a) intersect at one given point in the CMP gather. Each
hyperbola in the CMP gather depicted in (a) can be associated to a single point in the velocity spectrum
(b), represented by a circle with the same colour.

To develop our approach, we seek a family of hyperbolae which intersection is at a given point (xi, ti).
In this way, we simply require that the parameters t0 and v must satisfy

t2i = t20 + (xi/v)2 . (2)

Isolating t0 we obtain a relationship

t20 = t2i − (xi/v)2 , (3)

where we require that v ≥ xi/ti to guarantee that t0 ≥ 0. Inserting equation (3) in (1), we obtain a general
equation

t2 = t2i − (xi/v)2 + (x/v)2 , (4)

which represents a family of hyperbolae that intersect at (xi, ti), in which v is the family parameter. Fig-
ure 1(a) shows a family of hyperbola intersecting one point.

Each single hyperbola of the family of intersecting hyperbolae corresponds to a point (v, t0) in the
velocity spectrum to be constructed. Therefore, the whole family of hyperbolae described by equation (4)
corresponds to a curve in the velocity spectrum given by

t0 = f(v) =
√
t2i − (xi/v)2 , (5)

where v must be greater than xi/ti. Figure 1(b) shows the line that represents the family of hyperbo-
lae depicted in Figure 1(a). Notice that each coloured hyperbola shown in Figure 1(a) has a one-to-one
correspondence to a point, depicted as circle of the same colour in Figure 1(b).

Therefore, for each point (xi, ti) in the CMP gather, we can establish an one-to-one relationship to a
curve Γi in the velocity spectrum, i.e.,

(xi, ti)←→ Γi ,

where Γi is defined as

Γi =
{

(v, t0) | t0(v) =
√
t2i − (xi/v)2, v ≥ xi/ti

}
. (6)

Note that the smearing curve is a hyperbola as well.
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Figure 2: (a) Reflection event hyperbola in the CMP gather. (b) Smearing curves in the velocity spectrum.
Each hyperbola in the velocity spectrum is associated with a point in the CMP gather (circle in the same
colour).

COHERENCY PANEL BY SMEARING

The basic idea behind building up coherency panels by smearing is shown in Figure 2. In Figure 2(a),
there is a hyperbola representing a reflection event, with RMS velocity v and ZO time t0. Also shown is a
smearing curve associated with each picked point along the event in the CMP gather, according to equation
(6). Note that these curves intersect exactly at point (v, t0) in the velocity spectrum, as seen in Figure 2(b).
It is this property that makes the construction of the coherency panel by smearing possible.

To construct a velocity spectrum by smearing we need to distribute the energy found in a CMP gather
at a point (xi, ti) along the associated hyperbola. Below, we compare two methods of distributing this
energy:

Smearing total amplitude In this method, all points of the velocity spectrum that lie on the smearing
curve receive exactly the amplitude value from the corresponding CMP gather point (xi, ti).

Smearing by constant amplitude density In this procedure, the points that lie on the smearing curve re-
ceive values associated with the amplitude density at point (xi, ti). This amplitude density is defined
as a constant fractional part of the total amplitude at the corresponding CMP domain point (xi, ti)
such that the integration (summation) along the distribution curve recovers the original amplitude.
In other words, the amplitude density is the amplitude value at (xi, ti) divided by the length of the
smearing curve.

It must be kept in mind that the smearing is carried out in a discretised domain, i.e., the velocity
spectrum to be constructed is defined on a grid. Therefore, throughout the smearing process, values need
to be assigned to points on the grid. Hardly ever, the smearing curve will actually pass through a grid point.
This implies that some kind of interpolation rule must be established to attribute amplitude values to the
points in the close vicinity to the smearing curve as well. In the following, we will say that all points in this
vicinity that effectively receive amplitude information in the smearing process lie on the smearing curve.

In a conventional velocity spectrum, the coherency measure is usually semblance, which is mathemati-
cally expressed as (Taner and Koehler, 1969)

S(vNMO, t0) =

∑
∆

[
m∑
i=1

fi(ti + ∆)

]2

m
∑
∆

m∑
i=1

f2
i (ti + ∆)

. (7)
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Here, m is the number of traces in the CMP domain, and fi(ti) is the amplitude at time ti of the trace fi at
xi. Time ti is the hyperbolic traveltime defined as

ti =

√
t20 +

x2
i

v2
NMO

, (8)

where vNMO is the trial NMO velocity. Finally, the sum over ∆ represents a sum over a time window
around time ti.

Frequently, velocity spectra are built using a simpler simpler version of semblance that does not use the
time-window sum. In this case, equation (8) reduces to

S′(vNMO, t0) =

[
m∑
i=1

fi(ti)

]2

m

m∑
i=1

f2
i (ti)

. (9)

In the smearing process, both types of coherency measures can be obtained, too. For this purpose, it
suffices to to smear the amplitude, fi(ti), and the squared amplitude, f2

i (ti), into separate panels and then
divide the resulting “partial” panels point by point to obtain the “final” panel. Below we discuss the details
of this procedure for the two types of amplitude values to be used in the smearing.

Smearing total amplitude

To build up the final panel in this method, we actually need three partial panels:

Panel A This panel is the result of the amplitude fi(t) smearing. It will be squared, point-by-point, after
the smearing process.

Panel A2 This panel results from the smearing process of the squared amplitudes f2
i (t).

Panel M The third panel keeps track of the number of times some value is assigned to each point (v, t0)
in the panels A and A2.

The final panel S’ can then be built from the three partial panels described above using the point-by-
point operation

S′ =
[A]2

M A2
. (10)

Done in this way, the process leads to the build up of the unwindowed semblance as defined in equation
(9) as the desired coherency measure at each output point in the velocity spectrum. An example can be
seen in Figure 3.

To see that the result of the above procedure leads to the unwindowed semblance, consider a point
Q with coordinates (vQ, t0Q) in the velocity spectrum to be constructed. Since there are m traces in the
CMP gather, there are m smearing curves that pass through Q. In the first smearing process (panel A),
each one of these curves deposits in Q the values fi(ti) that correspond to each one of the points over a
possible reflection event on CMP domain. After smearing these m events, the sum at Q in panel A will
have received

A(vQ, t0Q) =
m∑
i=1

fi(ti). (11)

The panel A2 is constructed by a corresponding process with the squared amplitudes, f2
i (ti). Thus, the

value found in Q after smearing the m amplitude squares is

A2(vQ, t0Q) =
m∑
i=1

f2
i (ti). (12)
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Figure 3: A pointQ in the velocity spectrum through which smearing curves pass that correspond to points
in the CMP gather on a possible reflection event.

As long as m smearing curves pass through Q, one finds that M(vQ, t0Q) = m. Therefore, the final panel
S′ will receive the value

S′(vQ, t0Q) =
[A(vQ, t0Q)]2

M(vQ, t0Q)A2(vQ, t0Q)
=

[
m∑
i=1

fi(ti)

]2

m

m∑
i=1

f2
i (ti)

. (13)

The count m may be smaller at points close to the border of the velocity spectrum, where less than m
hyperbolae may pass through the selected point Q.

Smearing by constant amplitude density

When smearing the constant amplitude density, only two partial panels are needed to build up the final
panel:

Painel A’ Similar to Panel A before, this panel is the result of the amplitude density di(t) smearing. It will
be squared, point-by-point, after the smearing process.

Panel A2’ Similar to Panel A2 before, this panel results from smearing the squared amplitude densities
d2
i (t).

The amplitude-density smearing does not need a Panel M that counts the number of hits for the calculation
of the semblance.

The final panel Sl is then built up by the point-by-point operation

Sl(v, t0) =
[A′(v, t0)]2

A2′(v, t0)
. (14)

However, smearing out the constant amplitude density actually does not lead to semblance as the co-
herency measure. It rather produces a similar value slightly different from semblance. Let us follow the
procedure step by step as before to find the coherency measure determined by this procedure. We again
consider a point Q in the velocity spectrum to be constructed (see again Figure 3). After the smearing
process in the first partial panel A’, we get at Q

A′(vQ, t0Q) =
m∑
i=1

fi(ti)
s(xi, ti)

∆s(xi, ti), (15)
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in which ∆s(xi, ti) is the smearing curve’s local length at Q. Here, the smearing curve’s local length is
its length within the current grid cell that contains point Q. Variable s(xi, ti) denotes the smearing curve’s
total length within the velocity spectrum. In this way, d(xi, ti) = fi(ti)/s(xi, ti) is the amplitude density
associated with the input point (xi, ti).

The panel A2’ resulting from the smearing process of the squared amplitude, gives, in point Q, the
value

A2′(vQ, t0Q) =
m∑
i=1

f2
i (ti)

s(hi, ti)
∆s(xi, ti). (16)

The final panel Sl, built up by point-by-point operation Sl = (A′)2/A2′, gives in the same point Q the
value

Sl(vQ, t0Q) =

[
M∑
i=1

fi(ti)
s(xi, ti)

∆s(xi, ti)

]2

M∑
i=1

f2
i (ti)

s(xi, ti)
∆s(xi, ti)

. (17)

Operation (17) does not need the hit count to produce a semblance-like coherence measure, because the
normalisation with the local length of the smearing curve substitutes the normalisation with the hit count.

In order to better understand expression (17), let us make some approximations. Firstly, let us consider
the local length ∆s(xi, ti) constant and equal to some mean value ∆s(v, t0) for all the smearing curves that
pass through point Q. This assumption is justified if we consider the grid cell rather small in comparison
to the smearing curve’s total length. This approximation leads to

Sl(vQ, t0Q) ≈

[
m∑
i=1

fi(ti)
s(xi, ti)

]2

∆s

m∑
i=1

f2
i (ti)

s(xi, ti)

. (18)

The second approximation concerns the smearing curves’ total lengths themselves. Figure 4 shows,
in the CMP gather, the smearing curve’s lengths that correspond to each point (x, t). This CMP gather
shows the same time and offset intervals used in the test model, which will be described later. There are
level curves that indicate different smearing curves with the same length. The level curves’ trend follows,
roughly, the one of the hyperbolic traveltimes. This suggests that the smearing curves’ lengths along a
typical reflection event may not vary too much, which leads to the second approximation. Let us consider
the lengths s(xi, ti) constant and equal to some mean value s̄(v, t0). With this approximation, equation
(18) reduces to

Sl(vQ, t0Q) ≈

[
m∑
i=1

fi(ti)

]2

(
s̄/∆s

) M∑
i=1

[u(hi, ti)]
2

. (19)

From expression (19), it is easily recognised that Sl behaves similar to conventional semblance, with
the ratio

(
s̄/∆s

)
replacing the hit count m. For this reason, we will refer to this coherency measure as

semblance-like.

NUMERICAL EXAMPLES

To prove the concept of the construction of velocity spectra by smearing and to compare the coherency mea-
sures discussed above, we tested the technique with synthetic data generated from a simple horizontally-
layered model with constant layer velocities. The model description is given below:

1. Four reflectors;
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Figure 4: To each point of the CMP domain is assigned the corresponding smearing curve’s length in the
velocity spectrum. This CMP gather shows the same time and offset intervals used in the test model, which
will be described later.

2. layer velocities equal to 1.5 km/s, 2.25 km/s, 2.55 km/s and 3.45 km/s from top to bottom;

3. reflector distances, in units of time, equal to 75 ms, 45 ms, 150 ms and 150 ms from top to bottom;

4. half-offset ranges from 0 m to 300 m, in 1 m steps;

5. time ranges from 0 m to 500 ms, in 1 ms steps;

6. geometric spreading and complex reflection coefficients are not taken into account;

7. random noise added (SNR = 0.332 dB).

The data were modelled using ray tracing in the RMS velocity model. The synthetic data after addition of
noise are shown in Figure 5.

The next set of figures exemplify the construction process of the velocity spectra.
Figure 6 shows the three partial panels, A, A2, and M, and the final panel S’, resulting from the total

amplitude smearing process. The theoretical RMS velocities are displayed as little white circles in the last
panel. Note the perfect coincidence of the coherence peaks in the velocity spectrum with the theoretical
RMS velocities (red crosses in the last panel).

Figure 7 shows the two partial panels, A’ and A2’, and the final panel Sl, resulting from constant
amplitude density smearing. We note again the perfect coincidence of the coherence peaks in the velocity
spectrum with the theoretical RMS velocities (white circles in the last panel).

In order to permit a comparison between the proposed smearing methods and the conventional stacking
technique, we also performed a velocity analysis based on the stacking paradigm with the same synthetic
data. In Figure 8, the final panels Sl, S’ and C can be seen. The last one is the result of the stacking
process. The good coincidence between the theoretical RMS velocities and the coherence peak can also
be observed in the conventional stacked velocity spectrum of Panel C. While the semblance result from
smearing total amplitudes looks practically identical to that from stacking, we notice that the coherency
peaks are more prominent in the semblance-like coherency measure. This points towards its potential of
simplifying automatic detection of coherency peaks.
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Figure 5: Synthetic data (a) without and (b) with noise, used in the velocity analysis based in the smearing
paradigm.

CONCLUSIONS

We have demonstrated that velocity spectra can be constructed with a smearing procedure instead of stack-
ing. For the smearing process, we have compared two slightly different methods that smear the total
amplitude or the amplitude density along the smearing hyperbolae. The first observation is that in both
smearing methods, the coherency peaks agreed very well with the theoretical RMS velocities, proving the
feasibility of the smearing paradigm.

By design, the smearing of the total amplitude leads to a semblance section that is completely equivalent
to the velocity spectrum obtained by the conventional stacking procedure. Our numerical test confirmed
the expected behaviour. An advantage of the smearing process over stacking is that it can be more easily
parallelised, since its acts on one trace at a time. Thus, it should be much faster on parallel computers to
construct velocity spectra by smearing than by stacking.

By smearing amplitude densities instead of total amplitudes, we constructed similar velocity spectra,
where the coherency measure in this case is a semblance-like function rather than conventional semblance.
The coincidence of the coherency peaks with the theoretical RMS velocities was as perfect as for the
amplitude smearing. Our numerical experiment indicated that the coherency peaks are easier identified
than in conventional semblance panels, particularly with respect to shallow events. This property may
warrant its use in spite of its slightly elevated computational cost in comparison to amplitude smearing.
Further studies will have to show how the smearing techniques perform in more complicated geological
settings and how they react to perturbing influences like stronger noise levels, the presence of coherent
noise like multiples, or varying amplitudes along the events.
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Figure 7: Results of constant amplitude density smearing. Also shown in the last panel are the true RMS
velocities (white circles).
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Figure 8: Final velocity spectra constructed by (a) smearing constant amplitude density, (b) smearing total
amplitude, and (c) conventional stacking in the CMP gather.
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ABSTRACT

The objective of this work is to demonstrate the application of single-stack redatuming. The purpose of
this operation is to transform seismic data acquired in a certain measurement level, in order to simulate
data as if acquired at another level. Recent theoretical advances allow to perform this transformation
for zero-offset data in a single step. It consists of performing a single weighted stack along adequately
chosen stacking lines. In this work, we demonstrate the application of this method to synthetic seismic
data for media with two or many flat layers and in models with lateral velocity variations. In the first
case the data are generated at and redatumed to flat surfaces, in the second situation both surfaces
of acquisition and redatuming have different topographies, and in the third experiment data from a
laterally varying medium are redatumed to a flat datum using only velocity information in the top
layer. Moreover, we quantitiatively discuss the dependence of the operator on the velocity model. Our
examples demonstrate the quality of the redatumed data both kinematically and dynamically.

INTRODUCTION

Redatuming is used with the objective to transform seismic data acquired at a certain measurement level
to simulate data as if acquired at another level (Wapenaar et al., 1992). The standard way of realizing a
redatuming is by downward continuation of seismic time data (Berryhill, 1979, 1984, 1986). The main goal
when using redatuming is to improve the data quality. In practice, redatuming is frequently used to remove
the interference of topography from the data, simulating the acquisition at a planar datum. However, the
general ideas of redatuming are not restricted to the datum being planar. The general redatuming formalism
can include topography at both the original acquisition surface and the new datum.

Over the years, many attempts have been made to achieve the goal of determining the seismic data
at a new datum. Wapenaar et al. (1992) proposed a one-way Kirchhoff-Helmholtz extrapolation. Other
contributions to the theory of wave-equation-based redatuming methods include the works of Yilmaz and
Lucas (1986), Bevc (1997), and Schneider et al. (1995). Schuster and Zhou (2006) provide a comprehensive
summary about the state of the art in redatuming

As geometrically discussed by Hubral et al. (1996) and mathematically shown by Tygel et al. (1996), re-
datuming is a true-amplitude configuration transform (particular case), developed from chaining of diffrac-
tion stack migration and isochron stack demigration (Pila et al., 2007b,a).

In practice, redatuming is often only employed kinematically, without regard to preserving the ampli-
tudes. However, when we want to use the dynamic information, for instance in a subsequent true-amplitude
migration (see, e.g., Schleicher et al., 1993; Hanitzsch et al., 1994), amplitude preservation is of fundamen-
tal importance in the complete processing sequence, including redatuming. In this work, we demonstrate
the application of true-amplitude single-stack redatuming to synthetic seismic data for media with two or
many flat layers and in models with lateral velocity variations. Moreover, we discuss the dependence of
the single-stack redatuming operation on the velocity model. We quantify the kinematic and dynamic error
as a function of the error in the velocity model.

mailto:js@ime.unicamp.br
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METHODOLOGY

Redatuming is one of the many imaging operations that can be described by chaining Kirchhoff-type mi-
gration and demigration integrals. For this purpose, all that has to be done is to interchange the order of
integrations and analytically evaluate the new inner integrals. In this way, many one-step imaging opera-
tions of the type of a diffraction stack can be developed (Schleicher et al., 2007).

In this work, we study a 2.5D true-amplitude redatuming, i.e., we study the amplitude behavior when
redatuming data. The attribute 2.5D (Bleistein, 1986) indicates that in our experiments we consider 3D
wave propagation in a 2D earth model. The velocity is invariable in the y direction and the seismic line is
positioned along the x-axis.

In the analysis below, the location of the source-receiver positions along the original seismic line on the
acquisition surface Zo is described by their horizontal midpoint coordinate ξ. In other words, the original
sources and receivers are located at the points S = (ξ − h, 0,Zo(ξ − h)) and G = (ξ + h, 0,Zo(ξ + h)),
where h is the half-offset. Correspondingly, the simulated source-receiver positions on the new datum Zr
are described by their horizontal midpoint coordinate η. The numerical experiments below only consider
the zero-offset situation, i.e., h = 0 m, with sources and receiver in the same position and equally spaced
along the x-axis.

We know that for each point (η,τ ) in the redatumed section to be constructed, there is a weighted
diffraction-stack operation along problem-specific stacking surfaces, the so-called inplanats t = Tr(ξ; η, τ),
that achieves the desired true-amplitude transformation. Accordingly, the simulated data at a new level can
be expressed as a single stacking operator with a weight function Wr(ξ; η, τ) acting upon the input data,
i.e.,

Ur(η, τ) =
1√
2π

∫
A

dξWr(ξ; η, τ)D1/2[U(ξ, t)]|t=Tr(ξ;η,τ) , (1)

where U(ξ, t) stands for the input data and Ur(η, τ) represents the redatumed output data. Moreover, A
denotes the aperture of the stack, that is, the region over which data are stacked to contribute to the output
value at (η, τ). Finally, D1/2 is the half-derivative operation which helps to correctly recover the pulse
shape of the source wavelet. It can be represented as

D1/2[f(t)]| = F−1
[
|ω| 12 e−iπ2 sgn (ω)F [f(t)]

]
, (2)

where F denotes the Fourier transform.

STACKING CURVE AND WEIGHT FUNCTION

The determination of the stacking curve is related to the kinematic properties of the problem. The stacking
line connects all point in the input section where a reflection event might have been recorded that would
appear in the redatumed section at an output point (η, τ). On the other hand, the weight function is related
to the amplitude behaviour. The condition for a true-amplitude weight function is that, asymptotically, the
simulated reflections must have the same geometrical-spreading factor that the reflections would have if
they were actually acquired on the new datum. As shown by Pila et al. (2007b), the resulting true-amplitude
weight function does not depend on any reflector property. Thus, it is possible to evaluate it for any point
(η, τ) in the redatumed section using only information about the velocity model.

The stacking curve Tr is determined using two steps:
1) Given a point (η, τ ) at the new datum, we must construct the isochron ZIr(x; η, τ) in depth. This

isochron is defined by all points M = (x,ZIr(x; η, τ)) in depth for which the sum of traveltimes along
the ray segments SrM and MGr, which connect the depth point M to the source-receiver pair (Sr, Gr),
is equal to the given time τ or, mathematically,

T (Sr,M) + T (M,Gr) = 2T (Sr,M) = τ , (3)

where the central expression is valid for zero-offset. The traveltimes T (Sr,M) and T (Gr,M) depend, of
course, on the available macrovelocity model.

2) In the next stage, we consider the isochron ZIr(x; η, τ) as a reflector in an experiment with the
input distribution of source-receiver pairs at the original measurement surface z = Zo(ξ). The resulting
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traveltime curve can be written as;

t = Tr(ξ; η, τ) = TD(ξ;x∗; z∗) , (4)

where
TD(ξ;x∗; z∗) = T (S,M∗) + T (M∗, G) = 2T (S,M∗) (5)

is the diffraction traveltime curve of the stationary point M∗ = (x∗, z∗). For each source-receiver pair at a
position ξ, point M∗ represents the point on the isochron z = ZIr(x; η, τ) where a reflection would occur
that would be registered at ξ with a traveltime t. Point M∗, supposed to be unique, has the coordinates
(x∗, z∗ = ZIr(x∗; η, τ)), where its horizontal coordinate, x∗ = x∗(ξ; η, τ) is obtained from the stationarity
condition (Fermat’s principle)

∂

∂x
[TD(ξ;x, z)] |x=x∗ = 0. (6)

Pila et al. (2007b) demonstrated that the weight function Wr(ξ; η, τ) can be obtained from a fully
analogous analysis to the one presented for migration to zero-offset (MZO) in Tygel et al. (1998). The
reason is that both operations belong to the general class of configuration transforms. The arguments and
mathematical derivations applied to both situations are completely analogous. The final redatuming weight
function for an arbitrary medium, configuration and topography reads

Wr(ξ; η, τ) =
voS
viS

√
σiS + σiG
σoS + σoG

LiSLiG
LoSLoG

(
cos θiS
L2

iS

+
cos θiG
L2

iG

)
1

cosφ

√
cos θoR
v3
R

exp {iπ[1− sgn (Ki −Ko)]/4}√
2|Ki −Ko|

, (7)

where viS , voS , vR are the velocities at the sources on the input, output datums and at pointM , respectively.
Also, σiS , σiG are the so-called optical lengths of ray segments MSi and MGi, respectively, i.e., the inte-
gral of squared velocity in traveltime along the ray. Analogously, σoS , σoG, represent these factors along
segments MSo and MGo, respectively. These factors represent the out-of-plane geometrical-spreading
factors.

The in-plane components of the geometrical spreading are given by LiS and LiG, along segments
MSi and MGi, and LoS and LoG, along segmentes MSo and MGo, respectively. Moreover, symbols
θiS and θiG represent the angles that the rays MSi and MGi make with the surface normal at Si and Gi,
respectively, and φ is the surface dip angle at Si. In addition, θoR is the reflection angle at M in output
configuration. Finally, Ki and Ko are the curvatures of the input and output isochrons, respectively. For
the zero-offset configuration, Pila et al. (2007b) simplified expression (7) to

Wr(ξ; η, τ) =
voS
viS

√
2
σiS
σoS

cos θs
cosφ

1

v
3/2
R L

2

oS

exp {iπ[1− sgn (Ki −Ko)]/4}√
Ki −Ko

, (8)

Homogeneous medium without topography

For simple velocity models, the stacking curve (4) and weight function (8) can be further simplified. For
example, for a homogeneous medium with a flat surface and a flat datum, i.e., zi(x) = 0 and zr(x) = zr,
the geometry reduces to the one depicted in Figure 1.

The stacking curve and the weight function for this case were derived by Pila et al. (2007b), resulting
in

Tr(ξ; η, τ) =
2
vo

(Ro + `) = τ + 2
`

vo
(9)

and

Wr(ξ; η, τ) =
√

2
vo

(
Ro + `

Ro

)
zr
`3/2

. (10)
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Figure 1: The unique reflection from an input source-receiver pair to the isochron z = Zo(ξ; η, τ) crosses
the center of the semicircular isochron.

Homogeneous medium with topography

Pila et al. (2007b) have also shown how the stacking line and weight function must be modified if topog-
raphy is present at the acquisition surface zi = zi(ξ) and at the datum zr = zr(η). The stacking curve (4)
is still valid, with ` denoting the distance between Si and So, and in the weight function (8), the constant
value zr needs to be replaced by the variable topography according to

zr → z0 = [zr(η)− zi(ξ)− (ξ − η)z′i(ξ)] . (11)

No other changes are required.

ANALYSIS OF THE VELOCITY DEPENDENCE

In this section, we study the behaviour of the redatuming operation (1) when subject to a variation of the
underlying velocity model. We suppose that the operation was carried out with an erroneous velocity model
ṽ that differs from the correct model v by a certain error ∆v. In the following we denote all quantities that
belong to the erroneous velocity model with a tilde. For instance, the resulting wrongly redatumed data
will be denoted by Ũr(η, τ). To understand the error in Ũr(η, τ) due to the error in the velocity field, we
study the velocity derivative of the Fourier transform of equation (1),

Uo(η, ω) =
1√
2π

∫
A

dξWr(ξ; η, τ)e−iωTr (iω)1/2Ui(ξ, ω). (12)

We observe that in this equation, only the weight function, Wr, and the stacking curve, Tr, depend on the
velocity. Therefore, to understand how a velocity error ∆v affects the redatuming operation, we need to
evaluate how the product Wre

−iωTr behaves under variation in v.
To simplify the notation, we introduce the auxiliary variable Y defined as

Y (v) = Wre
−iωTr . (13)

The value Ỹ of this quantity for the erroneous velocity model can then be represented in a Taylor series as

Ỹ = Y (v + ∆v) = Y (v) + Y ′(v)∆v +
1
2!
Y ′′(v)∆v2 +O(∆v3), (14)
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where the prime denotes a derivative with respect to v. Substituting the first and second derivatives of Y in
equation (14) leads to

Y (v + ∆v) = Wre
−iωTr − iωWre

−iωTr dTr
dv

∆v + +
1
2!

(iω)2
Wre

−iωTr
(
dTr
dv

∆v
)2

+
dWr

dv
e−iωTr∆v − iω dWr

dv
e−iωTr

dTr
dv

∆v2

+
1
2!

[
d2Wr

dv2
e−iωTr − iωWre

−iωTr d
2Tr
dv2

]
∆v2 +O(∆v3), (15)

which, upon adequate grouping of terms, yields

Y (v + ∆v) ≈
[
Wr +

dWr

dv
∆v
]
e−iωTr

[
1− iω dTr

dv
∆v
]
. (16)

From expression (16), we can immediately identify the resulting perturbations of the stacking line and
weight function as a function of the velocity error, i.e.,

∆τ =
dTr
dv

∆v (17)

and

∆Wr =
dWr

dv
∆v . (18)

Interpreting the last term in equation (16) as a first-order approximation of an exponential expression,
we recast that equation into the form

Y (v + ∆v) ≈ [Wr + ∆dWr] e−iωTre−iω∆τ . (19)

Using equation (19), we can now set up the following expression for the perturbed redatumed data,

Ũo(η, ω) =
1√
2π

∫
A

dξ [Wr + ∆dWr] e−iω(Tr+∆τ)(iω)1/2Ui(ξ, ω), (20)

which, after an inverse Fourier transform, can be written as

Ũo(η, τ) =
1√
2π

∫
Y

dξW̃r(ξ; η, τ)D1/2 [Ui(ξ, t)] |t=T̃r(ξ;η,τ), (21)

where

W̃r(ξ; η, τ) = Wr(ξ; η, τ) + ∆Wr(ξ; η, τ) (22)

and

T̃r(ξ; η, τ) = Tr(ξ; η, τ) + ∆τ = Tr(ξ; η, τ −∆τ) (23)

describe the perturbed weight function and stacking line with a velocity error ∆v. The second equality
in equation (23) means that a redatuming with an erroneous velocity ṽ will position the event at the same
position as if redatumed with the true velocity v at a different output time τ−∆τ , with ∆τ given in equation
(17). Since the stationary value of integral (21) is the one that determines the output Ũo, this shifted event
will have its amplitude perturbed by ∆W as given by equation (18). In other words, if an estimate of the
velocity error ∆v is available, it is possible to correct the redatumed data directly. The correction term for
the phase is directly given by equation (17). The correction term for the amplitude combines equation (18)
with additional corrections for the different traveltime Hessians and the dislocation of the stationary point.
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Quantitative analysis

For the special cases discussed earlier, we can perform a more quantitative analysis of the perturbations.
We start with the weight function (10), which can be rewritten as

Wr(ξ; η, τ) =

√
2
v

(
vτ + 2`
vτ

)
z0

`3/2
, (24)

where we have used that R0 = vτ
2 , with τ being the fixed output time. Thus, we find

d

dv
(Wr(ξ; η, τ)) =

d

dv

(√
2
v

(
1 +

2`
vτ

)
z0

`3/2

)

= −1
2
v−3/2

√
2
(

1 +
2`
vτ

)
z0

`3/2
−
√

2
v

2`
v2τ

z0

`3/2
, (25)

which yields

∆Wr(ξ; η, τ) = −∆v
2v

Wr −
√

2
v

(
`

R0

)
z0

`3/2
∆v
v
. (26)

This equation shows that we must expect an amplitude reduction if the redatuming is carried out with a too
high velocity (∆v > 0) and vice versa. If ` � R0, i.e., the datum is close to the acquisition surface, the
second term in equation (26) can be neglected. Then, the relative amplitude error can be estimated from

∆Wr(ξ; η, τ)
Wr

≈ −1
2

∆v
v
, (27)

i.e., the amount of the relative amplitude error is about half the amount of the relative velocity error. On
the other hand, if ` � R0, i.e., if the datum is close to the reflector, then R0 + ` ≈ ` in equation (24). In
that case, the relative amplitude error is approximately given by

∆Wr(ξ; η, τ)
Wr

≈ −3
2

∆v
v
, (28)

i.e., the amount of the relative amplitude error is about one-and-a-half times the amount of the relative
velocity error. Finally, if ` ≈ R0, i.e., the datum is about half way down to the reflector, the relative
amplitude error can be approximated by

∆Wr(ξ; η, τ)
Wr

≈ −∆v
v
, (29)

i.e., the relative amplitude error is of about the same size as the relative velocity error.
The inclusion of topography, which requires the modification of the weight function as indicated in

equation (11), does not alter the analysis above.
To estimate the phase error, we start from equation (9). Taking its v derivative yieds

d

dv
(Tr) =

d

dv

(
τ +

2`
v

)
=
−2`
v2

. (30)

Thus, the phase error is given by

∆Tr =
−2`
v2

∆v. (31)

We observe that the phase shift for a positive velocity error is negative. In other words, the redatumed event
will appear later in the redatumed section than with the correct velocity. In the case of ` � R0, equation
(31) can be approximated as

∆Tr
Tr
≈ −∆v

v
, (32)
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Figure 2: Model for the first numerical experiment: A zero- offset experiment was simulated at z = 0 above
set of plain reflectors. Also shown is the datum level (blue line) at z = 100 m.

i.e., the size of the relative phase error corresponds to that of the relative velocity error. For ` ≈ R0, we
find

∆Tr
Tr
≈ −1

2
∆v
v
, (33)

i.e., the relative phase error amounts to half the relative velocity error. Finally, for ` � R0, we observe
from equation (9) that Tr � 2`/v, which implies that∣∣∣∣∆TrTr

∣∣∣∣� ∣∣∣∣∆vv
∣∣∣∣ . (34)

From this analysis, we conclude that the relative phase error should be very small for a datum close to the
acquisition surface and should never exceed the size of the relative velocity error.

NUMERICAL EXPERIMENTS

Inhomogeneous models

The validity of the theory was confirmed by Pila et al. (2007b) by numerical tests using homogeneous
models. In this work, we investigate the velocity dependence of the redatuming operation by applying it to
slightly more complicated models.

First model In the first synthetic experiment, we apply constant-velocity redatuming to a horizontally
layered model with five horizontal layers with acoustic wave velocitys of 1500 m/s, 1800 m/s, 2500 m/s,
3300 m/s, and 4000 m/s. Figure I shows the geometry of the reflectors together with the ray family of
the zero-offset configuration. The source-receiver pairs are positioned at z = 0 m at every 20 m between
ξ = −1000 m and ξ = 1000 m. Also show in Figure I is the new datum level at z = 100 m (blue line). We
generated the synthetic data using Kirchhoff modelling in the RMS velocity model (see Figure I). These
data have then been used as input for redatuming operation (1), with stacking line (9) and weight function
(10) using the correct RMS velocity model. The output configuration also consists of source-receiver pairs
at every 20 m between η = −1000 m and η = 1000 m. The resulting redatumed data are depicted in
Figure 4. For comparison, Figure 5 shows the ideal result of this redatuming operation, i.e., the section
obtained by direct Kirchhoff modelling at the datum level. Comparing Figures 4 and 5, we recognize that
the kinematic transformation was very good. The structure of the redatumed reflection data looks identical
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Figure 3: Modeled seismic zero-offset section as in-
put to redatuming.
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Figure 4: Section resulting from redatuming opera-
tion (1) to z = 100 m.
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Figure 5: Section resulting from Kirchhoff mod-
elling at z = 100 m. Note that the redatumed section
in Figure 4 looks almost identical to this reference
section.
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Figure 6: Comparison of the central traces of Fig-
ures 4 and 5. Notice the good coincidence between
the redatumed (dashed line) and modelled (continu-
ous line) traces.

to the one of the modelled data. Also, the amplitudes of the five events are correctly recovered. Some
operator noise is visible after the events. For a more detailed appreciation of the quality of the redatumed
data, Figure 6 shows a comparison of the central traces of Figures 4 and 5. We see that the five events are
well recovered.

Second model In the second synthetic test, the acquisition surface and datum have different sinusoidal
topographies (see Figure 7). The model consists of two homogeneous and isotropic flat layers with acoustic
wave velocitys of 1500 m/s and 1800 m/s. Figure 7 shows the geometry of the reflector together with the
ray family of the zero-offset configuration. The source-receiver pairs are positioned at every 20 m between
ξ = −1000 m and ξ = 1000 m. Also show in Figure 7 is the new datum surface at z = zr(η) (blue line).

The synthetic Kirchhoff data for the model in Figure 7 are depicted in Figure 8. They have then
been used as an input for single-stack redatuming according to operation (1). The output configuration
also consists of source-receiver pairs at every 20 m between η = −1000 m and η = 1000 m. The data
resulting from redatuming are depicted in Figure 9. For comparison, Figure 10 shows the ideal result of this
redatuming operation. The section in Figure 10 was obtained by direct Kirchhoff modelling at the datum
level. Comparing Figures 9 and 10, we recognize that the kinematic transformation was very good. The
structure of the redatumed reflection data looks identical to the one of the modelled data. Some operator
noise is visible after the event. For a more quantitative comparison, Figure 11 compares the central traces
of the modelled and redatumed sections in Figures 8 and 9. We notice the almost perfect coincidence
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Figure 7: Model for the second numerical experiment: A zero-offset experiment was simulated at zi =
zi(ξ) above a flat reflector. Also shown is the datum level (dotted line) at zr = zr(η) m.
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Figure 8: Modeled seismic zero-offset section.
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Figure 9: Section resulting from redatuming to zr.
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Figure 10: Section resulting from Kirchhoff mod-
elling at zr(η). Note that the redatumed section in
Figure 9 looks almost identical to this reference sec-
tion.
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Figure 13: Modeled seismic zero-offset section.

between the redatumed (dashed line) and modelled (continuous line) traces.

Model with lateral velocity variations The third model consists of four smoothly curved interfaces
separating homogeneous layers with velocities 1508 m/s, 1581 m/s, 1690 m/s, 1826 m/s, and 2000 m/s
(Figure 12). We modelled synthetic zero-offset data by Gaussian beams at the planar surface with source-
receiver pairs at every 50 m between ξ = 0 m and ξ = 4000 m (Figure 13). Then, we redatumed these
data to a depth of zr = 100 m (Figure 14) using the velocity of the topmost layer and compared them to
data modelled at the datum level (Figure 15). The two sections look almost identical. While the first three
events are virtually undistinguishable in the modelled and redatumed sections, some amplitude loss can be
observed at the deepest event.

Velocity error

To test the prediction of the theoretical analysis of the velocity dependence, we generated synthetic data
in the model depicted in Figure 16. It consists of a planar reflector below a homogeneous overbur-
den with velocity 5000 m/s. The source-receiver pairs cover a sinusoidal acquisition surface with zi =
50 sin(ξ/150) m at every 10 m. The datum is another sinusoidal surface at about 400 m depth with
zr = 30 sin(ξ/200 − 80) + 400 m. Figures 17, 18, and 19 show the input data, the redatumed data
and synthetic reference data modelled at the datum level.

The phase and amplitude error of the redatumed event are shown in Figures 20 and 21. Our next step
was to perturb the velocity used for the redatuming with a 15% error. After this perturbation, the phase and
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Figure 14: Section resulting from redatuming to z = 100 m
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Figure 15: Section resulting from modelling at z = 100 m

amplitude errors increase, as shown in Figures 22 and 23. However, a correction using formulas (17) and
(18) reduces these errors (Figures 24 and 25) to the same order as the ones obtained with the true model
velocity (Figures 20 and 21).

CONCLUSIONS

The redatuming operation can be thought of as being composed of a true-amplitude diffraction-stack mi-
gration and true-amplitude isochron-stack demigration, as described in the unified approach to seismic
reflection imaging (Hubral et al., 1996; Tygel et al., 1996). Based on this observation, Pila et al. (2007b)
derived analytic expressions for the stacking line and weight function of single-stack redatuming.

This particular way of deriving the single-stack redatuming operator points towards its potential depen-
dence on the velocity model. In this work, we have studied this velocity dependence. We have seen that
a velocity error causes amplitude and phase errors that are expected to be of approximately the same size
as the velocity errors. The phase of redatumed data turned out to be more robust than their amplitude. Our
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Figure 16: Model for the velocity error test. The
original acquisition surface and the datum (blue line)
are sinusoidal surfaces.
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Figure 17: Synthetic zero-offset section obtained
from Kirchhoff modelling at the original sinusoidal
acquisition surface of Figure 16.
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Figure 18: Redatumed section at the sinusoidal da-
tum of Figure 16.
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Figure 19: Modelled section at the sinusoidal datum
of Figure 16.

theoretical analysis led to amplitude and phase factors that allow for a direct correction of the redatumed
data, if an estimate of the velocity error is available.

Moreover, we have applied the redatuming operator of Pila et al. (2007b) to different synthetic data
for models with two or more layers and in models with lateral velocity variations. In these experiments,
we have seen that seismic data acquired at the measurement surface were repositioned correctly to a new
level, preserving attributes as amplitude and phase. The topography did not present a restriction to the
application of the method. Application with slightly wrong velocity models did not cause a significant
error in the redatumed data.

Further investigations are being carried to test the potential of the redatuming operator for applications
in models with stronger lateral velocity variations.
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Figure 21: Amplitude error of redatuming using the
correct velocity.

−1000 −500 0 500 1000
0

1

2

3

4

5

6

e
rr

o
r 

(%
)

distance (m)

traveltime error
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15% too high velocity.
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Figure 23: Amplitude error of redatuming using a
15% too high velocity.
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Figure 24: Traveltime error after phase correction.
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ABSTRACT

Reverse time migration (RTM) in 2.5D offers an alternative to improve resolution and amplitude when
imaging 2D seismic data. Wave propagation in 2.5D assumes translational invariance of the velocity
model. Under this assumption and using velocity-pressure for the acoustic wavefield we implemented
a finite difference modelling algorithm in the mixed time-space/wavenumber domain. The algorithm
is truly parallel, which allows an efficient implementation in clusters. Storage and computing time
requirements are reduced compared to a full 3D FD simulation of the wave propagation. This fea-
ture make 2.5D RTM much more efficient than 3D RTM. Reverse time migration in 2.5D correctly
models the geometrical spreading and the phase of the seismic waveform. This brings the possibility
to recover amplitudes proportional to the earth’s reflectivity using an imaging condition that compen-
sates for uneven illumination and/or the obliquity factor. Numerical experiments using synthetic data
demonstrate the better resolution and amplitude recovery of 2.5D RTM relative to 2D reverse time
migration.

INTRODUCTION

The computational demand for 3D pre-stack reverse time migration (RTM) is high compared to wave
equation migration by downward extrapolation of the wavefield (Biondi, 2006). However, low cost par-
allel computing and more efficient storage hardware is making RTM feasible. The difficulties of imaging
steeply dipping reflectors and complex structures in complicated velocity models, for example below salt
bodies, has created the need for a migration method that models wave propagation in such media accurately.
Reverse-time migration is the best known method capable of handling this challenge.

Additionally to its superior imaging capabilities, advances have been made in amplitude preservation
in RTM. Several attempts to improve the amplitudes in RTM are based on illumination compensation with
different kinds of stabilisation (Valenciano and Biondi, 2003; Kaelin and Guitton, 2006). Attempting to
better understand the amplitudes in RTM, Haney et al. (2005) performed an asymptotic analysis of the
cross-correlation imaging condition. Their analysis assumes a single planar reflector in a 3D homogeneous
medium, full coverage, and infinite aperture. They demonstrate that the amplitudes of RTM are affected
by an obliquity factor that depends on the reflector dip. Most recently, Chattopadhyay and McMechan
(2008) explicitly compared the imaging conditions most commonly used in practice to make clear which
are viable for recovering accurate amplitudes and which are not.

Based on the result of Haney et al. (2005), Costa et al. (2009) propose a new imaging condition for
amplitude preservation in RTM. The idea is to asymptotically correct for obliquity factor by introducing a
weight factor in the source-normalised imaging condition. They also report an improvement of the images
when the obliquity factor is included together with illumination compensation in the imaging condition for
RTM.

However, there is a problem with amplitude recovery in RTM for the case of seismic data acquired on
a single line. In this situation, application of RTM generally relies on 2D wave extrapolation techniques.
This will harm the efforts to extract meaningful amplitudes since the geometrical-spreading effects of 3D
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wave propagation are incorrectly simulated. A possible solution to this problem is to extend the model to
three dimensions under the assumption of translation invariance and then simulate the wave propagation
using 3D techniques. For many applications, however, this procedure is unacceptably expensive, partic-
ularly for its storage requirements. A cheaper solution is the use of 2.5D techniques, which explore the
medium symmetry to simulate full 3D wave propagation. While 2.5D descriptions of wave propagation are
straightforward for ray-based solutions (Bleistein, 1986), such modifications for the finite-difference (FD)
method have not been available until recently (Novais and Santos, 2005; Costa et al., 2005). As shown in
their works, 2.5D FD simulates wave propagation with the same quality as 3D FD with a reduced compu-
tational cost and storage requirements corresponding to 2D FD. Moreover, 2.5D FD is an embarrassingly
parallel process that can be efficiently implemented on clusters.

In this work, we demonstrate the application of 2.5D FD methods in RTM. The same conclusions
regarding computational cost and storage requirements also apply to 2.5D RTM. Numerical experiments
demonstrate the superior quality of 2.5D RTM images as compared to their 2D counterparts.

METHODOLOGY

As any 2.5D technique, also 2.5D RTM migration assumes the medium to be translation invariant in the
direction perpendicular to the seismic line. It relies on 2.5D FD, which explores this symmetry of the
velocity model to simplify the simulation of full 3D wave propagation. Below, we give a brief introduction
to the 2.5D FD method.

Using index notation and summation convention, the system of equations that governs the acoustic
wavefield in 3D is

ρ(x)
∂vj(x, t)

∂t
= −∂p(x, t)

∂xj
+ fj(x, t);

∂p(x, t)
∂t

= −ρ(x)c2(x)
∂vj(x, t)
∂xj

+
∂q(x, t)
∂t

; (j = 1, 2, 3); (1)

where ρ is the medium mass density, c is the propagation velocity, vj and p are the velocity and pressure
wavefields, fj represents a dipole source and q the rate of injection of an explosive source.

Let the direction of translational invariance of the medium be denoted by the x2 coordinate. Because
the medium properties are independent of x2, it is then convenient to apply a Fourier transform in that
direction to the acoustic wavefield, viz.,

vj(x, t) =
∫ ∞
−∞

Vj(X, k2, t) exp (ik2x2) dk2 , (2)

and

p(x, t) =
∫ ∞
−∞

P (X, k2, t) exp (ik2x2) dk2 , (3)

where k2 is the wavenumber associated with x2 and X ≡ (x1, x3). Moreover, Vj(X, k2, t) and P (X, k2, t)
denote the complex valued components of the acoustic wavefield in the mixed (X, k2, t)-domain. The
source distributions q and fj can be represented in a similar way in using their counterparts Q and Fj ,
respectively, in this domain.

The components of the acoustic wavefield and its source distributions are solution of the complex-
valued system

ρ(X)
∂VJ
∂t

= − ∂P

∂XJ
+ FJ

ρ(X)
∂V2

∂t
= −i k2 P + F2

∂P

∂t
= −ρ(X)c2(X)

(
∂VJ
∂XJ

+ ik2V2

)
+
∂Q

∂t
(4)

where the index J assumes only the values 1 and 3.
We assume the source distributions have specular symmetry with respect to the x1-x3 plane. This

symmetry implies:
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1- the dipole source component in the x2 direction vanishes, i.e., f2 = 0;

2- the velocity components vJ(x, t) are an even functions of x2 and, thus, their Fourier transforms
VJ(X, k2, t) are real-valued quantities;

3- the velocity component v2(x, t) is an odd function of x2 and, thus, its Fourier transform V2(X, k2, t)
is a pure imaginary quantity.

Defining U2(X, k2, t) ≡ iV2(X, k2, t), the acoustic wavefield in the mixed space/wavenumber domain
satisfies the real-valued system

ρ(X)
∂VJ
∂t

= − ∂P

∂XJ
+ FJ ,

ρ(X)
∂U2

∂t
= k2 P ,

∂P

∂t
= −ρ(X)c2(X)

(
∂VJ
∂XJ

+ k2U2

)
+
∂Q

∂t
. (5)

The numerical solution of this system of equations by finite differences is discussed in Costa et al.
(2005). After solving this system of equations, the acoustic wavefield in the space-time domain can be
computed from

vJ(x1, x2, x3, t) =
1

2π

∫ +∞

−∞
VJ(x1, k2, x3, t)eik2x2dk2 (6)

v2(x1, x2, x3, t) = − i

2π

∫ +∞

−∞
U2(x1, k2, x3, t)eik2x2dk2 (7)

and

p(x1, x2, x3, t) =
1

2π

∫ +∞

−∞
P (x1, k2, x3, t)eik2x2dk2 . (8)

The algorithm represented by this set of equations requires the solution of an independent 2D FD system
of equations in the (X, t)-domain for each wavenumber k2. This can be implemented very efficiently in a
parallel architecture with each value of k2 being assigned to a different processing unit.

We use this algorithm to implement RTM in 2.5D. For each common-shot gather the source wavefield is
propagated forward in time. Afterwards, the receiver wavefield is backpropagated in time and the imaging
condition is applied at every time step. The final migrated image is the stack of all common shot images.

The cross-correlation imaging condition for shot-profile migration reads (Claerbout, 1985)

I(x) =
∑
xs

∑
xg

∫ tmax

0

ps(x, t; xs) pg(x, t; xg)dt . (9)

It produces an image, I(x), by cross-correlating two wavefields with zero temporal and spatial lag. The
two wavefields are ps(x, t; xs), which represents the forward propagated wavefield from the source, xs,
to the image point, x, and pg(x, t; xg), which represents the receiver wavefield that is backpropagated in
reverse time from the receiver, xg , to the image point. Here, tmax is maximum recorded time.

The cross-correlation imaging condition (9) does not take into account other issues that may affect
the resulting amplitude when applying RTM in complex velocity models, like the lack of full coverage of
sources and receivers and the uneven illumination of the targets. Illumination compensation is achieved
normalising the cross-correlation imaging condition by the source energy at the imaging point (Biondi,
2006)

I(x) =
∫
xs

∫
xg

∫ tmax
0

ps(x, t; xs) pg(x, t; xg)dtdxg∫ tmax
0

ps(x, t; xs) ps(x, t; xs)dt
dxs . (10)

However, condition (10) is known to enhance migration artifacts. An improved imaging condition com-
bines the illumination compensation with an obliquity factor weight function in the imaging condition
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Figure 1: Marmousi velocity model. The dark red high-velocity zones in the lower part of the model
represent salt intrusions.

(Costa et al., 2009)

I(x) =
∫
xs

∫
xg

∫ tmax
0

W (Ss,Sg)ps(x, t; xs) pg(x, t; xg)dtdxg∫ tmax
0

ps(x, t; xs) ps(x, t; xs)dt
dxs , (11)

where Ss represents the Poynting vector of the source wavefield and Sg represents the Poynting vector of
the receiver wavefield. The weight function consists of two independent factors

W (Ss,Sg) = cos3 α cos3 θ , (12)

where cos3 α is the obliquity compensation factor and cos3 θ is a scattering angle taper. Both factors can be
applied individually or jointly. Both the scattering angle θ and the propagation angle α can be determined
from Poynting-vector information. The scattering angle θ is given by

cos2 θ =
1
2

(
1 +

Ss · Sg
‖Ss‖‖Sg‖

)
, (13)

and the propagation angle α, i.e., the angle between the bisection of the propagation directions and the
vertical, by

cosα =

 0
0
1

 · ( Ss
‖Ss‖

+
Sg
‖Sg‖

)/∥∥∥∥( Ss
‖Ss‖

+
Sg
‖Sg‖

)∥∥∥∥ . (14)

When applied together with the 2.5D simulation of 3D wave propagation, these imaging conditions will
help to improve the amplitude recovery from the migration of 2D seismic data using RTM.

NUMERICAL EXPERIMENTS

We evaluate the 2.5D RTM technique discussed above using the Marmousoft synthetic data set (Billette
et al., 2003). This data set was simulated using the ray-Born approximation in 2.5D. The velocity model for
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raytracing is a smoothed version of the original Marmousi velocity model (see Figure 1). The absence of
multiples and the correct computation of 3D geometrical spreading makes this synthetic data set the ideal
benchmark for the first test of our 2.5D RTM algorithm. The data set consists of 261 common-shot gathers
with 96 receivers per shot, regularly spaced at 25 m. The nearest offset is 100 m. The recording time is 3 s
with a 4 ms sampling interval.

The velocity model is defined on a regular mesh with 485 nodes in the vertical direction and 1533 nodes
in the horizontal direction. Node spacing is 6 m. The source wavefield was simulated using a Blackman-
Harris wavelet with a peak frequency of 30 Hz.

Experiment without illumination compensation

Figures 2 and 3 compare the results of 2D and 2.5D RTM using the cross-correlation imaging condition
of equation (9). The most eye-popping difference between these images is their amplitude behaviour.
The events in the 2D migrated image have a much smaller amplitude variation from top to bottom when
compared to the 2.5D migrated image. This feature reflects the difference in the geometrical-spreading
factor between the 2D and 3D propagation. The geometrical spreading for 2D propagation is much smaller
than that for 3D.

While the 2D amplitude behaviour actually might be desirable, there is another remarkable difference
between the 2D and 2.5D images with respect to resolution. It is evident from Figures 2 and 3 that the
2.5D migrated image has a better resolution than the 2D image. Note that the events in the central part of
the model, the limits of the faults, and the thin layers are much better defined. A more detailed analysis
also reveals phase difference between the pulses, namely a symmetric pulse for the 2.5D RTM and a
nonsymmetric pulse for 2D RTM. The reason for both the differences in resolution and phase is that 3D
propagation simulates a point source while 2D propagation simulates a line source. Line sources add a
phase rotation and a half-derivative to the source pulse, while point sources add a full derivative and no
phase rotation. Thus 2.5D RTM preserves a higher frequency content of the wavelet.

Experiment with illumination compensation

The second numerical experiment uses the image condition (10) with amplitude compensation. Figures 4
and 5 show the results of 2D and 2.5D RTM, respectively.

The illumination compensation resulted in a good equalisation of the amplitudes in both images for
most of the events and eliminate the strong amplitude differences between the images. However, more
subtle amplitude differences are still noticeable, particularly in the lower left portion of the images below
2000 m. The 2.5D RTM image presents larger differences between the amplitudes of different reflectors.
This behaviour is in agreement with the reflectivity in this area. The strongest impedance contrast, i.e., that
between the sediments and the salt intrusions (see again Figure 1 has the highest amplitudes. Moreover, the
illumination compensation strongly highlights the difference in resolution of between 2.5D and 2D RTM.
This is clearly visible in the whole images, but particularly in the region between 5000 m-8000 m.

In conclusion, our numerical experiments indicate that 2.5D RTM has a very beneficial effect on image
resolution. Moreover, when combined with illumination compensation, it also helps to improve amplitude
recovery. Whenever these features are critical in an imaging project of 2D seismic data, the additional
computational cost of 2.5D RTM over 2D RTM is justified.

CONCLUSIONS

We implemented 2.5D RTM and evaluated our algorithm using the Marmousoft synthetic data set. The
underlying 2.5D modelling algorithm consists of a sequence of independent 2D finite difference modelling
steps in the mixed time-space/wavenumber domain. This characteristic makes the forward problem a truly
parallel algorithm and its implementation very efficient in parallel architectures. In this way, the computa-
tional cost of 2.5D RTM is that of 2D RTM times the number of out-of-plane wavenumbers that need to be
used, divided by the number of processing units available. The second and most important feature of 2.5D
RTM is its low memory demand when compared to a 3D implementation, since only 2D snapshots needs
to be stored during the process.
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Figure 2: 2D RTM image computed cross-correlation imaging condition (9).
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Figure 3: 2.5D RTM image computed cross-correlation imaging condition (9).

Our numerical experiments show the improved quality of 2.5D RTM images when compared to their
2D counterparts. The main advantage of 2.5D RTM is its higher resolution. This improves the delineation
of subtle features in the image, as for example, faults and thin-layer boundaries. When combined with
illumination compensation imaging conditions, our 2.5D RTM images also provided a clear improvement
of amplitudes such that the resulting RTM amplitude variations were correlated to reflectivity changes.
These improvements are sufficiently significant to justify the higher computational cost of 2.5D RTM
whenever these features are critical to the success of an imaging project.
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Figure 4: 2D RTM image computed with illumination compensation using imaging condition (10).
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Figure 5: 2.5D RTM image computed with illumination compensation using imaging condition (10).
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ABSTRACT

Time-to-depth conversion of a velocity model is highly desirable to provide alternative initial depth
velocity models for tomographic methods. Unfortunately, the problem is intrinsically unstable and
thus requires regularization. Recently, a number of similar techniques using dynamic ray tracing
along image-rays have been proposed to achieve this aim. We review three time-to-depth conversion
techniques, discuss their algorithmic procedures and show their differences by applying them to a
2D synthetic data set. In particular, we demonstrate that the different procedures react differently to
different kinds of regularization. Although the image-ray trajectories and the resulting depth velocity
models depend on the regularization employed, the final depth images corresponding to these different
models are very similar.

INTRODUCTION

Over the years, time migration has been routinely employed for seismic imaging, since it is a very fast and
robust process. In part, the reason for the success of time migration is that time velocity-model building
is a very well understood process, leading to high-quality migration velocity models in time. Moreover,
velocity errors affect the images only locally and much less than in depth migration. More recently, new
algorithms for time migration velocity analysis based on prestack time migration (PSTM) are emerging
(Fomel, 2003; Schleicher et al., 2008; Schleicher and Costa, 2009). These approaches can be used to
obtain a focusing velocity model for PSTM, bypassing the conventional CMP-based velocity analysis.

On the other hand, in areas with complex geological structure, as for instance in the presence of strong
lateral velocity variations, seismic depth migration is necessary to obtain a reliable image. This, in turn,
requires the availability of a velocity model in depth. For this reason, depth velocity model building is a
critical phase for successful depth imaging. Usually, the estimation of a depth velocity model relies on
tomographic techniques based on iterative algorithms. Several tomography procedures have been proposed
for the estimation of depth velocity models (see, for example, Billette et al., 2003; Clapp et al., 2004).

Often, tomographic methods ignore previously available time-migration velocity models and start all
over again from constant background velocities or a constant vertical gradient. More sophisticated starting
models are based on vertically converted stacking velocities. However, the resulting velocity models are
strongly dependent on the initial model and the employed regularization constraints (Costa et al., 2008).
Therefore, better starting models obtained by time-to-depth conversion of time-migration velocity models
are highly desirable. The robustness of time migration velocity analysis indicates that such a procedure
is most likely to be able to provide an high-quality alternative for the initial depth velocity model for
tomography.

For these and other reasons, several attempts have been undertaken in the recent past to improve on
the time-do-depth conversion of velocity models. In one line of investigation, Cameron et al. (2007, 2008)
describe how to obtain depth velocity models from time migration ones using dynamic ray tracing along
image rays. Their algorithm consists of image-ray tracing to convert time Dix velocities into ray coordinates

mailto:jesse@ufpa.br
mailto:js@ime.unicamp.br
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velocities and then time-to-depth convert them based on Dijkstra-like fast marching methods (Sethian,
1999a,b).

An alternative form of parameterisation of the problem was proposed by Iversen and Tygel (2008).
Their technique is very similar to the previous one. The principal difference is that in the 3D case only
single azimuth time migration velocity field is required as input to construct the depth velocity field. As
a consequence, the image-ray transformation and its respective depth velocity field can be generated more
efficiently.

While the conversion of a time migration velocity model to a depth velocity model is very attractive, its
actual realization is an unstable process. Cameron et al. (2007) show the illposedness of the problem using
an analytical example. Therefore, regularization is required for all algorithms trying to achieve a time-to-
depth conversion of the migration velocity model. Regularization can be added in two phases: (1) during
the estimation of the Dix velocity field from an estimated time migration velocity field, and (2) during the
image-ray tracing.

The objective of our work is to compare three different regularization techniques for algorithms con-
verting velocity models from time to depth. To accomplish this we apply the methods under investigation
to the problem of estimating the depth velocity for the 2D Marmousoft synthetic data set (Billette et al.,
2003) from a given time model. The first technique solves the problem using the algorithm of Cameron
et al. (2008). Their procedure involves, besides the regularization in the Dix velocity estimation, a damped
least squares velocity smoothing during the image-ray tracing. The second technique uses the algorithm
described by Iversen and Tygel (2008), where regularization is built into the image-ray algorithm. In the
last approach we use a modified version of the original algorithm of Cameron et al. (2007). We propose
to make use of the smoothed properties of the estimated Dix velocity and a damped image-ray tracing
algorithm. To evaluate the quality of the resulting depth velocity models, we compare not only the models
themselves, but also the corresponding depth migrated images.

INVERSION TECHNIQUES

All of the proposed time-to-depth conversion techniques rely on the same basic idea. Their main goal is to
simultaneously solve the following kinematic and dynamic ray-tracing equations given by

dx
dT

= v2(x)p

dp
dT

= − 1
v(x)

∇xv(x)

∂Q

∂T
= v2(x)P

∂P

∂T
=
−vnn(x)
v(x)

Q, (1)

with initial conditions

x(T = 0) = x0i

z(T = 0) = 0
v(x0i, T = 0) = vDix(x0i, T = 0) (2)
Q(x0i, T = 0) = 1
P (x0i, T = 0) = 0.

Here, x = (x, z) and p are the position and slowness vectors at a point on the image ray, and x0 is the
lateral coordinate of the emergence point of the image ray. Also, T is the one-way traveltime, and Q and
P are components of the propagator matrix (Červeny, 2001) along the image ray. Moreover, v is the depth
velocity field to be constructed in the process, and vnn is its second derivative in the direction normal to the
ray. In the 2D case, the velocity v(x) is computed during the image-ray tracing from the time Dix velocity
field vDix(x0, T ) using the relationship

v(x(T )) = vDix(x0, T )Q(x0, T ), (3)
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where x(T ) is the solution of the first equation in system (1) at the present time T . The time Dix velocity
field required for this calculation is obtained directly from the time migration velocity field vmig(x0, T ).
The relationship is (Cameron et al., 2007; Iversen and Tygel, 2008)

vDix(x0, T ) =

√
∂(Tv2

mig)
∂T

. (4)

ALGORITHMIC DETAILS

In order to stabilise the time-to-depth conversion and establish better depth velocity fields, the Dix velocity
field should be guaranteed to be smooth. This can be achieved by regularising the procedure by adding a
smoothing step (Cameron et al., 2007, 2008). The idea is to filter the time Dix velocity samples at each
position x0. In other words, we need to solve the least squares problem[

I
αD

]
v̂Dix =

[
vDix

0

]
, (5)

where I is the identity matrix, α is the regularization parameter, and D is a roughening operator. Here, we
use

D =


−1 1

−1 1
. . . . . .

−1 1

 , (6)

which is the finite-difference operator for the vertical gradient of the velocity field. The least squares
solution of equation (5), v̂Dix, contains the filtered Dix velocities in time.

PROPOSED ADDITIONAL REGULARIZATION

Numerical tests by Cameron et al. (2007) and ourselves have shown that this smoothing is not sufficient to
guarantee stability. Therefore, we solve this set of equations applying a variation of the algorithm proposed
by Cameron et al. (2007). It consists in additionally smoothing the image-ray wavefronts with least squares
(Valente, 2007). For this purpose, we fit a polynomial to the dataset (li, vi(T )), in which li is the arc length
of the wavefront between the first and i-th rays at time T , and vi(T ) is the velocity for the i-th ray at time T .
In other words, we propose to determine the polynomial coefficients, â, by solving the regularised problem

(LTL + β2W)â = LTv , (7)

where β is the regularization parameter, and

L =


1 l1 l21 . . . lp1
1 l2 l22 . . . lp2
...

...
...

...
1 lNX l2NX . . . lpNX

 , (8)

with NX and p indicating the number of samples in the lateral direction and the polynomial degree,
respectively. Moreover, W is the diagonal matrix containing regularization values, represented by

Wii = i2Lii (i = 1, 2, . . . , p+ 1) . (9)

This regularization reduces the dependence of the solution on the choice of the polynomial degree, thus
making the algorithm more robust.

REFERENCE ALGORITHMS

We compare the results obtained with this algorithm to those using the algorithms of Cameron et al. (2008)
and Iversen and Tygel (2008). Inspired by the Lax-Friedrichs method (Lax, 1954), Cameron et al. (2008)
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use finite differences (FD) to solve the last two equations of system (1). Their FD scheme is

Pn+1
j =

Pnj+1 + Pnj−1

2
(10)

− ∆T
4∆xvnj

(
vnj+2 − vnj
Qnj+1

−
vnj − vnj−2

Qnj−1

)
1

Qn+1
j

=
1
Qnj
− ∆T

2
[
(V nj )2Pnj + (V n+1

j )2Pn+1
j

]
where Pnj denotes the value of P at the jth image-ray at x0j and time Tn. Moreover, V nj denotes the Dix
velocity vDix(x0j , Tn) in 2D and its square in 3D. In this method, no additional regularization is needed.
The regularization is intrinsically performed by the P -averages that are computed in both equations of
system (10). This method was inspired by the Lax-Friedrichs method for hyperbolic conservation laws
(Lax, 1954), because of its total-variation diminishing property. It works because the P -averages stabilise
the estimates, in this way avoiding instabilities in the FD scheme, e.g., by damping the high harmonics.

The third algorithm used in the comparisons is the one of Iversen and Tygel (2008). It first computes
the derivatives ∂vDix/∂x0 and ∂2vDix/∂x

2
0, and then updates the velocity field according to v = vDixQ,

where x0 is the lateral coordinate in migrated time-domain and vDix is the time Dix velocity at x0 and T .
The last step is to solve system (1), taking into account that

∂v

∂T
=

∂vDix
∂T

Q+ vDix
∂Q

∂T
(11)

vnn =
∂2v

∂x2
0

+ P
∂v

∂T
. (12)

Equation (12) is an approximation based on the assumption that derivatives of the ray-centred coordinate q
with respect to the ray position x0 of higher order than one can be neglected. This is the only regularization
of the problem included in the original algorithm of Iversen and Tygel (2008). They mention, however,
that the time migration and Dix velocity models should be smooth for their algorithm to work correctly.
We therefore apply the Dix velocity smoothing of equation (5) also in our realization of their algorithm.

SYNTHETIC DATA EXAMPLE

To test the three different algorithms described above, we applied them to the the Marmousoft synthetic
dataset (Billette et al., 2003). First, we used the time velocity field shown in Figure1a. However, only the
technique of Cameron et al. (2008) produced acceptable results. The other techniques need a smoother
input model. Therefore, applied additional smoothing to this model. All test results shown below were
obtained with the smoothed version of the Marmousoft model shown in Figure 1b.

The first step of the time-to-depth conversion is the computation of the time Dix velocity field. Figure 2
compares the results of this step (a) without and (b) with regularization as described above. Note that this
step is identical in all three algorithms. Although the differences are barely noticeable, the smoothing of
the time Dix velocity field is essential to the tested algorithms.

Figure 3 shows the image-ray paths for all techniques. Parts a and b of Figure 3 show the results
without and with Dix regularization, respectively. In the upper part of the model, there are only subtle
differences between the image-ray paths resulting from the three algorithms. In the lower part, the algo-
rithms of Cameron et al. (2008) and Iversen and Tygel (2008) produce similar results. However, there is a
more visible difference between image-ray paths resulting from the proposed algorithm and the other two
techniques. On the other hand, the image-ray paths in Figure 3b are a bit more similar to each other, partic-
ularly in the lateral direction. This was to be expected because of the additional smoothing regularization
in the Dix velocity computation.

Figure 4 shows the depth velocity fields as obtained using the three algorithms applied to the Dix
velocity field without the additional regularization step, and Figure 5 shows their correspondent prestack
depth migrated sections. In both figures, parts (a) to (c) refer to the algorithms in the following order: (a)
the one proposed here, (b) the one of Cameron et al. (2008), and (c) the one of Iversen and Tygel (2008). We
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Figure 1: (a) Time migration velocity of Marmousoft; (b) Smoothed time migration velocity of Mar-
mousoft.

see some differences between the obtained depth velocity fields in Figure 4. For example, the algorithm of
Cameron et al. (2008) yields the lowest velocity values in the high velocity zone in the bottom right corner.
On the other hand, the algorithm of Iversen and Tygel (2008) produces the most pronounced low-velocity
zone in the bottom left corner. Other, less prominent differences are also visible, like the slight shift in the
lateral position of the lower velocities at about 2000 m depth or the slightly different depths of the lower
velocities at the top of the model.

In spite of these rather strong differences between the velocity models, the resulting prestack migrated
images in Figure 5 look very similar, indicating that probably all of the algorithms provide good starting
models for a subsequent tomographic analysis. The image obtained with the velocity model from our
proposed algorithm (Figure 5a) seems to provide slightly better focus than the other images in the bottom
right corner, while the image obtained with the algorithm of Cameron et al. (2008) seems slightly superior
in the bottom left corner. All conversions seem to do quite a good job in the lateral parts of the model,
while running into difficulties in the more complex centre part. Of course, the reason for this behaviour is
the inadequacy of time migration in this rather complex area, indicating that this is not a problem of the
conversion algorithms but of the original time-migration velocity model.

The final sets of Figures 6 and 7 show the results of time-to-depth velocity conversion and the corre-
sponding prestack depth migrated images when regularization according to equation (5) is applied to the
Dix velocities. The figure parts show the results from the different algorithms in the same order as before.
The differences between the individual results are to great extent the same as before. On the other hand,
the differences between the velocity models without and with Dix regularization (compare Figures 4 and
6) are barely visible. Therefore, it comes as quite a surprise that the very subtle differences between those
models lead to significant differences in the resulting migrated images (compare Figures 5 and 7). While
the images in Figure 7 again do not differ much from one another, the differences to the images in Figure 5
are more obvious. It is clearly visible that many of the instabilities in the images of Figure 5 are gone in
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Figure 2: Time Dix velocity from the smoothed time migration velocity of Marmousoft (a) without regu-
larization; (b) with regularization with α = 0.01.

Figure 7.
We conclude from our numerical examples that the actual choice of the algorithm to solve system (1)

most strongly affects the resulting model. It does not seem to make much of a difference with respect
to the final migrated image. For this reason, we expect it to also make no difference when using the
obtained models as starting models for tomographic velocity analysis. On the other hand, independently
of the chosen algorithm, the addition of the Dix velocity regularization in the process helps to stabilise
the migrated images. Therefore this regularization is probably also to be recommended for tomography
purposes.

CONCLUSIONS

Since time migration velocity analysis is a mature and robust technology, time-to-depth conversion of a
velocity model is highly desirable. Such converted velocity models can then be an input to velocity re-
finement techniques like depth migration velocity analysis or tomographic methods. Unfortunately, the
problem of converting a time velocity model to depth is intrinsically unstable and thus requires regular-
ization. Recently, a number of similar techniques using dynamic ray tracing along image-rays have been
proposed to achieve this aim.

In this work, we have compared three different algorithms to estimate a depth velocity model from
a time migration velocity model. All these algorithms are variations of the original algorithm presented
by Cameron et al. (2007). Due the ill-posed nature of this problem, the different ways how the different
algorithms handle regularization determine the results. The algorithm of Cameron et al. (2008) only relies
on intrinsic regularization embedded in the employed Lax-Friedrichs FD scheme. The algorithm of Iversen
and Tygel (2008) merely neglects a second derivative. Moreover, it assumes the input Dix velocity to be
sufficiently smooth to avoid instabilities or the occurrence of caustics during the image-ray tracing. We
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Figure 3: Image-ray paths using the vDix velocity field with parameters p = 5 and β = 0.05. Blue rays
correspond to the proposed algorithm, green ones to Cameron et al. (2008), and red ones to Iversen and
Tygel (2008). (a) Dix model without regularization; (b) Dix model with regularization with α = 0.01.

have compared these algorithms to a modified version of the original algorithm presented by Cameron
et al. (2007), in which we propose to add a smoothing of the image-ray wavefront during the image-ray
tracing to improve stability. Based on our experiences with synthetic experiments, we propose to add to all
algorithms an additional regularization step in the calculation of the Dix velocity model from the original
time migration velocities.

To test the discussed algorithms numerically, we have applied all three of them to a time-migration
velocity model from the Marmousoft synthetic dataset. Our numerical experiments indicate that both levels
of regularization are required. A smooth Dix velocity model is crucial for algorithms that do not smooth
the image front during the ray-tracing, as occurs in the direct implementation of the algorithm proposed
by Iversen and Tygel (2008), or even the algorithm proposed by Cameron et al. (2008). Our proposed
additional regularization of the image wavefront during the image-ray tracing reduces the dependency
on the initial Dix velocity field, in this way making the algorithm more robust. The particular form of
smoothing we have chosen reduces the dependency of the algorithm on the degree of the polynomial used
to fit the image front.

The depth velocity models estimated in our numerical examples indicate the effects of the different
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Figure 4: Depth velocity model obtained from time velocity model without Dix regularization and p = 5,
β = 0.05. (a) Proposed algorithm; (b) Cameron et al. (2008) algorithm; (c) Iversen and Tygel (2008)
algorithm.
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Figure 5: Prestack depth migrated sections obtained from depth velocity models of Figure 4.
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Figure 6: Depth velocity models obtained from time-to-depth conversion with Dix regularization using
p = 5, α = 0.01, and β = 0.05. (a) Proposed algorithm; (b) algorithm of Cameron et al. (2008); (c)
algorithm of Iversen and Tygel (2008).
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Figure 7: Prestack depth migrated sections obtained from depth velocity models of Figure 6.
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regularization strategies. These effects are the most evident when looking at the image-ray trajectories. In
the shallow part of the model these trajectories are almost coincident, because of the small lateral variation
of the input Dix velocity field. In the bottom part of the model, where the lateral velocity variation is
stronger, the image-ray trajectories differ for each algorithm. The additional smoothing of the input Dix
velocity field helps to reduce these differences.

The difference in the image-ray paths leads to differences in the converted velocity models. Our numer-
ical tests indicate that these model difference do not have a strong impact on the depth migrated images.
It remains to be seen whether these differences have important consequences when these models are used
as the initial models for tomography. Another important observation concerns the Dix velocity smoothing
during the image-ray tracing. While this smoothing does not seem to significantly influence the resulting
depth velocity models, it has shown a beneficial impact on the depth migrated images, strongly reducing
instabilities and thus making the image less noisy. Future research will have to show whether the Dix
velocity smoothing also has a beneficial impact on the tomographic velocity updates.
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ABSTRACT

It is well known that experimental or numerical backpropagation of waves generated by a point-
source/-scatterer will refocus on a diffraction-limited spot with a size not smaller than half the wave-
length. More recently, however, super-resolution techniques have been introduced that apparently can
overcome this fundamental physical limit. This paper provides a simple framework of understanding
and analyzing both diffraction-limited imaging as well as super-resolution. By utilizing the null-space
solutions of the wave problem, super-resolution is apparently obtained since such solutions can give
an extremely well localization of the point-source target.

INTRODUCTION

The diffraction limit in wave physics is well known. Rosny and Fink (2002) have demonstrated experimen-
tally, using ultrasonic waves, that a time reversed wave backpropagates and refocuses at its initial source.
In case of a point source the spot size can not be smaller than half the wavelength. Both time-reversal and
migration within the integral formulation (like Kirchhoff migration, Schneider 1978) can be represented by
the same analytical expression (Esmersoy and Oristaglio, 1988). This theoretical model is further analyzed
in this paper employing the general reciprocity theorems introduced by Bojarski (1983). Based on a simple
3-D analysis the cause of the diffraction-limit can be easily explained as a superimposition of a converging
and diverging wave as also discussed by Esmersoy and Oristaglio for a 2-D case. This has also been ver-
ified experimentally by Rosny and Fink. They introduced in their experiment an acoustic sink in order to
collapse the diverging wavefield and obtained super resolution with the time reversed wave focusing to a
spot less than 1/14th of the wavelength. Improvement of the image resolution of point like targets beyond
the diffraction limit can apparently be obtained employing concepts adapted from conventional statistical
multiple signal classification (MUSIC) (Schmidt, 1986). The basis of this approach is the decomposition
of the measurements into two orthogonal domains: signal and noise (nil) spaces. Such a decomposition
can be obtained by a Singular Value Decomposition (SVD) of the transfer matrix of the actual experiment.
Potential applications of the MUSIC approach within radar imaging (Odendaal et al., 1994), microwave
breast imaging (Scholz, 2002) as well as within acoustic imaging (Lehman and Devaney, 2003) have been
published. Within an acoustic formulation, Lehman and Devaney employed the framework of time-reversal
(Prada et al., 2002) to establish a super resolution algorithm. In this paper a simpler and more direct ap-
proach is being used to analyze the concept of super resolution. It is demonstrated that by utilizing the
null-space solutions of the wave problem, super-resolution is apparently obtained since such solutions can
give an extremely well localization of a point-source target.

BASIC FORMULATION

Consider a closed surface S defining a volume V of space as shown in Figure 1, and assume that receivers
are distributed evenly across the surface.

mailto:l.j.gelius@geo.uio.no
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Figure 1: Sketch of problem.

A point source is located inside V at a position r0 and scatterers are embedded in the (possible) non-
uniform background medium. The total wave field p can be described by the scalar inhomogeneous time-
reduced Helmholtz wave equation:

∇2p(r, ω) + k2
0(r, ω)p(r, ω) = −δ(r− r0)− k2

0(r, ω)O(r)p(r, ω) . (1)

In Equation 1, k0 and O are respectively the background wavenumber and the scattering potential defined
as:

k0(r, ω) =
ω

c0(r)
, O(r) =

[
c20(r)
c2(r)

− 1
]
, (2)

with c and c0 representing the space-variant velocities of respectively the scatterers and the background
medium. In the following, rigorous solutions of Equation 1 will be established employing the technique of
Bojarski (1983) which involves Kirchhoff integration of the considered wave-equation over the volume V
with the time-retarded and time-advanced Green’s function, respectively.

The governing equation for the time-retarded Green’s function G0 of the background medium is given
by

∇2G0(r, r′, ω) + k2
0(r, ω)G0(r, r′, ω) = −δ(r− r′) . (3)

Taking the complex conjugate of both sides of Equation 3 yields the corresponding equation for the time-
advanced Green’s function G∗0

∇2G∗0(r, r′, ω) + k2
0(r, ω)G∗0(r, r′, ω) = −δ(r− r′) . (4)

Making use of the reciprocity theorems of Bojarski (1983) gives two alternative solutions for the total field:

p(r, ω) =
∫
V

G0(r, r′, ω)δ(r− r0)dV ′ +
∫
V

k2
0(r′, ω)G0(r, r′, ω)O(r′)p(r′, ω)dV ′

−
∫
S

[
∂G0

∂n
(r, r′′, ω)p(r′′, ω)−G0(r, r′′, ω)

∂p

∂n
(r′′, ω)

]
dS′′

= G0(r, r0, ω) +
∫
V

k2
0(r′, ω)G0(r, r′, ω)O(r′)p(r′, ω)dV ′ . (5)

and

p(r, ω) =
∫
V

G∗0(r, r′, ω)δ(r− r0)dV ′ +
∫
V

k2
0(r′, ω)G∗0(r, r′, ω)O(r′)p(r′, ω)dV ′

−
∫
S

[
∂G∗0
∂n

(r, r′′, ω)p(r′′, ω)−G∗0(r, r′′, ω)
∂p

∂n
(r′′, ω)

]
dS′′ . (6)

The contribution from the surface integral in Equation 5 is zero due to radiation conditions as discussed by
Bojarski (1983). However, the surface integral in Equation 6 will not cancel out.
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FUNDAMENTALS OF BACKPROPAGATION

The fundamentals of the concept of backpropagation can now be discussed and analyzed. First, introduce
the scattered field ps and rewrite Equation 5 as follows:

ps(r, ω) = p(r, ω)−G0(r, r0, ω) =
∫
V

k2
0(r′, ω)G0(r, r′, ω)O(r′)p(r′, ω)dV ′ . (7)

which is the so called Lippman-Schwinger equation (Newton, 1982). By measuring this scattered field at
receivers evenly distributed along the surface S in Figure 1 (ideal acquisition aperture), the backpropagation
operation should ideally give an accurate estimate of the same scattered field at any point inside the volume
V . Backpropagation within an integral formulation of migration is described by the Kirchhoff integral
(Schneider, 1978; Wiggins, 1984; Langenberg, 1987; Esmersoy and Oristaglio, 1988; Schleicher et al.,
2007)

pbp(r, ω) = −
∫
S

[
∂G∗0
∂n

(r, r′′, ω)ps(r′′, ω)−G∗0(r, r′′, ω)
∂ps
∂n

(r′′, ω)
]
dS′′ . (8)

For simplicity, often the high-frequency and far-field version of Equation 10 is employed in imaging (i.e.
migration)

pbp(r, ω) ≈ 2i
∫
S

[k0(r′′, ω)G∗0(r, r′′, ω)ps(r′′, ω)] dS′′ . (9)

As shown in Appendix A, extrapolation based on respectively the time-reversal principle or the migration
principle gives the same backpropagation result. Hence, evaluation of each of the two focusing techniques
can be limited to the discussion of the behavior of the integral in Equation 8 (Esmersoy and Oristaglio,
1988). For an ideal acquisition aperture the surface integral defining the backpropagation of the scattered
field can be replaced by an alternative volume integral formulation by combining Equations 7 and 8:

pbp(r, ω) =
∫
V

k2
0(r′, ω)B(r, r′, ω)O(r′)p(r′, ω)dV ′ ,

B(r, r′, ω) = −
∫
S

[
∂G∗0
∂n

(r, r′′, ω)G0(r′′, r′, ω)−G∗0(r, r′′, ω)
∂G0

∂n
(r′′, r′, ω)

]
dS′′ .

(10)

Comparison between Equations 7 and 10 shows that the background Green’s function G0(r, r′, ω) is now
replaced by the backpropagation kernel B(r, r′, ω).

By considering the scatterer-free case and ideal aperture an alternative expression can be obtained for
the kernel B which also gives more explicit physical insight. Since the left-hand side of both Equations 5
and 6 are equal, by introducing O = 0 (e.g. no scatterer) in the same two equations and setting them equal
gives the result (also replacing r0 with r′ without loosing generality):

B(r, r′, ω) = −
∫
S

[
∂G∗0
∂n

(r, r′′, ω)G0(r′′, r′ω)−G∗0(r, r′′, ω)
∂G0

∂n
(r′′, r′, ω)

]
dS′′

= G0(r, r′, ω)−G∗0(r, r′, ω) . (11)

From Equations 10 and 11 it now follows that the kernel B represents backpropagation of data associated
with a point source (here located at r′). The right-hand side of Equation 11 can be interpreted as the image
obtained at an arbitrary point r inside V after summation over frequencies (imaging condition). This
reconstruction will represent the most optimal result assuming ideal acquisition geometry (i.e. receivers
distributed over the complete surface S). Imaging of the point-source is obtained when r → r′, and from
the right-hand side of Equation 11 it follows that only a diffraction-limited reconstruction can be obtained
due to the interference between the time-retarded and time-advanced Green’s functions. It is interesting to
notice that Equation 11 may also serve as the starting point for both time-reversal (Fink, 1999) and seismic
interferometry (Wapenaar, 2004) as briefly discussed in Appendix A.

Theoretically, the diffraction-limit represented by the right-hand side of Equation 11 can be improved
by adding to the image the response from an acoustic sink placed at (Rosny and Fink, 2002) (will generate
a field which cancels −G∗0). This is not a feasible and practical idea from a computational point of view.
However, Rosny and Fink have demonstrated the concept employing experimental data.
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Figure 2: Effect of frequency on the image of the focus.

Considering a homogeneous background it follows from Equation 11 that (again assuming ideal acqui-
sition aperture):

B(r, r′, ω) = G0(r, r′, ω)−G∗0(r, r′, ω) =
eik0|r−r′|

4π|r− r′|
− e−ik0|r−r′|

4π|r− r′|

= 2ik0 sinc(k0|r− r′|) , k0 =
ω

c0
=

2π
λ0

, (12)

which gives a focus described by the sinc-function. In Equation 12, k0 is the wavenumber, c0 is the velocity
of the uniform background medium and λ0 is the corresponding wavelength. Assuming that the size of the
spherical focal spot is mainly defined by the main lobe of the radial sinc-function, its diameter d can be
approximated from:

d ≈ 2|r− r′| = λ0 . (13)

The result in Equation 13 is analogous to the focused beam size limit of imaging optics as determined
by the diffraction of light. For an axial symmetric optical system the formula of the resolution limit can
be obtained from classical diffraction theory for electromagnetic waves, i.e. Rayleigh criterion (Born and
Wolf, 1999):

∆ = 0.61λ0/NA , (14)

where ∆ is the focused beam size. Moreover, NA is the so called numerical aperture of lens that character-
izes the range of angles over which the system can accept or emit light. In the theoretical limit, NA → 1,
then ∆→ 0.61λ0. Within optics, the diffraction limit can also be explained by a simple diffraction theory
for single slit. When a parallel and monochromatic beam is incident on a slit the wave is diffracted and the
amplitude of the electromagnetic wave far from the slit can again be described by a sinc function (Born
and Wolf, 1999).

By including the available frequency band an improved focus can be obtained as is shown in Figure 2.
In the limit of infinite frequencies the focus takes the form of an ideal outward propagating homogenous
Green’s function (singular at r = r′):∫ ∞

ω=0

B(r, r′, ω)dω =
∫ ∞
ω=0

[
eik0|r−r′|

4π|r− r′|
− e−ik0|r−r′|

4π|r− r′|

]
dω

=
1

4π|r− r′|

∫ ∞
−∞

eiω|r−r′|/c0dω =
δ(|r− r′|/c0)

4π|r− r′|
. (15)

In Appendix B it is shown that the same result is obtained for an arbitrary background model employing
the integral definition of B (cf. Equation 11) in case of an ideal aperture and a high-frequency assumption.
Based on this simple analysis of the kernel B in Equation 10, the concept and result of backpropagation
can now be better understood. Ideally, the backpropagated field should give an accurate estimate of the
true scattered field. However, due to the kernel B in Equation 10 it follows that the backpropagated field
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Figure 3: Sketch of simple scattering example.

will contain both causal and non-causal contributions that will interact and give a distorted estimate of the
scattered field at the focus point as also discussed by Esmersoy and Oristaglio (1988) for 2-D waves. To
illustrate this effect, consider a point scatterer embedded in a homogeneous background and illuminated by
a point source as shown in Figure 3.

Figure 4 shows snapshots of the scattered field computed in the vertical plane (x − z plane). In the
calculations the homogenous background medium was assigned a velocity of 2000 m/s, the source point
was located 200 m above the scatterer along the z-axis and the source pulse was defined by a zero-phase
Ricker wavelet with a centre frequency of 20 Hz (the Nyquist frequency was 125 Hz).

It can be seen from the Figure 4 that because of causality (source fired at t=0) no scattered field can exist
before the source field illuminates the scatterer (e.g. represented by time frames (a) and (b) in Figure 4).
After the scatterer has been illuminated an outward propagating source field is generated. Note that the
snapshots in Figure 4 only give a qualitative description of the scattered field due to the fact that each
snapshot has been individually scaled.

Assume now that the scattered fields generated in the experiment in Figure 3 are measured at receivers
evenly distributed over a sphere surrounding the scatterer (a total number of measurement points 1600
employed here). These fields are then backpropagated using Equation 8, and Figure 5 shows snapshots of
the backpropagated field (again individually scaled). The snapshots in Figures 4e and 5e corresponding
to a backpropagation time of t=0.160s resemble each other well, but at smaller backpropagation times the
differences start to be visible. It can be easily seen from Figure 5 the presence of non-causal contributions
in snapshots (a) and (b). The interaction between the causal and non-causal wavefields in Figure 5 also
causes the focused wave to be diffraction-limited as shown in snapshot (c) (compare with snapshot (c)
in Figure 4). The size of the focal spot in Figure 5c is in the order of half of the centre wavelength as
expected. Note also the polarity change between the converging and diverging waves in 5 in accordance
with predictions from the theory (cf. Equation 11).

Until now a perfect acquisition surface has been assumed, which implies evenly distributed receivers
across the closed surface S (being a sphere in the example considered here). However, if the aperture
is limited the backpropagated field represents an even more distorted version of the true scattered field.
Figure 6(a)-c shows an example with receivers only placed along the right part of a ring in the vertical slice
through the surface of the sphere (cf. Figure 3). The corresponding snapshots show a more complex wave
focus (caused by treating a 3-D problem as a two-dimensional one). Again the wave focus is formed by
the interaction of converging and diverging waves and is more distorted than the focus obtained in the ideal
aperture case (cf. Figure 5).
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(a) (b)

(c)

(d) (e)

Figure 4: Snapshots showing the scattered field from a point scatterer at different propagation times: (a)
t=0.040s, (b) t=0.068s, (c) t=0.096s, (d) t=0.132s and (e) t=0.160s.

(a) (b)

(c)

(d) (e)

Figure 5: Snapshots of backpropagated field (complete acquisition aperture) at different backpropagation
times: (a) t=0.040s, (b) t=0.068s, (c) t=0.096s, (d) t=0.132s and (e) t=0.160s.
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(a) (b) (c)

(d) (e) (f)

Figure 6: Snapshots of backpropagated field (limited aperture - half-ring) at different (back)propagation
times: (a) and (d) t=0.068s, (b) and (e) t=0.100s, (c) and (f) t=0.132s. Employing, respectively, Equation 16
(upper row) and Equation 17b (lower row).

For the numerical example considered here the high-frequency and far-field version of the backpropa-
gation operation as given by Equation 9 is valid. Within such an assumption and imposing again an ideal
acquisition aperture it then follows from Equations 10 and 11 that

pbp(r, ω) = −
∫
S

[
∂G∗0
∂n

(r, r′′, ω)ps(r′′, ω)−G∗0(r, r′′, ω)
∂ps
∂n

(r′′, ω)
]
dS′′

≈ 2i
∫
S

k0(r′′, ω)G∗0(r, r′′, ω)ps(r′′, ω)dS′′ ≈
∫
V

k2
0(r′, ω)B(r, r′, ω)O(r′)p(r′, ω)dV ′ , (16)

B(r, r′, ω) = G0(r, r′, ω)−G∗0(r, r′, ω) .

A more heuristic form of backpropagation or migration is to employ the simple matched filtering ap-
proach

pmbp(r, ω) =
∫
S

G∗0(r, r′′, ω)ps(r′′, ω)dS′′ . (17a)

Equation 17a can be further elaborated on making use of Equation 16 (ideal aperture):

pmbp(r, ω) =
∫
S

G∗0(r, r′′, ω)ps(r′′, ω)dS′′ =
∫
V

k2
0(r′, ω)Bm(r, r′, ω)O(r′)p(r′, ω)dV ′ ,

(17b)

Bm(r, r′, ω) = Gm(r, r′, ω) +G∗m(r, r′, ω), Gm(r, r′, ω) =
1

2ik0(r′, ω)
G0(r, r′, ω) .

Hence, in this case the focus is formed by the interference sum of a converging and diverging wave gov-
erned by the new kernel Bm. Even for a limited acquisition case one should therefore expect the diverging
and converging waves having the same polarity when employing Equation 17b. This is different from
the case when employing Equation 16 where the two interfering waves have opposite polarity. This phe-
nomenon can be clearly observed in Figure 6 (compare (a)-(c) with (d)-(f)). For this limited-view example,
the focus seemed to have improved in case of matched filtering.

IMAGING BEYOND THE DIFFRACTION-LIMIT - SUPER RESOLUTION

The question is now if diffraction-limited imaging (focusing) can be somehow relaxed by introducing
alternative approaches to image formation. Traditional imaging makes direct use of the signal part of
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the measurements. Alternatively, identification of the orthogonal noise or nil space apparently can give
super resolved point scatterers where the size of the focus is represented by fractions of a wavelength
(Lehman and Devaney, 2003). However, closer analysis shows that the output from such a method has to
be interpreted as an extreme localization map of a point target rather than a conventional image. The key to
this super-resolved localization is to decompose the measurements into a signal space and a complementary
noise (nil) space. Such a decomposition is obtained employing a SVD analysis of the data set. The original
work of Lehman and Devaney derive the main results within the frame work of time reversal. In this paper
an alternative approach is employed which provides a more direct and simpler analysis of the problem.

Assume now limited acquisition geometry so that receivers (and active sources) no longer are distributed
on a closed surface surrounding the scatterer, but fall along separate (or coincident) source- and receiver-
arrays. Let N represent the total number of receivers and M the total number of sources. Due to this limited
acquisition geometry, one should expect an image far from that of the ideal diffraction-limited case shown
in Fig 5(c). For a fixed source (rs) - receiver (rr) pair, the field scattered from a perturbation O(r) inside
the volume V in Figure 1 is described by the Lippman-Schwinger equation. Assuming Born scattering
and a point scatterer (secondary source) with strength Om located at rm this implies (by analogy with
Equation 7):

ps(rr, ω) =
∫
r′∈V

k2
0(r′, ω)G(rs, r′, ω)O(r′)G(rr, r′, ω)dr′

=
∫
r′∈V

k2
0(r′, ω)G(rs, r′, ω)Omδ(r′ − rm)G(rr, r′, ω)dr′

= k2
0(rm, ω)OmG(rs, rm, ω)G(rr, rm, ω) . (18)

In case of a multi-source/receiver experiment, let rri and rsj represent respectively the location of receiver i
and source j. Equation 18 is correspondingly replaced by matrices:

R = KE, R
T

= [ps(rr1, ω), ps(rr2, ω), · · · , ps(rrN , ω)]

K = k2
0(rm, ω)Om|Gr||Gs|ĜTr Ĝs, E

T
= [1, 1, · · · , 1] .

(19)

The two vectors, Gr and Gs, represent the following collection of Green’s functions:

Gr = |Gr|Ĝr = [G(rr1, rm, ω), · · · , G(rrN , rm, ω)], Gs = |Gs|Ĝs = [G(rs1, rm, ω), · · · , G(rsM , rm, ω)],
(20)

In practice, the system matrix K in Equation 19 is known from the measurements. This matrix has the
dimension N ×M and its singular value decomposition can be written formally as

K = [u1, u2, · · · , uN ]


λ1 0 · · · 0
0 λ2 · · · 0
· · · · · · · · · · · ·
0 0 · · · λN



ν∗T1
ν∗T2
· · ·
ν∗TM

 . (21)

Comparison between Equations 19 and 21 should give the expected eigenvalues:

λ1 = k2
0(rm, ω)Om|Gr||Gs|, λ2 = λ3, · · · , λN = 0 . (22)

Similarly, with respect to the singular functions one should expect:

u1 = ĜTr , ν∗T1 = Ĝs . (23)

Hence, the remaining singular functions represent the null-space of solutions with respect to both arrays.
Because of the orthogonality between the singular functions, backpropagation of the null-space will give
at the location of the scatterer:

G
∗
r · ui = 0, i = 2, 3, · · · , N, G

∗
s · ν∗i , i = 2, 3, · · · ,M . (24)
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(a)

(b)

Figure 7: :’Super-resolved’ point scatterer (half-ring aperture). (a) 5Hz and (b) 10 Hz.

By forming such null-space images employing all available singular functions, the final image will show
a value close to zero at the position of the scatterer. By taking the inverse of this null-space image, a
corresponding strong and narrow peak at the location of the scatterer will be obtained. Such a procedure is
known as super-resolution in the literature (Lehman and Devaney, 2003).

Consider now a simple example to illustrate the power of this technique. In the simulations the same
parameters are employed as in the example shown in Figure 6. However, in order to be able to apply SVD to
the simulated data, another source was included. The position of the second source was in the same vertical
(xz-)plane as the original source (cf. Figure 3) but this time displaced 200 m away from the scatterer along
the negative z-axis. Figure 7 shows the result obtained by backpropagating the nil-space singular function
associated with the receiver side. This ’super-resolved’ image is to be compared with the corresponding
ideal diffraction-limited image (focus) in Figures 6(b) or 6(e). Note that the result in Figure 7 was obtained
using a single frequency. By analogy with conventional backpropagation addressed in the first part of this
paper, singular function(s) representing the signal space can also be backpropagated employing a simple
matched filtering approach (analogy with Equation 17b). However, if multiple frequencies are used to form
an image, special care has to be taken. It is known that the singular vectors output from a SVD analysis
of a complex-valued matrix system will be non-unique by an arbitrary phase; i.e. for one pair of left- and
right-handed vectors it implies:

ui.e
iθi , νi.e

iθi (25)

with θi representing the non-unique phase. This non-uniqueness does not influence on the super resolution
computations as given by Equation 24, since they are carried out per frequency, and the same applies
if only a monochromatic image is computed based on the signal space singular vector(s). However, in
case of multi-frequency imaging direct addition of the monochromatic sub images will give a distorted
reconstruction. To obtain a focused image the magnitude of each sub image could be used. However, with
respect to noise reduction it would be better to avoid the magnitude operation. In this paper, an alternative
approach has been employed where each sub image is constrained so that it has the same phase in the
centre of the scatterer. The final image obtained is shown in Figure 8 (two orthogonal views) and the
limited aperture is reflected in the shape of the focus. As expected, the result in Figure 8 (left view) is
similar to the one obtained in Figure 6(e). In this paper a single scatterer has been used as a demonstration
case to analyze and further increase the basic understanding of both conventional backpropagation as used
in migration as well as the concept of super resolution. Different from the classical backpropagation the
latter approach is based on a decomposition of measurements into orthogonal signal- and noise-spaces. The
more extensive discussion of multiple point scatterers and also extended targets fall outside the scope of this
basic study. However, before closing this section a few comments will be made in connection with super
resolution and multiple point-like targets. The extension to a case of L weak (Born) scatterers is rather
straightforward, since such an ensemble will give rise to L linear scattering equations and correspondingly
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(a) (b)

Figure 8: Image formed by backpropagating the signal space and adding the monochromatic sub images
after phase corrections (two orthogonal views).

L non-zero eigenvalues. If M and/or N > L, the M − L right-hand side and/or the N − L left-hand side
singular functions can be used for super-resolution’ imaging’ of this multi-scatterer case. Moreover, the
first L eigenvalues correspond uniquely to one of the L scatterers. The underlying assumption is that the
scatterers are fully resolved (ideal point-spread functions with respect to both source and receiver array),
which mathematically can be stated as the conditions:

G
∗
r(i).G

T

r (j) = 0, G
∗
s(i).G

T

s (j) = 0 , i 6= j , (26)

where Gs(i) and Gr(i) represent a Greens function vector with respect to respectively the source and the
receiver array that focuses at a point scatterer located at the position ri. Equation 26 guarantees that the
same Greens function vectors will form the singular functions associated with the scatterers. In case of
strong scatterers there will no longer exist a one to one mapping between the non-zero eigenvalues and
the scatterers. Instead, a given eigenvalue (and corresponding singular functions) will now represent a
combination of several scatterers. Even if a SVD analysis can be employed the transition between signal
and noise space will no longer be so sharp and also the extreme localization capability of the nil-solutions
will degrade.

CONCLUDING REMARKS

This paper has provided a simple framework of understanding and analyzing both diffraction-limited imag-
ing as well as super-resolution. Extrapolation of measurement data employing both the principles of mi-
gration and time-reversal give the same estimate of the scattered wavefields. In case of a point scatterer it is
shown explicitly that the band-limited character of the focus is caused by a superimposition of converging
and diverging waves. Hence, the backpropagation operation is non-causal by nature. Point-diffracted data
can apparently be imaged beyond the diffraction-limit by making use of the null-space solutions. This
concept applies equally to a single or a collection of scatterers as long as within the Born assumption (no
interactions between scatterers). However, the apparently super-resolved focus has to be interpreted as an
extreme localization rather than a quantitative image (the value of the peak is arbitrary). Possible extension
of the idea to image segments (i.e. line of scatterers) should be further investigated. Future use of the
concept can be within enhanced resolution of target zone changes associated with time-lapse data.
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APPENDIX A: THE LINK TO TIME-REVERSAL AND SEISMIC INTERFEROMETRY

By employing the principle of reciprocity of the Greens function, Equation 11 can be written on the alter-
native form:

−
∫
S

[
∂G∗0
∂n

(r′′, r, ω)G0(r′′, r′ω)−G∗0(r′′, r, ω)
∂G0

∂n
(r′′, r′, ω)

]
dS′′

= G0(r, r′, ω)−G∗0(r, r′, ω) = G0(r′, r, ω)−G∗0(r′, r, ω) . (A-1)

which represents the time-reversal analogy (Fink, 1999) of Equation 11 (i.e. now with a point-source placed
at r ). Equation A-1 can be interpreted as follows: the wave-field from a point source at r is measured along
the surface S. These measurements are then time-reversed (which corresponds to the operation of complex
conjugating in the frequency domain) and forward propagated to obtain a focus. Comparison between
Equations 11 and A-1 shows that the basic operation of backpropagation within a migration formulation
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or a time-reversal formulation gives the same diffraction-limited image. In case of an incomplete coverage
the focus will be even more distorted as demonstrated in Figure 6.

Also by employing reciprocity Equation 11 can be transformed to another alternative form with a new
physical interpretation:

−
∫
S

[
∂G∗0
∂n

(r, r′′, ω)G0(r′, r′′ω)−G∗0(r, r′′, ω)
∂G0

∂n
(r′, r′′, ω)

]
dS′′

= G0(r, r′, ω)−G∗0(r, r′, ω) . (A-2)

Equation A-2 serves as the starting point of seismic interferometry (Wapenaar, 2004) and the closely-
related concept of virtual-source imaging (Bakulin and Calvert, 2006). This can be more easily seen if the
high-frequency and far-field version of Equation A-2 is employed:

2i
∫
S

k0(r′′, ω) [G∗0(r, r′′, ω)G0(r′, r′′, ω)] dS′′ = G0(r, r′, ω)−G∗0(r, r′, ω) . (A-3)

Realize first that the operation under the integral represents a cross-correlation in the frequency-domain.
The physical interpretation is now as follows: the contributions from active sources distributed over the
surface S are measured at two receiver positions r and r′ . Cross-correlation of these data (left-hand
side) transforms one of the receivers to a virtual source (cf. right-hand side) as discussed by Bakulin
and Calvert (2006). Alternatively, by assuming random underground sources (associated with reservoir
production as an example), Equation A-3 can be used to transform passive seismic surface recordings to
active experiments (Wapenaar, 2004). This is known as seismic interferometry in the literature.

APPENDIX B: HIGH-FREQUENCY LIMIT OF THE KERNEL B - GENERAL MODEL AND
IDEAL APERTURE

The kernel B is defined in Equation 11. Integration over available frequency band gives:∫
ω

B(r, r′, ω)dω = −
∫
ω

∫
S

[
∂G∗0
∂n

(r, r′′, ω)G0(r′′, r′ω)−G∗0(r, r′′, ω)
∂G0

∂n
(r′′, r′, ω)

]
dS′′dω .

(B-1)
Introduce the high-frequency approximation and represent the Green’s functions by:

G∗0(r, r′′, ω) = a(r, r′′)eiωτ(r,r′′),

G0(r′′, r′, ω) ≈ a(r, r′′)eiω[τ(r,r′′)+∇τ(r,r′′)·(r′−r)],

(B-2)

Next, assume far-field configuration and let S represent the wavefront surface at infinity due to a source
located at r . Hence, the normal derivative terms in Equation B-1 can be evaluated on the wavefront surface
S by using (c0 being the velocity along the surface):

∂

∂n
=

1
c0(r′′)

∂

∂τ
. (B-3)

Combination of Equations B-1-B-3 gives the far-field and high-frequency approximation of the kernel:∫
ω

B(r, r′, ω)dω =
∫
ω

∫
S

2iωa2(r, r′′)
c0(r′′)

eiω∇τ(r,r′′)·(r′−r)dS′′dω . (B-4)

Assume that a unity sphere is surrounding the point r (e.g. |ν̂| = 1 in Figure 9). Conservation of energy
within the ray tube gives the relationship Keller (1987):

a2(r, r′′)
c0(r′′)

dr′′ =
a2(r, ν̂)
c0(ν̂)

dν̂ . (B-5)

with the spherical coordinate system defined by

ν̂ = sin ν1 cos ν2 î + sin ν1 sin ν2ĵ + cos ν2k̂, dν̂ = sin ν1dν1dν2 . (B-6)
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Figure 9: Ray tube defining coordinate transformation.

Assuming a homogenous medium within the infinitesimal sphere it follows that (spherical wave):

a(r, ν̂) =
1

4π
, (B-7)

and also that
c0(ν̂) = c0(r) . (B-8)

Combination of Equations B-4, B-5, B-7 and B-8 gives (also making use of the fact that∇τ(r, r′′) = − 1
c0(r)

ν̂):

∫
ω

B(r, r′, ω)dω =
1

(4π)2

∫
ω

∫
S

2iω
c0(r)

e−iων̂·(r
′−r)/c0(r)dν̂dω .

(B-9)

In this derivation the following assumptions have been employed:

• A locally homogeneous volume surrounds the point-source located at r .

• All points r′ considered are close to r (in accordance with Equation B-2).

Hence, very close to the point-source focus Equation B-9 should be omnidirectional. Consequently, one
may set ν · (r′ − r) = |r′ − r| in Equation B-9, implying that it can be further simplified as:∫

ω

B(r, r′, ω)dω =
1

4πc0

∫ ∞
ω=−∞

iω e−iω|r
′−r|/c0(r)dω =

δ(|r′ − r|/c0(r))
4π|r′ − r|

, (B-10)

which is consistent with Equation 15.
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ABSTRACT

Ray-based seismic modeling methods can be applied at various stages of the exploration and produc-
tion process, e.g., for comparison, simulation or representation of seismic data, to assess the ambiguity
of interpretation or to make predictions. Ray tracing in its standard forms is not always able to produce
complete synthetic seismograms, as may be required for processing tests. Standard reflection-based
modeling gives good results in many cases, but could fail for some complex structures. For instance, in
the presence of sharp edges and ripples on the modeled reflector or in the vicinity of caustics classical
dynamic ray tracing (DRT) does not give reliable amplitude values. Therefore, we propose alternative
approaches where reflection modeling is not used. Instead we use an optimized ray-based approach
to calculate various types of Green’s functions (GF), e.g., amplitudes and traveltimes, which will be
applied within tailored modeling schemes, such as Kirchhoff modeling and modeling by demigration.
Furthermore, we adapt the classical modeling by demigration approach using an alternative PSDM
simulator. Even a simple two-layer model reveals the weaknesses of the standard ray tracing, and
demonstrates on the contrary that the computed seismograms for the alternative methods are more
complete and significantly improved. Finally, we document the applicability of all methods using a
more complex model.

INTRODUCTION

Ray-based seismic modeling methods can be applied at various stages of the exploration and production
process. The standard ray method has several advantages, e.g., computational efficiency. In addition ray
tracing has an event-oriented nature, which means that specific arrivals of elementary waves (e.g., transmit-
ted P and S waves, primary PP and PS reflected waves for selected horizons, multiples, etc.) can be labeled
in synthetic seismograms or in computed sets of Green‘s function attributes. In early applications the focus
was mostly on the calculation of raypaths and traveltimes (kinematic ray tracing), but throughout the sev-
enties and eighties, numerical techniques were developed within dynamic ray tracing (DRT), giving fairly
reliable estimates of amplitudes of both P and S waves. These amplitudes have a firm theoretical basis,
being a high-frequency solution of the elastic wave equation (zeroth-order ray theory; Červený, 2001). The
ray attributes become reasonably stable if velocity gradients and interface normals vary smoothly within
the seismic wavelength. Comparisons with more complete (and much more time-consuming) techniques,
like finite-difference schemes (FD), show that DRT-based theoretical seismograms can be very qualified if
the model is prepared with the necessary smoothness.
The main weakness of the ray method applied to complex geological structures is due to the fact that the
calculations along each ray is "super-local", that is, quite independent of the neighboring rays. One single
ray "sees" only the velocity and interface behavior exactly along the raypath, and thus the stability across
the rays depends on the assumption that these parameters are fairly representative for neighboring rays (at
least within the Fresnel zone). Classical DRT traces continuous rays from source to receiver (two-point ray
tracing), e.g., making use of the so-called shooting technique, adjusting the take-off direction of the ray and
re-tracing until the ray hits sufficiently close to the receiver. For complex 3D models this technique may be
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very time consuming and can typically miss events (rays) in regions with large geometrical spreading. As
an alternative, Vinje et al. (1993, 1996a,b); Gjøystdal et al. (2002, 2007) developed the wavefront construc-
tion method (WFC), which is a more robust ray tracing technique adapting the ray density to the model
and interpolating the ray attributes. The reason for enhanced robustness lies in the fact that a continuous
representation of the wavefront, with sufficiently dense sampling of ray points and slowness vectors, is
established by interpolation after each time step. In this way, the sampling of parameters influencing the
calculation of traveltimes, amplitudes, etc., is adapted to the complexity of the model of elastic parameters.
Quite recently, the wavefront construction method has been further developed to include anisotropy (Mis-
pel and Williamson, 2001; Gibson et al., 2005; Iversen, 2004). However, this method only partly solves the
problem of lack of ray penetration into shadow zones.
In this paper we demonstrate new seismic modeling techniques that have been specifically developed to
meet the demands of complex modeling in the petroleum industry. Given the objective of improving the
applicability of the standard ray method, we define each ray-based process as an element of a system,
which, as a composite process, is able to obtain better results than the ray-based process applied alone.
They are, however, still firmly based on the basic WFC/DRT methodology, i.e., high-frequency approxi-
mation of the wave equation. We first demonstrate the pure DRT method and illustrate how some of the
basic weaknesses can be reduced by applying the "DRT engine" in different ways, giving a more robust
and realistic behavior. Therefore, we have implemented the Kirchhoff-Helmholtz (KH) modeling tech-
nique and the modeling-by-demigration approach.
The KH modeling technique should give more accurate and realistic reflection seismograms than those
obtained by classical ray tracing in case of complex geological structures, because the KH integral consists
of an integration along the reflector. By this, one sums the Huygens secondary-source contributions to the
wavefield attached to the reflector at the observation point (Tygel et al., 1994, 2000).
Demigration itself can be defined as the inverse of migration (Hubral et al., 1996; Tygel et al., 1996; Santos
et al., 2000). This involves nothing more than the formulation of a reflection imaging process by which
one can return from a true amplitude depth migrated section to the original time section. Modeling by
demigration represents a special implementation of the demigration concept, where the input is no longer
standard migrated data but artificially migrated target geological structure(s) defined by the user. In this
paper, the artificially migrated inputs are computed by employing both the standard approach (Tygel et al.,
1996; Santos et al., 2000) and the PSDM simulator approach of NORSAR (SimPLI technology, Lecomte,
2006, 2008a). This PSDM simulator is used to directly produce simulated prestack depth migrated images
of a given target, without generating synthetic traces and processing them (Lecomte et al., 2003; Lecomte,
2004; Lecomte and Pochon-Guerin, 2005).

METHODOLOGY

In this section, we give an overview and brief introduction to the methodology to be applied. For all
methods Green’s functions (Aki and Richards, 1980) are needed and as mentioned above, calculated by
ray tracing. The Green‘s functions (GF) represent the wave field propagation between two points in a
given velocity model. However, in our case, in practice, one of these points is a source or receiver of a
seismic survey, and as such often near the surface (not true for the VSP case). Besides the traveltimes,
ray tracing calculates amplitudes and other parameters (e.g., polarization, attenuation factor, etc.) which
could be used as well, specially for an "amplitude-preserving" type of modeling or imaging (Schleicher
et al., 1993). Regarding the ray tracing strategy, we use DRT in a model adaptive wavefront construction
(WFC) approach, which is much more robust with respect to model details than conventional DRT based
on single rays. Depending on the needs for the different approaches the WFC process can be applied
to calculate reflected ray attributes or to compute one-way traveltimes and amplitudes, e.g., needed for
Kirchhoff-Helmholtz modeling. WFC is particularly efficient for calculating both surface-type (interface)
and volume-type Green‘s functions since ray attributes are interpolated and single rays to each point do not
have to be calculated.
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Standard ray-based seismogram

The ray-tracing technique is based on a high-frequency approximation of the elastic wave equation. As
such the synthetic seismograms at a given receiver can be computed by :

uRT (t) = cU0[s(t− T ) cos(φ)− h(t− T ) sin(φ)], (1)

where, U0 and φ are modulus and phase of the complex amplitude coefficient of a given event, T is the
traveltime, and s(t) and h(t) are the source wavelet and its Hilbert transform, respectively. Here, c is
a general amplitude scaling factor. The amplitude coefficient is in general a complex number calculated
along the ray. It results from the fact that DRT keeps track of geometrical spreading, transmission and
reflection loss, phase changes of the wavefield due to focal points (caustics) and overcritical reflections
occurring along the raypath. If no phase change occurs, we can see from equation 1 that the contribution
of one single event to the ray-based seismogram is simply a scaled version of the source pulse. Optionally,
the effect of anelasticity in the layers can be estimated, causing a frequency filtering of the wavelets s and
h. Note also that the amplitude coefficient is tied to a coordinate system, so that U0 can typically be a
component in a given direction, i.e., in the case of multi-component data, equation (1) should be used for
each component. Figure 1 shows wavefront propagation trough a salt subsurface model and one common
shot seismogram.

a)

b)

0

2

4

6

T
im

e
[s

]

0 2 4 6 8 10 12 14 16 18
X[km]

Figure 1: Wavefront propagation within a saltdome model (a) and one corresponding common shot seis-
mogram.
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The question to be addressed is: can we apply the ray method in a more robust way, i.e., to make it respond
better to sharper details of the model horizons? One solution that we will explain in the next section is to
use DRT in combination with the Kirchhoff integral.

Kirchhoff-Helmholtz modeling

Kirchhoff Helmholtz (KH) modeling (Eaton and Clarke, 2000; Schleicher et al., 2001) is employed in
areas which are geologically complex. Compared with standard ray tracing, the method has the potential
of giving more accurate results on the expense of computational speed. Ray theory still forms the basis of
the modeling, and hence many advantages are inherited, such as the selection of specific events. In order
to model the reflection response of a chosen interface, rays are traced to that interface from the sources and
receivers (i.e., Green‘s functions computations, see Figure 2).

Figure 2: Rays are traced to each interface from each source and receiver position, here selected rays for
one shot position are displayed.

Following Santos et al. (2000), the locations of (S,G) are assumed not to be independent but to pertain to
a certain measurement configuration described by a 2-D parameter vector ξ, i.e., S = S(ξ) and G = G(ξ).
Therefore, the approximate Kirchhoff modeling integral (Frazer and Sen, 1985; Tygel et al., 1994) can be
used to define the modeled synthetic seismogram:

uKH(ξ, t) =
1

2π

∫ ∫
d2xW (x, ξ, PΣ)∂tF [t− τ(ξ, P )]|z=Σ(x), (2)

where z = Σ(x) is the reflector that gives the integration surface. P (x, z) is an arbitrary point in depth,
with PΣ = P |z=Σ(x) = (x,Σ(x)). Moreover, W (x, ξ, t) is a weight function consisting of an obliquity
factor, the specular plane-wave reflection coefficient of the incident wave at the reflector, and two Green‘s
function amplitudes. Here, ∂tF [t] is the time derivative of the analytic pulse chosen to represent the source
wavelet. The total traveltime

τ(ξ, PΣ) = T (S(ξ), PΣ) + T (G(ξ), PΣ), (3)

is the sum of traveltimes along the two paths of propagation SPΣ andGPΣ, where S(ξ) andG(ξ) are fixed
and PΣ varies along the reflector. The approximate Kirchhoff modeling integral 2 must be evaluated along
each reflector within the given model.
Spencer et al. (1997) proposed an efficient algorithm to evaluate such integrals on triangulated interfaces.
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The algorithm performs the integral over stripes within the triangles, assuming that the traveltimes and
weights can be interpolated linearly.
In order to prepare for the Kirchhoff modeling approach, we use DRT to calculate the so-called Green‘s
functions. Consider a source position, a receiver position, and a target reflector in a model. Instead of
calculating wavefronts from source via the target reflector and back to the receiver in one operation, we
perform one-way WFC from source S and receiver R to a dense grid of points on the target reflector PΣ.
These points are now acting as ‘receivers‘ in the WFC.

Modeling by demigration

Demigration is a seismic forward-modeling scheme based on seismic imaging, it is a ‘forward‘ technique,
due to the fact that a velocity model needs to be specified. On the other hand, demigration can be con-
sidered as the inverse of migration. The true amplitude reflector image can directly be constructed from a
given reflector and a chosen source pulse. Then in a second step, the true-amplitude demigration can be
performed, thus offering a new seismic modeling method, i.e., modeling by demigration (see Figure 3).

Figure 3: Schematic overview of the modeling by demigration concept.

Similar to the arguments that lead to the Kirchhoff migration formula, a structurally equivalent integral
can be set up for its inverse operation (Hubral et al., 1996; Tygel et al., 1996). The idea is to stack along
a certain surface in the depth-migrated data volume in such a way that any migrated events that possibly
pertain to a certain, fixed point (ξ, t) in the demigrated section are summed together. This leads to the
following expression for the Kirchhoff demigration integral (Santos et al., 2000):

uD(ξ, t) =
1

2π

∫ ∫
d2xWD(x, ξ, t)∂zM(x, z)|z=ζ(x,ξ,t), (4)

where uDξ, t) denotes the demigrated data, WD(x, ξ, t) is a true-amplitude weight function to treat ampli-
tudes correctly, and M(x, z) is the migrated data to be demigrated. The stacking surface, z = ζ(x, ξ, t), is
implicitly given by

t = τ(ξ,x, z = ζ(x, ξ, t)) = T (S(ξ), P ) + T (G(ξ), P ) (5)

i.e., by the same sum of traveltimes as used in Kirchhoff forward modeling (3) and Kirchhoff migration. In
other words, z = ζ(x, ξ, t) describes the surface of equal reflection time or isochron pertaining to the pair
S and G and a given time t. Thus, the stack contains all contributions that come from the Fresnel zones
surrounding the specular reflection points.
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To use the demigration integral model for each given subsurface reflector, its corresponding true-amplitude,
depth-migrated reflector image as if obtained from a Kirchhoff migration is given by:

M(x, z) = A(x)F [P(x)(z − Σ(x))]. (6)

We may say that this is obtained by placing the correctly scaled and stretched source pulse F [t] along the
reflector. Here, the amplitude factor A(x) and the prestretch factor P(x) have yet to be chosen in such
a way that, at the stationary point x∗ = x∗(ξ), they match the correct (plane-wave) reflection coefficient
R(ξ) and the correct pulse stretch factor S(x∗(ξ)), respectively:

A(x∗) ≈ R(ξ) and P(x∗) ≈ S(ξ) (7)

For our comparison we consider a zero offset survey. Here, the idea of modeling by demigration can be
applied directly. All necessary quantities to construct the migrated image for each reflector are physical
parameters directly available from the a priori specified earth model, which is assumed here to be isotropic.
For any arbitrary zero-offset reflection, the stretch factor at the stationary point on the reflector is given by
Tygel et al. (1994):

S(x∗) =
2 cosβR
vR

(8)

and the normal-incidence reflection coefficient is given by

R(~ξ) =
ρ̃RṽR − ρRvR
ρ̃RṽR + ρRvR

(9)

Here, βR is the local reflector dip, and vR, ṽR and ρR, ρ̃R are the velocities and densities above and below
the considered target reflector at the reflection point. Therefore, S and R can be directly computed for any
given reflector point.
The fact that the familiar Kirchhoff migration integral seems to have two inverse integrals in an approximate
sense (i.e., the Kirchhoff Helmholtz modeling integral (2) and the Kirchhoff demigration integral (4) leads
inevitably to the question whether the two processes described by these integrals are identical. The answer
is that, although closely related, they are different processes. Their close relationship, however, leads to
the conclusion that it should be possible to use Kirchhoff demigration to achieve the goals of Kirchhoff
forward modeling .

A PSDM simulator

In this paper, we also use an alternative approach to calculate the artificial migrated image (6) based on
a ray-based PSDM simulator called in the following SimPLI (Simlated Prestack Local Imaging; Lecomte
et al., 2003; Lecomte, 2004; Lecomte and Pochon-Guerin, 2005; Lecomte, 2006, 2008a). SimPLI di-
rectly produces simulated prestack depth migrated images of a given reservoir model, without generating
synthetic traces and processing them. This approach makes use of the PSDM resolution (inverse prob-
lem), i.e., applying the calculated ray-based point-spread functions (PSF Lecomte and Gelius, 1998) in a
background velocity model to the reflectivity of a superimposed target (e.g., reservoir). This is done by
either convolution in the depth domain, or multiplication in the scattering-wavenumber domain, and using
fast FT (FFT) to perform the depth-to/from-wavenumber conversions. SimPLI acts as a signal- or image-
processing method, distorting the actual reflectivity to reproduce the effects of seismic imaging. This is
comparable to what is done in PSDM, where a seismic data set is used to retrieve the unknown reflec-
tivity (only a filtered version, as suggested earlier). This distorted reflectivity is superimposed by PSDM
to the (smooth) background velocity field used for the propagation effects (traveltimes). In the simulator
approach, which is a modeling one, we know the reflectivity in depth, so there is no need for the back
propagation of the migration method, but we simulate instead the focusing effect (imaging) by distorting
the true reflectivity according to the PSF. Other approaches are also possible (Toxopeus et al., 2008), but
the ray approach provides a flexible, interactive and robust concept for PSF estimation (Gjøystdal et al.,
2007).
To illustrate the PSDM simulator, Lecomte (2008b) consider the SEG logo as the input reflectivity grid,
which is then transformed to the scattering-wavenumber domain (Figure 4).
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Figure 4: Illumination and resolution effects on the SEG logo. (a) SEG logo taken in as input to the PSDM
simulator and transformed to the wavenumber domain. (b) Simulated PSDM for a near-offset selection.
(c) Simulated PSDM for a far-offset selection. (d) Simulation of 1D convolution effect. (b), (c), and (d)
show from left to right the corresponding wavenumber filter, then the result of applying that filter to the
SEG logo, still in the wavenumber domain, and finally the resulting simulated PSDM image in the space
(depth) domain (Lecomte, 2008b).

Using ray tracing in a given background model, two wavenumber filters were obtained for two constant-
offset survey selections and a 20-Hz zero-phase Ricker wavelet (Figure 4b and c, left). These filters are
then applied in the wavenumber domain to the input reflectivity grid and finally an inverse FFT gives
the simulated PSDM images (Figure 4b and c, right). The SEG logo is distorted as a result. The zero-
offset image is best but it is missing the steep contours of the characters due to limited illumination, as is
the case in actual seismic acquisition. The 4-km offset shows both a decrease in resolution and stronger
limitation in illumination. The PSDM simulator can also be used to simulate a 1D convolution for the sake
of comparison (Figure 4d). A 1D-convolution simulator corresponds indeed to a perfect illumination of all
reflector dips and azimuths, which is equivalent to a circular wavenumber filter (Figure 4d, left). A cross-
reflector resolution effect is introduced by taking into account the band-limited pulse and a pulse stretch
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factor (like in equation 8). However, no lateral resolution effects (Fresnel zones) can be reproduced due to
the circular shape of the filter. As a result, the obtained SEG logo image is not realistic, showing all ‘dips‘
with just a certain thickness of the contours (Figure 4d, right).

NUMERICAL RESULTS

In this section, we will give a brief overview of the methodology to be applied, illustrated by some very
simplistic modeling examples, in order to grasp the basic principles, limitations, and differences between
the approaches. In these examples we have chosen to keep the velocity field constant and focus on the
shape of the reflector(s), since this turns out to be the factor causing most problems in practical situations.

Single horizon model

Consider the model in Figure 5. It consists of one syncline structure that separates two homogeneous
isotropic layers. In this (and all following examples) a 30 Hz zero phase Ricker wavelet was used as the
source pulse. P-velocities above and below the horizon are 2000 and 2500m/s respectively, P/S velocity
ratio is 2, and density is 2.0 g/cm3. Now consider a zero offset survey along a line in the x direction, with
shot/receiver spacing of 50m and the shot/receivers are located between 1 and 9km. For illustration, Figure
5 shows some raypaths resulting from WFC. Noted that all WFC/DRT calculations are performed in 3D,
even if the following examples show simulations for shot/receiver lines in the x-direction.

0
0

Z
[k
m
]

10X[km]

4

Figure 5: First example consisting of a syncline structure that separates two homogeneous isotropic layers.

Figure 6 shows the different modeling results calculated for the syncline structure by all four presented
modeling approaches. By comparing all seismic sections quantitatively it can be seen that all results bear
resemblance for the center part of the structure. However, typical deficiencies that can be observed in DRT-
based seismograms (Figure 6b) are some unrealistically high amplitudes close to the cusps of the caustics,
and the lack of a gradual decay in the form of diffracted energy. Here, the fish tail is less prominent than the
ones obtained by Kirchhoff Helmholtz modeling (Figure 6a) and modeling by demigration (Figures 6c and
6d). We observe that KH modeling automatically simulates edge diffractions and is much more stable than
simple DRT. However, the KH seismic data comprises residual noise which could basically be controlled
by the sampling of the modeled interface. Consequently, increasing the sampling density leads to less noise
in the obtained seismogram.
For a more detailed investigation, in Figure 7 we show one single trace location at x = 5km. For both
modeling by demigration results the seismic sections contain high-frequent noise due to the summation
process (Figures 7c and 7d). However, this residual noise could be significantly reduce applying a low-
frequency filter after the actual modeling process.
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Figure 6: Computed synthetic seismograms for different modeling techniques: (a) Kirchhoff Helmholtz
modeling, (b) standard ray-tracing, (c) classical modeling by demigration and (d) SimPLI demigration.
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Figure 7: One synthetic trace for different modeling techniques: (a) Kirchhoff-Helmholtz modeling, (b)
standard ray-tracing, (c) classical modeling by demigration and (d) SimPLI demigration.

Multi-horizon model

The second example contains three horizons, see Figure 8. The first reflector is a simple horizontal plane,
the second a syncline structure as in the previous example and the deepest represents a (slightly smoothed)
fault structure. For computational simplicity, we chose a 2.5D situation which means that 3D amplitude
effects of in-plane propagation are correctly considered. In most ray-tracing applications for such a het-
erogeneous subsurface, model smoothing is a key problem, and it is not always an easy task to determine
the proper smoothing procedure. Consequently, we would need a smooth version of the given model to
produce proper GF‘s for KH modeling and modeling by demigration which is in practice usual available as
it is needed for migration anyway. Nevertheless, the obtained modeling result would be slightly different
depending on the smoothing level and thus, would make a comparison with the DRT results more difficult.
Therefore, we separate our layers by varying the densities and keep the velocities constant (vP = 2.0km/s
and vS = 1.0km/s). The density is given by ρ1 = 1.0 g/cm3, ρ2 = 1.5 g/cm3, ρ3 = 2.0 g/cm3 and ρ4 = 2.5
g/cm3, respectively.
Gjøystdal et al. (2007) demonstrated that sharp edges on an interface can be smoothed slightly to produce
a diffraction-like DRT response, which is closer to reality than if keeping them sharp. Therefore, we em-
ployed a smoothing operator to the fault interface, to obtain the best possible DRT synthetic seismogram
for this example.
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Figure 8: Second model consists of four layer, separated e.g, by a simple horizontal plane, a syncline
structure as in the previous example and a slightly smoothed fault structure.

As demonstrated for the first example, both demigration results show strong similarities, thus here we
restrict ourselfs to the new SimPLI demigration approach. Again we consider a zero-offset survey along
a line in the x direction, with shot/receiver spacing of 50m and the shot/receivers being located between
1 and 9km. The synthetic section resulting from modeling by demigration has been compared in Figure
9 to the corresponding sections obtained by conventional seismic modeling schemes. Figure 9a shows
the modeled traces computed by standard ray tracing; Figure 9b contains the corresponding seismogram
resulting from KH modeling with integral (2) and Figure 9c shows the new SimPLI demigration result.
As expected, we observe differences between the standard ray tracing results and the ones obtained by
both summation processes. As in the previous example, the diffracted events, i.e., the caustic tails in the
triplication , are not present in the former. In this respect, the modeling by demigration approach is more
accurate than the standard ray tracing because it includes diffracted-wave contributions as does the KH
modeling. However, there are no significant differences between the KH seismogram and the one obtained
by SimPLI demigration. To suppress the residual noise in the modeling by demigration result, we applied a
high-frequency filter after the actual modeling process. However, the Simpli demigration yields practically
the same pulse as standard ray tracing and KH modeling.

CONCLUSIONS

A major challenge in the development of ray-tracing technology is to achieve more robust applications of
the ray method at the various stages of the seismic value chain - from acquisition to time lapse interpreta-
tion. In this respect, one may either select a strategy based on specifically extending the validity area of the
standard ray method itself, or one may follow the red line of this paper, which is to consider ray tracing as
only one constituent of a composite system of processes.
The combination of the standard ray method with the wavefront construction method serves a variety of
purposes, e.g., simulation of large realistic 3D surveys and modeling the reflected wavefield for predefined
targets and wave modes, as well as efficient generation of Green‘s function attributes needed for real data
imaging, simulated local imaging, and Kirchhoff modeling. The last technique turns out to be a very in-
teresting candidate for effectively extending the limits of ray theory, since it dramatically reduces the need
for reflector smoothness, thereby modeling both edge and caustic diffractions. Although more time con-
suming, it is quite feasible to perform Kirchhoff modeling in three dimensions today, having an efficient
wavefront construction tracer running in parallel, even on small clusters.
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Figure 9: Computed synthetic seismograms for different modeling techniques: (a) Kirchhoff Helmholtz
modeling, (b) standard ray-tracing and (c) SimPLI demigration.
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ABSTRACT

There is a need for reverse-time migration from TTI media in the hydrocarbon industry. Therefore,
attempts have been made to develop pseudo-acoustic wave equations for TTI media. All of these
wave equations work well if the orientation of the media’s symmetry axes are aligned throughout the
computational domain. However, in the general case of spatially varying symmetry axes numerical
instabilities occur. Some authors claimed to be able to avoid these instabilities. They achieved this
only by applying extensive smoothing of the angles of symmetry axis orientation or by using certain
staggered grids which inherently apply some averaging. However, when smoothing, the advantages
of grid based forward modelling schemes, e.g. sharp velocity contrasts at interfaces or sharp changes
of the symmetry axes, are lost. Modifying the elastodynamic equations for anisotropic media for the
acoustic case leads to numerically stable results.

INTRODUCTION

For many years reverse-time migration (RTM) was based on the pure acoustic wave equation. In certain
cases, however, the acoustic wave equation is not appropriate since to a certain amount seismic anisotropy
may be present in seismic recordings. Therefore, there is an increasing demand that anisotropic reverse-
time migration needs to be applied to such kind of data. Unfortunately, there is no anisotropic wave
equation per se which could replace the ordinary (usually constant density) wave equation.

Alkhalifah (2000) presented an acoustic wave equation for anisotropic media based on his acoustic
approximation for TI media (Alkhalifah, 1998) . This wave equation is a PDE of 4th order in time, which
can be represented in the form of two coupled PDEs of 2nd order.

The reasons to deal with the acoustic approximation for TI media for RTM are that (1) the formulas
are simpler and (2) less computer resources (i.e. memory and CPU time) are required than for the full
elastic anisotropic equations of motion; (3) qS-wave energy propagation is significantly reduced, however,
undesired artifacts are present in the numerical solutions. This reflects the fact that there is coupling
between qP- and qS-waves in anisotropic media and an acoustic approximation does not exist.

After Alkhalifah several other authors, e.g. Zhou et al. (2006a), Hestholm (2007), Du et al. (2008), Du-
veneck et al. (2008), came up with variants of the so-called pseudo-acoustic wave equation for anisotropic
media. These equations differ in the way in which auxiliary variables are introduced in order to split the
equation into a system of two coupled PDEs. All of these wave equations have in common that they are ini-
tially formulated in the frequency-wavenumber domain assuming that the S-wave velocity vanishes. After
this, the equations are transformed to the time-space domain.

However, the equations are not applicable to media with tilt (against vertical) tilted symmetry axes.
Therefore, coordinate transforms were introduced into these wave equations. Pseudo-acoustic wave equa-
tions for tilted TI (TTI) media were described and applied by, e.g., Zhang et al. (2003), Du et al. (2005),
Zhou et al. (2006b), Operto et al. (2007), Fletcher et al. (2008), Lesage et al. (2008b), Lesage et al. (2008a),
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Zhang and Zhang (2009), Liu et al. (2009). These equations work well if the tilt angle is constant through-
out the entire computational grid. The pseudo-acoustic wave equations for TTI media, however, lead to
unstable modelling algorithms in cases where the symmetry axes are not fixed within the entire computa-
tional domain. These instabilities are due to the fact, that though the methods are consistent within each
region of constant symmetry axis tilt, it no longer is consistent when regions with different orientations
of the symmetry axis are treated within one computational domain. A reason is that the physical inter-
pretation of the quantities in the pseudo-acoustic wave equations are, e.g., vertical and horizontal stresses
(e.g. Duveneck et al. (2008)), respectively. However, after individual rotation by different tilt angles this
interpretation is not consistent any more because the reference systems of the different media differ.

This result was found when the above mentioned equations were numerically solved by a centered grid
Fourier method, which is of high accuracy and where the stability limits are known. The centered grid
Fourier method does not require any smoothing or averaging. It therefore allows sharp contrasts in seismic
velocities and also of the kind of anisotropy. Also in Zhang and Zhang (2008) and Zhang and Zhang (2009)
instabilities were mentioned.

Since instabilities are obviously unavoidable in case of varying orientations of symmetry axes we sug-
gest to use the full anisotropic equations of motion, where certain elastic constants, which determine qS-
wave propagation in TI media, are canceled. This is the same starting point as in Duveneck et al. (2008).
Here, however, no further approximation is made.

We first describe how to obtain the acoustic wave field from the elastodynamic equations for anisotropic
media and how it simplifies for TI models. Numerical results for these equations are presented and com-
pared to modelling results of a pseudo-acoustic wave equation.

EQUATIONS OF MOTION

The full anisotropic equations of motion in Cartesian coordinates read:

%
∂2ui
∂t2

=
∂σij
∂xj

+ fi.

Here % is density per volume, ui are the displacement components, σij are the stress tensor elements and fi
are the components of the body forces density. Time is denoted by t and xj are the coordinate directions.

The stress-strain relation for VTI media using the elasticity matrix (in Voigt notation) is given by:
σxx
σyy
σzz
σyz
σxz
σxy

 =


C11 C12 C13 0 0 0

C11 C13 0 0 0
C33 0 0 0

C44 0 0
C44 0

C66




εxx
εyy
εzz
εyz
εxz
εxy

 , (1)

with εkl =
1
2

(
∂uk
∂xl

+
∂ul
∂xk

)
the strain tensor elements and Cmn the elasticity matrix components, where

five elements are independent and C66 = 1
2 (C11 − C12). The modified elasticity matrix according to

Duveneck et al. (2008) reads:

%v2
p


1 + 2ε 1 + 2ε

√
1 + 2δ 0 0 0

1 + 2ε
√

1 + 2δ 0 0 0
1 0 0 0

0 0 0
0 0

0

 . (2)

where ε and δ are Thomsen’s anisotropy parameters (Thomsen, 1986). Note that the components C44 and
C66 vanish and C12 = C11.

After rotation of the elasticity matrix in order to yield a tilted symmetry axis all elements of the elasticity
matrix will in general be different from zero. In 3D it therefore is necessary to deal with all 21 components
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Material #1 vp [m/s] % [kg/m3] ε δ tilt angle

Green River shale (202.71 MPa) 41 3292 2075 0.195 -0.220 0o

Mesaverde shale (1599) 20 3901 2640 0.137 -0.012 -45o

Mesaverde calcacer. sandstone (6423.6) 12 5460 2690 0.000 -0.264 45o

Table 1: Materials used for the modelling examples (from top to bottom in the second example).
1 # refers to the order in Table 1 of Thomsen (1986).

of the elasticity matrix although only five are independent. Only in very specialized cases a smaller number
of components can be sufficient. In 2D at maximum six elastic matrix components are sufficient.

MODELLING EXAMPLES

The 2D modelling examples were calculated using the pseudo-spectral Fourier method with a 2nd order
finite-differences time stepping scheme. The model is made up of 405 × 405 grid nodes with spacings of
20 m. The time increment is 1 ms. The maximum frequency of the Ricker wavelet of the pressure source
is 50 Hz. The source position is at (4040 m, 3600 m). The material parameters are taken from Table 1
of Thomsen (1986). All of the materials show substantial anisotropic behavior. The elasticity tensor is
modified according to Equation (2) for each material so that qS-wave propagation is almost suppressed.
After this, to obtain a tilted symmetry axis, the elasticity tensor is rotated according to

c′ijkl = aim ajn ako alp cmnop (3)

where c and c′ are the elasticity tensors before and after rotation, respectively, and a is the rotation matrix.
The first example (model 1) shows wave front snapshots at 900 ms propagation time for a homogeneous

transversely isotropic medium (Green River shale, see Table 1) with a vertically oriented symmetry axis.
Figure 1 shows the horizontal displacement component, the vertical displacement component, the di-

vergence of the displacement field and the curl of the displacement field, respectively. Note the diamond
shaped S-wave artifacts inside the qP-wave front. Such artifacts are also present in modelling results ob-
tained by the various pseudo-acoustic wave equations. Due to their low propagation speed, i.e. small wave
length, the S-wave artifacts are spatially aliased, which causes their noisy appearance.

The second example (model 2) shows a series of wave front snapshots at 225, 450, 675 and 900 ms
propagation time for a horizontally layered medium. (Figure 2) . The horizontal layer boundaries are
located at 2000 m and 5000 m depth. The model consists of three different homogeneous materials (see
Table 1) with differently oriented symmetry axes (0, 45 and -45 degrees). Note that S-wave artifacts are
generated where the wave front hits an interface. Here the divergence of the displacement field is displayed.
This is the quantity which corresponds to the field variable in the ordinary acoustic wave equation, i.e. the
pressure.

As an example of numerical failure of a pseudo-acoustic wave equation a result of modelling with the
equation of Fletcher et al. (2008) is shown in Figure 3. The same material parameters as for model 2 were
used. In this case, instabilities develop at a very early time of the numerical modelling. (The modelling
results are stable only if the orientations of the symmetry axes were the same in all layers.)

CONCLUSIONS

It was shown by modelling examples that it is possible to calculate the qP-wave field in TTI media with
arbitrarily oriented symmetry axes by the full anisotropic elastodynamic equations without numerical in-
stabilities. This is achieved by modifying the elasticity matrix in such a way that S-wave propagation is
reduced. This method appears superior compared to pseudo-acoustic wave equations since it is numeri-
cally stable even if there are rapid changes of the orientation of the symmetry axes. Pseudo-acoustic wave
equations so far known fail in this respect. However, implementations with the anisotropic equations of
motion are computationally more costly than those with pseudo-acoustic wave equations. In our 2D im-
plementations the elastodynamic code is roughly 50% more expensive with respect to both, CPU time
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Figure 1: Wave field snapshots of a TI medium with vertical symmetry axis (model 1) at 900 ms propaga-
tion time: a: horizontal displacement component, b: vertical displacement component, c: divergence of the
displacement field, d: curl of the displacement field. S-wave artifacts are visible.

and memory requirements, than the pseudo-acoustic code. We expect that this ratio is more severe in 3D
implementations.
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Figure 2: Snapshots of the divergence of the displacement field of a three-layer TI medium with varying
orientations of the symmetry axes (model 2) at different propagation times: a: 225 ms, b: 450 ms, c: 675 ms,
d: 900 ms. Results are numerically stable.
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ABSTRACT

For modern long-offset acquisition geometries, a hyperbolic traveltime approximation is no longer
sufficient to flatten the CMP gather because of medium inhomogeneity or anisotropy. For transversely
isotropic media with a vertical symmetry axis (VTI media), just two traveltime parameters are suf-
ficient for performing all time-related processing. Using an estimate of the NMO velocity from a
hyperbolic velocity analysis, one can estimate the anisotropic parameter from a more general travel-
time approximation. We extend this two-step procedure using a more accurate nonhyperbolicity term
in the traveltime approximation. The used traveltime approximations allow to predict the bias in the
NMO velocity estimate, thus providing a means of correcting both the estimated NMO velocity and
the resulting anisotropy parameter value. By means of a numerical example, we demonstrate that the
estimation of both traveltime parameters is improved considerably.

INTRODUCTION

In the seismic reflection method, knowledge of a high-quality velocity model is indispensible, because it
plays a key role in the processing and migration of seismic reflection data. Conventional velocity analysis
(Dix, 1955; Yilmaz, 1987) by the common-midpoint (CMP) method fits a hyperbolic traveltime approx-
imation to a seismic reflection event in a CMP section. In this procedure, a single traveltime parameter,
usually expressed as the normal-moveout (NMO) velocity, is estimated using a measure of the quality of
the fit. However, for modern long-offset acquisition geometries, a hyperbolic traveltime approximation is
no longer sufficient to flatten the CMP gather because of medium inhomogeneity or anisotropy (Alkhali-
fah et al., 1996; Toldi et al., 1999). Many authors proposed alternative ideas of how to extract information
about the seismic velocities from the data under these conditions. Most of these ideas resort to the migrated
domain for velocity extraction, for example using the focusing properties of seismic diffractions (Harlan
et al., 1984; Landa and Keydar, 1998; Fomel et al., 2007; Novais et al., 2008) or horizontalization of the
common-image gather (Al-Yahya, 1989; Liu and Bleistein, 1995). Based on the latter approach, Schle-
icher et al. (2008) used image-wave propagation to determine the subsurface velocity model. Even for
anisotropic media, there are several methods to obtain information about the velocity model (Tsvankin and
Thomsen, 1994; Al-Dajani and Tsvankin, 1998; Sarkar and Tsvankin, 2004; Behera and Tsvankin, 2007).

A particularly important work in this respect is that of Alkhalifah and Tsvankin (1995). They demon-
strated that for transversely isotropic media with a vertical symmetry axis (VTI media), just two travel-
time parameters are sufficient for performing all time-related processing such as NMO and dip-moveout
(DMO) corrections. The two traveltime parameters are usually expressed as the NMO velocity vnmo and
the nonhyperbolicity parameter η, a combination of the well-known weak anisotropy parameters ε and δ
of Thomsen (1986). Using on these parameters, Alkhalifah and Tsvankin (1995) derived a new traveltime
approximation based on continued fractions that describes nonhyperbolic traveltimes for larger offsets.

Alkhalifah (1997) showed that using an estimate of vnmo after a hyperbolic velocity analysis, one can
estimate the anisotropic parameter η from the more general traveltime approximation of Alkhalifah and

mailto:aleixocarvalho@gmail.com
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Tsvankin (1995). He proposes a two-step procedure. The first step uses conventional velocity analysis in
the CMP gather up to a short offset to estimate vnmo. In the next step, assuming that the estimative of
vnmo is sufficiently accurate, he proposes to use farther offsets to estimate the anisotropy parameter η. As
a drawback of his method, he noted the strong sensitivity of the η estimates on the quality of the estimated
NMO velocity which, in turn, depends on η.

In this paper, we apply the two-step procedure of Alkhalifah (1997) using the new nonhyperbolic trav-
eltime approximations of Schleicher and Aleixo (2008; see also Aleixo and Schleicher, 2009), based on
anelliptic approximations (Fomel, 2004) of the VTI traveltime. These traveltime approximations allow to
predict the bias in the NMO velocity estimate, thus providing a means of correcting both the estimated
NMO velocity and the resulting η value. In this way, the extraction procedure leads to more reliable esti-
mates of vnmo and η.

METHOD

For a homogeneous VTI medium the hyperbolic traveltime approximation is only valid for small offsets,
and the velocity coefficient is an NMO velocity that differs from the vertical velocity (Thomsen, 1986).
Extending the Taylor series of the traveltime approximation up to fourth order does not extend the validity
range significantly (Tsvankin and Thomsen, 1994). However, other types of traveltime approximation
can be found that are valid for longer offsets the most famous one being (Tsvankin and Thomsen, 1994;
Alkhalifah and Tsvankin, 1995)

t2(x) = 1 + x2 − 2ηx4

1 + (1 + 2η)x2
. (1)

Here, we use the normalised half-offset, x = h/τ0vnmo, and the normalised traveltime t(x) = τ(x)/τ0,
where h is half-offset and τ0 is the zero-offset traveltime. Moreover, the anisotropy parameter is

η =
ε− δ

1 + 2δ
(2)

and the normal-moveout (NMO) velocity

Vnmo = Vp0
√

1 + 2δ, (3)

where ε and δ are Thomsen’s (1986) parameters, and Vp0 is the vertical P-wave velocity.
Alkhalifah (1997) proposed to use a hyperbolic approximation

t2(x) = 1 + x2 (4)

to estimate vnmo by a short-offset conventional velocity analysis. Thereafter, assuming that the esti-
mate of vnmo is sufficiently accurate, the traveltime correction of equation (1) can be used to estimate
the anisotropic parameter η. Introducing the notation

∆t2 = (1 + x2)− t2(x) =
2ηx4

1 + (1 + 2η)x2
(5)

for the traveltime correction of equation (1), η can be obtained at a given normalised half-offset x from

η =
∆t2(1 + x2)

2x2(x2 −∆t2)
. (6)

To measure ∆t2 in the data, Alkhalifah (1997) suggests to apply an NMO correction using vnmo from
the first step and then compute ∆t2 = 1− (t2(x)−x2) = 1− t2cor, where tcor corresponds to the moveout
traveltime after NMO correction. In other words, ∆t2 measures the residual moveout after a conventional
NMO correction. The second quantity needed in equation (6) is the normalised half-offset x. Alkhalifah
(1997) showed that the reliability of the estimate increases with increasing offset. Thus, equation (6) should
be applied at the farthest offsets available or as a mean over a number of the farthest offsets.
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Recently, Aleixo and Schleicher (2009) derived a set of new more accurate traveltime approximations
in VTI media. These approximations are based on the anelliptic approximation of Fomel (2004) and have
the form

t2(x) = 1 +
x2

Q
+Bi(η)

x2

1 + x2/Q
, (7)

where Q = 1 + 2η. For the factor Bi(η), they derived five different forms, depending on the actual
approximation procedure applied to Fomel’s VTI traveltime approximation. These forms are

B1(η) = 2η/Q, (8)
B2(η) = 2η/(1 + η)Q, (9)
B3(η) = 2η/(1 + η)2, (10)
B4(η) = 2η/Q2, (11)
B5(η) = 8η(1 + η)/5Q. (12)

Aleixo and Schleicher (2009) demonstrated that while exhibiting a much simpler algebraic form, all these
approximations are of similar quality as the original approximation of Fomel (2004).

The aim of this work is to use the traveltime approximations (7) in the two-step procedure of Alkhalifah
(1997) to obtain a more accurate estimative for parameter η. The first step of estimating vnmo remains the
same as before. The second step needs to be slightly altered due to the different traveltime approximation.
To simplify the expressions, we introduce a new traveltime misfit parameter y defined as

y =
x2 −∆t2

x2
. (13)

Here, ∆t2 is determined from the data as described in connection with equation (6). Note that for perfect
NMO correction, ∆t2 = 0 and thus y = 1.

Manipulating equation (7), we can write

y =
Q+ x2 +BiQ

2

Q2 +Qx2
. (14)

Since y depends on η, we can use equation (14) to extract η from measured values of y. Although more
sophisticated methods can be thought of, our first approach was to try and invert equation (14) for a direct
equation η(y). However, since equation (14) is strongly nonlinear in η, direct inversion is impossible.
Therefore, we chose to linearise numerator and denominator separately in η before inverting the expression.
For B1 to B4 this procedure leads to

y =
1 + 2η + x2 + 2η

1 + 4η + (1 + 2η)x2
, (15)

which leads to the following extraction formula for η:

η =
(1 + x2)(1− y)
4y + 2x2y − 4

. (16)

Correspondingly, we obtain for B5

y =
5 + 10η + 5x2 + 8η

5 + 20η + (5 + 10η)x2
, (17)

which results in the following expression for η:

η =
5(1 + x2)(1− y)
20y + 10x2y − 18

. (18)

Using formulas (16) and (18), we can estimate η from the picked traveltime at any chosen offset x using
the value of y extracted from the data according to expression (13).
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If the estimate of vnmo is precise, these estimates for η are generally of higher accuracy than the ones
obtained with equation (6). However, they suffer from the same sensitivity problems already reported
by Alkhalifah (1997). This is a severe drawback, since the estimate of vnmo in the first step is already
influenced by anisotropy. However, while traveltime approximation (1) does not predict such a behaviour,
approximations (7) do. Rewriting equation (7) as

t2(x) = 1 +
x2

Q
+Bi

x2 + x4/Q− x4/Q

1 + x2/Q

= 1 +
(
Bi +

1
Q

)
x2 − Bi

Q

x4

1 + x2/Q
, (19)

we see that in this description, the short-offset term is already influenced by the presence of η, resulting in
an apparent NMO velocity

vapnmo = vnmo/
√
Bi + 1/Q . (20)

Only B1 does not predict a dependence of the NMO velocity on the medium nonhyperbolicity η, since
we have B1 + 1/Q = 1. However, all other choices of Bi predict such a dependence. Once η is known,
equation (20) permits to calculate the true NMO velocity from the apparent one by

vnmo = Civ
ap
nmo =

√
Bi + 1/Qvapnmo . (21)

Note that for B1 to B4, the correction factor satisfies

Ci =
vnmo
vapnmo

=
√
Bi + 1/Q < 1 . (22)

We thus expect apparent NMO velocities with vapnmo > vnmo.
Equation (21) has an important consequence. Once η has been estimated, this equation allows to correct

the observed NMO velocity. The corrected value of vnmo can then be used to recalculate y and η according
to formulas (14) and (16) or (18). This procedure can then be applied iteratively to correct both the estimates
of vnmo and η until both values are consistent.

Procedure

The iterative procedure can be summarised in the following steps:

(1) Use hyperbolic velocity analysis for the shortest offset to determine a first estimate for the apparent
NMO velocity vapnmo.

(2) Use this NMO velocity estimate together with equation (16) or equation (18) to obtain an estimate
for η from the traveltime misfit at the farthest offsets.

(3) Use the η estimate to correct the apparent NMO velocity for an improved estimate vnmo according
to equation (21).

(4) While the ratioR between the NMO velocities of subsequent iterations still significantly differs from
1, for instance |1−R| > ε, go to step (2) using the new vnmo estimate.

After convergence of this iterative procedure, the estimated parameters are the final estimates for η and
vnmo.

NUMERICAL EXAMPLES

In this section we present some numerical examples for the proposed procedure for the η extraction. We
consider a single-layer homogeneous VTI medium with vnmo = 2.5 km/s. Figure 1 shows a synthetic
seismogram in such a medium for η = 0.3409, which represents the Greenhorn shale (Jones and Wang,
1981), with random noise with a signal-to-noise ratio of 10. The objective of the test is to flatten this event.
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Figure 1: Synthetic seismogram for horizontal reflector at 1 km depth below a homogeneous VTI layer
with η = 0.3409 and vnmo = 2.5 km/s. Signal-to-noise ratio is 3.

However, to put our numerical tests on a broader basis, we carried out the extraction procedure for a set
of models with a single homogeneous VTI layer with the same parameters of the Greenhorn Shale except
for a varying η. The value of η varies from 0.01 to 0.5, which covers the range of η observed in practice.

Our first experiment was to extract η using equations (16) and (18) under the assumption that vnmo is
known exactly. Of course, for this constant-velocity layer, vnmo = v = 2.5 km/s. We have tested the
extraction for 50 different values of η between η = 0.01 and η = 0.5. Figure 2 shows the results of the η
extraction and Figure 3 compares the relative error of the estimates for η with formulas (6) (Tsvankin and
Thomsen, 1994), (16), and (18). We see that the extraction using formula (16) is the most accurate one,
with a relative error below 1% for the complete range of η. Formula (18) is slightly less accurate, with a
error of about 0.25% even for the smallest η and with a maximum error of about 1.25%. The results of
the extractions using B2 to B4 are not shown here. The fall in the range between B1 and B5. The error
of Tsvankin and Thomsen’s formula has an error close to zero at the smallest η, but increases much faster
with η than the two Bi estimates, reaching a maximum of 3% at η = 0.5.

The improved values of η in this extraction are a consequence of the better approximation that travel-
times (7) achieve as compared to equation (1). However, this kind of comparison suffers from an important
lack of practicality. In practice, the exact value of the NMO velocity is not known a priori. It is necessary
to estimate η using the value for vnmo as obtained from a short-offset conventional velocity analysis. Thus,
we repeated the above experiment using the estimated apparent NMO velocities. We carried out a con-
ventional hyperbolic velocity analysis in an offset range of 0.1 ≤ x ≤ 0.5. Figure 4 shows the estimated
apparent NMO velocity as a function of η. We observe a visible dependence of the estimated NMO velocity
on η, varying between 2.5 km/s for very small η and 2.7 km/s for η = 0.5.

We then used these estimated values of vnmo in the estimation of η. The incorrect estimation of vnmo
strongly deteriorates the quality of the η estimates. Figures 5 and 6 show the extracted values and the
relative error of the η estimates obtained with formulas (6) (Tsvankin and Thomsen, 1994), (16) (B1), and
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Figure 2: Extraction of η with formulas (6) (Tsvankin and Thomsen, 1994), (16) (i.e., B1), and (18) (i.e.,
B5) using the exact NMO velocity.
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Figure 3: Relative error of η extraction with formulas (6) (Tsvankin and Thomsen, 1994), (16) (i.e., B1),
and (18) (i.e., B5) using the exact NMO velocity.
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Figure 4: Apparent NMO velocity, estimated from a short-offset conventional hyperbolic velocity analy-
sis, as a function of η.

(18) (B5), using the estimated NMO velocities. We see that the error of the three estimates is of comparable
size, reaching about 30%, much larger than the velocity error of less than 10%. This confirms the sensitivity
problems of this technique reported by Alkhalifah (1997). We conclude that the error in the estimate of
vnmo affects the η estimates much stronger than the choice of the traveltime approximation.

Thus, it turns out that the most important feature of the new traveltime approximations (7) is not their
slightly improved quality over equation (1), but their prediction of an η dependence of the apparent NMO
velocity. This feature allows for a correction of the NMO velocity value as obtained in a short-offset
hyperbolic velocity analysis. Figure 7 shows the values of the apparent NMO velocity vapnmo as a function
of η as predicted using the four values ofBi (i = 1, 2, 3, 4) that describe such an η-dependence. Also shown
is the observed trend of Figure 4 (black curve). We observe that the different approximations predict the
apparent NMO velocity with different quality. The best approximation for η below 0.1 is the one using B5.
Up to about 0.2, the B4 approximation remains closest. The approximation that most closely resembles
the observed curve over the full range of tested values of η is the one using B2. The B3 approximation
underestimates the η dependence of the NMO velocity.

Using the estimate of η, we can correct the estimate for vnmo according to equation (21). This in turn
gives a new estimate for η. We continue this process iteratively until both values are consistent, i.e., until
the ratio R between the values of the NMO velocity in two subsequent iterations differs from one by less
than ε = 10−4. In principle, and depending on the actual value of η, this should be possible with all four
possible choices of Bi for which the correction factor is different from one. Because of the fact that B2

best predicts the bias in the estimation of vnmo for the full range of tested η (see Figure 4), we use only
this approximation for the correction procedure.

Figure 8 shows the final corrected values of vnmo after this iterative procedure. We see that the final
estimates for vnmo are improved quite considerably as compared to those of Figure 4. Of course, because
of the strongly nonlinear behaviour of the apparent NMO velocity, complete correction is impossible. The
deviation from the true value of 2.5 km/s is largest at an η of about 0.2, with a relative error of about 3%.
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Figure 5: Estimated values of η when using the estimated vnmo from a short-offset hyperbolic velocity
analysis. Also shown are the true η values (dashed line).
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Figure 6: Error of the estimated values of η when using the estimated vnmo from a short-offset hyperbolic
velocity analysis.
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Figure 7: Prediction of apparent vnmo according to equation (19) using four different choices ofBi. Also
shown is the observed trend of Figure 4 (black curve).

Correspondingly, Figures 9 and 10 show the extracted values and the relative error of the resulting
final η estimate after the iterative procedure. As we can see in these figures, the extracted values of η
have been considerably improved and the resulting error of the η estimates has been reduced significantly
in comparison to Figure 6, except in the range of very small values of η. The errors are below 20% for
all η values above 0.03 and below 10% almost everywhere except in the range around η = 0.2 where the
apparent NMO velocity has the most nonlinear behaviour. Around η = 0.4, the error becomes close to zero.
This confirms that the iterative procedure to correct vnmo and η based on the traveltime approximations
of Aleixo and Schleicher (2009) helps to reduce the sensitivity of the η extraction procedure of Alkhalifah
(1997).

Finally, let us see how the extracted traveltime parameters act when trying to apply a nonhyperbolic
NMO correction. Figure 11 depicts the synthetic data section of Figure 1 after nonhyperbolic NMO cor-
rection using the described iterative procedure for the extraction of vnmo and η. The extracted values for
these data where vnmo = 2.5162 km/s and η = 0.3285. We see that the nonhyperbolic reflection event has
been nicely flattened. Moreover, the extracted values of vnmo and η are quite close to the true values, with
acceptable errors of 0.5% and −3.6%, respectively.

CONCLUSIONS

In this work, we have refined the technique of Alkhalifah (1997) to compute the anisotropic parameter η.
The technique consists of a conventional velocity analysis for short offsets plus a calculation of η based on
the nonhyperbolicity term, assuming that an accurate value for the NMO velocity has been obtained. In our
refined version, we have replaced the nonhyperbolicity term from the traveltime approximation derived by
Tsvankin and Thomsen (1994) by those of the more accurate ones of Aleixo and Schleicher (2009).

We have seen that the new traveltime approximations make the η extraction more precise if the NMO
velocity is known exactly. However, the general problem of the technique is its high sensitivity to errors in
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Figure 8: Estimates of vnmo after correction according to equation (19) with B2 of equation (9).

the estimate of the NMO velocity (Alkhalifah, 1997). This generally leads to large errors of the η estimates.
The traveltime approximations of Aleixo and Schleicher (2009) pave the way to overcome this problem.
They allow to predict the bias in the NMO velocity estimate in dependence on η, thus providing a means of
correcting both the estimated NMO velocity and the resulting η value in an iterative procedure. By means
of a numerical example, we have demonstrated the improvement in the estimation of vnmo and η that can
be achieved in this way.
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ABSTRACT

Offset continuation (OCO) is a seismic configuration transform designed to simulate a seismic section
as if obtained with a certain source-receiver offset using the data measured with another offset. Since
OCO is dependent on the velocity model used in the process, comparison of the simulated section to
an acquired section allows for the extraction of velocity information. An algorithm for such a horizon-
oriented velocity analysis is based on so-called OCO rays. These OCO rays describe the output point
of an OCO as a function of the RMS velocity. The intersection point of an OCO ray with the picked
traveltime curve in the acquired data corresponding to the output half-offset defines the RMS velocity
at that position. We theoretically relate the OCO rays to the kinematic properties of OCO image waves
that describe the continuous transformation of the common-offset reflection event from one offset to
another. By applying the method of characteristics to the OCO image-wave equation, we obtain a ray-
tracing-like procedure that allows to construct OCO trajectories describing the position of the OCO
output point under varying offset. The endpoints of these OCO trajectories for a single input point and
different values of the RMS velocity form then the OCO rays. A numerical example demonstrates that
the developed ray-tracing procedure leads to reliable OCO rays, which in turn provide high-quality
RMS velocities.

INTRODUCTION

Operations like dip-moveout correction (DMO), common-shot (CS-)DMO, migration to zero-offset (MZO),
azimuth-moveout correction (AMO), as well as shot and offset continuation (SCO and OCO) are important
configuration transforms in exploration seismics. The objective of a configuration transform is to simulate
a seismic section as if obtained with a certain measurement configuration using the data measured with
another configuration (Hubral et al., 1996a; Tygel et al., 1996). Their applications are manifold, ranging
from improvement of the stack, i.e., for data reduction and signal-to-noise enhancement, to wave-equation-
based trace interpolation to reconstruct missing data and to velocity analysis. The use of configuration
transforms for these purposes has been demonstrated in a variety of papers, including the following ones
on MZO (Bleistein and Cohen, 1995; Tygel et al., 1998), OCO (Fomel and Bleistein, 1996; Santos et al.,
1997; Fomel, 2003), SCO (Bagaini and Spagnolini, 1996), AMO (Biondi et al., 1998), DMO (Canning and
Gardner, 1996; Collins, 1997), and CS-DMO (Schleicher and Bagaini, 2004).

Any configuration transform can be thought of as being composed of a migration and a subsequent
demigration after changing a configuration parameter (Hubral et al., 1996a; Tygel et al., 1996). This points
towards their dependence on the velocity model. A first attempt to make use of this dependence for ve-
locity estimation was undertaken by Filpo (2005). His idea was to use offset continuation (OCO) for
RMS velocity analysis. The objective of an OCO is to transform one common-offset section into another
common-offset section with a different offset.

Based on OCO, Filpo (2005) proposed an horizon-based velocity analysis method, where the RMS
velocity is determined along some chosen horizons. The idea is closely related to conventional normal-
moveout (NMO) velocity analysis. However, while after an NMO correction, simulated zero-offset traces,

mailto:amelia@ime.unicamp.br
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Figure 1: Synthetic common-offset section with h0 = 100 m for a single reflector below a homogeneous
overburden. Also shown is the picked arrival time (blue line) and one point P0(ξ0, t0) on it (green cross).
These are the input data to offset continuation.

determined with possibly wrong velocities, are compared to each other, an OCO enables to compare sim-
ulated common-offset traces or sections to actually acquired ones that do not depend on possibly wrong
assumptions.

The input data required for Filpo’s procedure are two sets of picked reflection traveltimes for one and
the same horizon, but observed in two different common offset sections. Using these data, Filpo (2005)
proposes to construct point-to-point OCO maps between the two sets of picks for many different RMS
velocities. The resulting variety of output points for a single input point is then called an OCO ray. For
each OCO ray, the velocity of the best fit between the mapped and data picks is chosen as the representative
of the RMS velocity field of that place. OCO rays are related to the velocity rays as defined by Iversen
(2006) and to the concept of image waves as presented by Hubral et al. (1996b).

In this work, we provide a theoretical basis for the OCO rays of Filpo (2005). We start from the OCO
eikonal equation of Fomel (1994) and Hubral et al. (1996b). Application of the Method of Characteristics
to this partial differential equation leads to a ray theory for the trajectory of a point in the above mentioned
map from one offset to another. When fixing the final offset and varying the velocity, the resulting endpoints
of these trajectories define an OCO ray in the sense of Filpo (2005).

OCO RAYS

The concept of OCO rays as introduced by Filpo (2005) can be understood from Figures 1 to (4). These are
examples of the OCO ray construction for a single reflector below a homogeneous overburden. Figure 1
shows a synthetic common-offset (CO) section for a small half-offset h0 = 100 m. Also shown is the
picked arrival time (blue line) and one point P0(ξ0, t0) on it. An OCO maps these picks into the corre-
sponding values for a different offset. Figure 2 shows the synthetic CO section for a larger half-offset of
h1 = 500 m. Also shown is the OCO result of transforming the picks in Figure 1 to this larger offset (red
line). Point P1(ξ1, t1) is the result of the point-to-point OCO map of point P0. Note the good coincidence
of the transform result with the true event.

Of course, this good coincidence is a consequence of having used the true medium velocity. If the
velocity used for the OCO map is incorrect, a result like the one shown in Figure 3 is obtained. The OCO
prediction of the reflection traveltime is incorrect and the point P0 is mapped to a wrong position P̃ . This
observation brings us to the idea of the OCO ray. When performing the OCO map with a set of possible
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Figure 2: Synthetic common-offset section with h1 = 500 m. Also shown is the OCO map result (red
line) including point P1(ξ1, t1), which is the result of the point-to-point OCO map of point P0.

velocities, varying between Vmin and Vmax, the set of points P̃ will define a full line, the so-called OCO
ray (see Figure 4). The OCO ray crosses the event in the observed CO section at the correct point P1 for
the correct value of the velocity. In vertically inhomogeneous media, this OCO velocity is approximately
equal to the RMS velocity at that position.

A better name for the OCO ray would actually be “OCO velocity ray” in correspondence to the velocity
ray of Iversen (2006), reserving the word “OCO ray” for the trajectory that describes the output point of
the OCO map as a function of half-offset for a fixed velocity. To avoid confusion, we will refer to this
trajectory as the “OCO trajectory”.

OCO TRAJECTORIES

In this work, we develop an analytic procedure to construct the OCO trajectories and, as a consequence,
the OCO rays. It is based on a ray-tracing-like procedure to construct the OCO maps, i.e., the set of points
Pi for different half-offsets hi, which we call an OCO trajectory, as a function of velocity. We start from
the OCO image-wave equation derived by Fomel (1994) and Hubral et al. (1996b). This OCO image-wave
equation is the partial differential equation that describes the change of the primary-reflection event of a
subsurface reflector in one CO section to that in another one. It reads

ht

(
Phh +

4
V 2

Ptt

)
+
(
t2 +

4h2

V 2

)
Pht − ht Pξξ = 0, (1)

where h is half offset, ξ is the midpoint coordinate, t is time, and V is the medium velocity (for the deriva-
tion of this equation assumed to be constant). Equation (1) describes an artificial process that transforms
the seismic reflection event, P (ξ, t, h), in offset-time domain. Since this transformation is similar to wave
propagation, Hubral et al. (1996b) termed it an image wave. Fomel and Bleistein (1996) demonstrated that
equation (1) not only describes the kinematic transformation of the reflection event from one CO section
to another, but also treats the amplitude transformation correctly.

We use the OCO image-wave equation (1) to obtain the trajectory of a single point under this transfor-
mation. In other words, we describe the locations of a seismic reflection from the same reflection point in
different CO sections.

Since we are only interested in the kinematic description of OCO, we use the ansatz

P (ξ, t, h) = A (ξ, t)F (h−H (ξ, t)) (2)
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Figure 3: Result of the OCO map when using a wrong velocity (red line). The point P0 is mapped to a
wrong position P̃ (green cross).

in equation (1). Here, A is the dynamic part, which we are not interested in, F is the wavelet of the
reflection event, and H is the image eikonal that represents the kinematic part of the solution. To the
leading order, we obtain the image-eikonal equation associated with equation (1) as

(
1 +

4
V 2

H2
t

)
tH −

(
t2 +

4
V 2

H2

)
Ht − tHH2

ξ = 0. (3)

This equation kinematically describes the propagation of OCO image waves, i.e., the repositioning of the
seismic reflection event from one CO section to another.

Method of Characteristics

Equation (3) can be solved using the Method of Characteristics (Courant and Hilbert, 1989). This method
will provide us with the characteristic trajectories, along which propagation from one CO section to another
takes place.

We start by expressing the left side of equation (3) in terms of the new variables p = Hξ and q = Ht as

G(ξ, t,H, p, q) = tH

(
1 +

4
V 2

q2

)
−
(
t2 +

4H2

V 2

)
q − tHp2 . (4)

Then, on the characteristics, i.e., the desired OCO trajectories, of course, equation (3) requires that

G(ξ, t,H, p, q) = 0 . (5)

The method of characteristics consists of transforming equation (3) into the following system of ordinary
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Figure 4: Result of the OCO map when using a set of velocities between Vmin and Vmax. The green line
formed by all possible points P̃ crosses the event at the correct velocity.

differential equations in terms of the functional G:

dξ

dh
= λGp = −2λtHp ,

dt

dh
= λGq = − λ

V 2

(
4H2 − 8qHt+ t2V 2

)
,

dp

dh
= λ (Gppξ +Gqqξ) = −λ (Gξ + pGH)

= −λ
(
tp
(
1− p2

)
+

4
V 2

pq (tq − 2H)
)
,

dq

dh
= λ (Gppt +Gqqt) = −λ (Gt + qGH)

= −λ
[(

4
V 2
− 1
)
q2 (tq −H)− p2 (tq +H)

]
,

dH

dh
= λ (pGp + qGq) = 1 . (6)

In the first four equations of (6), h could, in principle, be any monotonously increasing variable along the
OCO trajectory. For convenience, we have required the independent variable to be the half-offset h. Since
on the image wavefront, we have h = H(ξ, t), this requirement leads to the last equation of system (6),
which fixes the scaling parameter λ as

λ = (pGp + qGq)
−1 =

(
−tHp2 +

4q2Ht

V 2
− tH

)−1

. (7)

System (6) describes the OCO trajectories as a function of h. In other words, all other variables involved
are parameterized as ξ = ξ(h), t = t(h), p = p(h), q = q(h), and H = H(h).

Since the trajectory starts for half-offset h0 at P0(ξ0, t0), we have the initial values ξ(h0) = ξ0, t(h0) =
t0 and H(h0) = h0. From these, we obtain the initial values p(h0) = p0 and q(h0) = q0. These values
satisfy equation (3) at h = h0, i.e.,

t0h0

(
1 +

4
V 2

q2
0

)
−
(
t20 +

4h2
0

V 2

)
q0 − t0h0p

2
0 = 0 , (8)
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Figure 5: Possible OCO trajectories for a singe point P0 (blue lines). Indicated in red is the OCO outplanat
for P0, i.e., the surface of all possible points P1 given by equation (14). In this example, V = 1700 m/s,
t0 = 0.5 s, ξ0 = 0 m, h0 = 100 m, and h1 = 300 m.

which is equivalent to the hyperbolic expression

(q0 −A)2 − V 2

4
p2

0 = B2 , (9)

where

A =
V 2t20 + 4h2

0

8t0h0
>

V

2
, (10)

B2 = A2 − V 2

4
=

(V 2t20 − 4h2
0)2

(8t0h0)2
> 0 . (11)

The fact that A > V/2 is a consequence of t0 > 2h0/V , i.e., any reflection time must be larger than the
direct traveltime from the source to the receiver.

The solution of equation (9) can be represented as

q0 = B cosh θ +A , (12)

p0 = C sinh θ , with C =
2B
V

, (13)

where θ is a parameter that selects a particular OCO trajectory. Figure 5 shows a set of possible OCO
trajectories for the given point P0. These trajectories were traced with system (6) using initial conditions
(12) and (13) with 40 values of θ ranging from −2 to 2. All trajectories end at the OCO outplanat for P0,
i.e., the surface of all possible points P1 for a fixed point P0. This surface has the analytical expression
(Santos et al., 1997)

t = τ(ξ1;P0) =
2h1

V

√
1 +

V 2t20 − 4h2
0

u2
, (14)

where
u =

√
(h0 + h1)2 − η2 +

√
(h0 − h1)2 − η2 (15)

and where η = ξ1 − ξ0 is the midpoint displacement. The coincidence of the enpoints of the set of OCO
trajectories with the OCO outplanat in Figure 5 demonstrates that the tracing of the OCO trajectories using
system (6) works correctly.
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Figure 6: The OCO trajectory for the correct choice of θ according to formula (17).

For a single point P0 in the initial CO section, there are many possible output points in the final CO
section, as described by the OCO outplanat (14). However, for a point P0 on a given reflection event, there
is only one point P1. The value of θ that describes the correct OCO trajectory ending at this P1 depends on
the slope of the traveltime curve at P0. Denoting this slope by φ, we can write

φ =
∂t

∂ξ
= −∂H

∂ξ

/
∂H

∂t
= −p0

q0
= − C sinh(θ)

B cosh(θ) +A
, (16)

where the second equality is a consequence of dH(ξ, t(ξ))/dξ = 0, which in turn follows fromH(ξ, t(ξ)) =
h = constant along the event. Note that |φ| < 2

V , i.e., the larger the velocity is, the smaller is the slope of
the traveltime curve.

Relationship (16) can be inverted to yield

θ = ln

[
−2Aφ+

√
V 2φ2 + 4C2

C (2 + V φ)

]
. (17)

Here, the positive sign before the square root has been chosen to guarantee that the argument of the log-
arithm remains positive for all −2/V < φ < 2/V . Equation (17) tells us which value of θ describes the
correct OCO trajectory for a given point P0 on a given refleciton event with dip φ. Figure 6 shows the
correct OCO trajectory for the point P0 on the reflection event of Figure 1.

OCO rays and velocity analysis

From formulas (6), (12), (13), and (17), we recognize that the whole process of tracing OCO trajectories
is strongly velocity dependent. Thus, repeating the process with a range of velocity values leads to a set of
OCO trajectories. Fixing their final half-offset at the same h1 yields then the set of all possible position of
P1 as a function of velocity. This set is the OCO ray of Filpo (2005). Figure 7 shows the construction of
the OCO ray (green line) using OCO trajectories (blue lines) for the same values of all involved parameters
as before and a variety of velocities. Also shown in Figure 7 is the picked traveltime curve of the reflection
event in the CO section with h1 (red line). The intersection point of the OCO ray with the picked traveltime
curve determines the estimate for the RMS velocity.
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Figure 7: Several OCO trajectories up to h1 = 300 m for different velocities (blue lines). The green line
indicates the OCO ray, i.e., the set of all possible OCO map points P̃ . Its intersection with the picked
traveltime curve for h1 = 300 m (red line) determines the RMS velocity.

Figure 8: Model for the numerical example.

NUMERICAL EXAMPLE

To demonstrate the velocity extraction procedure using OCO rays, we have applied the technique to syn-
thetic data from the inhomogeneous model of Figure 8. It consists of three constant-velocity layers be-
tween two homogeneous halfspaces. The velocities from top to bottom are 1508 m/s, 1581 m/s, 1690 m/s,
1826 m/s, and 2000 m/s. Figure 9 shows the synthetic CO reflection event with h0 = 100 m of the deep-
est reflector as modeled using Gaussian beams from the SU package (Cohen and Stockwell, 2006). Also
shown is the picked reflection traveltime (blue line).

We used these picks as input to the tracing of the OCO trajectories using system (6). Figure 10 shows the
endpoints of all OCO trajectories (red line) obtained using the approximate theoretical value of 1700 m/s
for the RMS velocity, superimposed to the synthetic CO section with h1 = 300 m. This demonstrates the
high accuracy of the OCO trajectory tracing procedure.

Next, we tested the RMS velocity extraction using OCO rays. We traced OCO trajectories for each point
along the blue line in Figure 9 for a set of velocities between Vmin = 1500 m/s and Vmax = 6000 m/s. The
slopes of the reflection event at each point ξ were estimated from the picked traveltimes in neighboring
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Figure 9: Synthetic CO reflection event with h0 = 100 m of the deepest reflector together with picked
reflection traveltime (blue line).
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Figure 10: Synthetic CO section with h1 = 300 m, together with the picked traveltime curve (red line).
The criterion for the velocity extraction is the crossing of the OCO rays with this traveltime curve.
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Figure 11: Selected OCO rays (green lines) intersecting the picked traveltime curve (red line) in the output
CO section.

traces. Figure 11 shows a subset of the obtained OCO rays for 48 values of ξ superimposed on the CO
section with h1 = 300 m. The intersection points of the OCO rays with the picked event (red line)
determine the extracted RMS velocities.

Figure 12 depicts the extracted velocities as a function of ξ and Figure 13 show their relative error. We
see that the method is highly reliable with an error almost everywhere below 2%. The main source of error
is the extraction of the traveltime slope φ. This was also observed by Pinheiro (2008). Future investigations
will need to be carried out using modern slope extraction techniques (see, e.g., Fomel, 2007; Schleicher
et al., 2008) instead of the simple traveltime-difference technique employed here.

CONCLUSIONS

Offset continuation (OCO) is a seismic configuration transform that maps a seismic common-offset (CO)
section for a fixed half-offset into a simulated CO section for another half-offset. The simulated CO section
can than be compared with the acquired section for the same half-offset, in this way evaluating the quality
of the velocity field used in the process. If the correct velocity is used, each point on the input reflection
traveltime curve is mapped to a point on the output reflection event. Incorrect velocities can be identified
because they lead to incorrect placement of the output point.

A way to quantify this procedure is based on the OCO rays proposed by Filpo (2005). OCO rays
describe the location of the point-to-point maps between the two CO sections as a function of velocity.
The intersection point of an OCO ray with the picked traveltime curve in the acquired data corresponding
to the output half-offset defines the RMS velocity at that position. In this way, OCO rays allow for the
construction of a horizon-based RMS velocity model.

In this work, we have related the OCO rays to image-wave propagation as described by Hubral et al.
(1996b). From the kinematic properties of OCO image waves, described by the OCO eikonal equation, we
have shown how to perform the construction of the OCO maps using a ray-tracing-like procedure, which
traces so-called OCO trajectories. An OCO trajectory describes, for a fixed input point, the positions of
the OCO output points as a function of output half-offset for a given velocity. The OCO trajectory tracing
allows for the construction of the OCO rays of Filpo (2005). Each OCO ray is built up by the endpoints of
the set of OCO trajectories for the same input point, input and output half-offsets, but different velocities.
A numerical example for a laterally inhomogeneous model demonstrated not only that the so-traced OCO
trajectories accurately describe the kinematic properties of the OCO transformation, but also that the OCO
rays constructed with the help of OCO trajectories allow to obtain reliable RMS velocities.
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the output CO section (red line) compared to the true RMS velocities for this reflector (blue line).
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Figure 13: Relative error of extracted RMS velocities.
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ABSTRACT

A case study for a 3D land data from Mexico illustrates the contributions that CRS attributes may
bring to important steps of depth processing.
The first contribution of CRS attributes lies on initial depth model building. The CRS tomographyic
inversion can be easily appended to Dix inversion resulting in a initial model with better correspon-
dence with the subsurface structures. A poststack depth migration of CRS stack volume also yields
a higher quality initial depth image, fundamental for starting salt body delimitation. The use of CRS
attributes for generating CRS gathers provide higher quality data for PSDM

INTRODUCTION

Seismic depth processing is the decisive step to reconstruct the structural geometry in the subsurface.
Depending on the desired accuracy, the depth model building and the depth imaging can be very time-
consuming and costly steps. In order to increase the depth resolution and signal quality especially in data
of varying fold or quality, the CRS technique can be integrated at some crucial stages of the general depth
imaging procedure.

In this case study, a depth processing is based on the initial CRS time processing of 3D seismic land data
from Mexico. At the surface, the acquisition of this data had to deal with several inhabited areas that caused
strong variations of fold and of data quality. In the subsurface, the Tertiary and Mesozoic sediments are
disturbed by strong salt tectonics in part of the survey. The low fold areas and the complicated subsurface
represented the main challenges for depth processing.

The CRS time processing provides volumes of both the CRS image and the CRS stacking parameter
or attributes. Among the several uses of such attributes, are multiple suppression described by F. Gamboa
and Tygel (2003) and Dümmong et al. (2008), poststack redatuming showed by Z. Heilmann and Koglin
(2006)), and residual statics calculation presented by Koglin (2001).

In this paper, we show how three distinguished applications of CRS attributes can bring important
contributions for the depth processing, reducing the number of iterative velocity model building cycles.
They are CRS tomography, proposed by Duveneck (2004), for initial depth model building; CRS stack,
as described by Müller (2003), for initial depth imaging through PostSDM; and CRS gathers, proposed
by Baykulov and Gajewski (2008), for enhancing the pre-stack data quality for PSDM iterative and model
update.

GEOLOGICAL SETTING AND EXPLORATION OBJECTIVES

The onshore study area is located in the Salina del Istmo Basin in Mexico, south of the Gulf of Mexico
and in the northern part of the Istmo of Tehuantepec (Figure 1). This basin covers parts of the states of
Veracruz and of Chiapas, in southern Mexico. Several producing oil fields are located in this area, such

mailto:lucas.batista.freitas@gmail.com


Annual WIT report 2009 207

Figure 1: Location of the survey

as Sanchez Magallanes, Blasillo, San Ramon, and Cinco Presidentes. Lithologically, these oil fields are
associated with Miocene sands. Their structures are dominated by strong salt tectonics.

For this case study, a 3D reflection seismic data set is selected from an onshore survey that was acquired
in the 1990s in the Salina del Istmo Basin. With maximum offsets of about 3800 meters in inline direction
and 3200 meters in crossline direction, the seismic acquisition originally targeted shallow structures at a
depth no higher than 3 kilometers.

The CRS-enhanced depth imaging now aimed not only at deeper targets and subsalt structures down to
the Mesozoic level, but also at a better fault definition in the shallow Tertiary sediments. The limited offset,
a low signal-to-noise ratio, and low fold in inhabited areas posed the major difficulties to be overcome.

THE CRS METHOD

In the time processing, the CRS or Common-Reflection-Surface method was applied in order to compen-
sate for the imaging problems in the low-fold areas as well as increase dataset’s signal-to-noise ratio. The
processing steps that preceded the CRS are the ones from a standard time workflow until the final applica-
tion of residual statics and, therefore, are not in the scope of this work, for more details in such topic refer
to Yilmaz (2000).

The CRS stack, as described by Tygel et al. (1997) and Müller (1999), is a technique which aims to
obtain optimum simulated zero-offset volumes by stacking the multicoverage dataset along multi-parameter
surfaces determined in a data-driven way. The stacking operator is of second order in the half-offset and
midpoint coordinates. Thus, for each zero-offset sample to be simulated, stacking is performed not only
along a trajectory restricted to the one CMP gather but along an entire surface in time-midpoint-offset
space, locally approximating the corresponding traveltime surface in the prestack data over several CMPs.
The much higher stacking fold results in a significantly improved S/N ratio.

CRS stacking operators depend on a number of parameters called CRS attributes, kinematic wavefield
attributes or wavefront attributes which determine their shapes. In the 3D case, the three CRS attributes
are denoted by two 2 × 2 symmetric matrices Mξ and Mh, and 1 × 2 vector p which are the traveltime
derivatives. The CRS operator, computed in midpoint and half-offset coordinates (ξ,h) in the vicinity of a
zero-offset trace ξ = ξ0, h = 0 is given by

t2(ξ,h) = [t0 + 2pT (ξ − ξ0)]2 + 2t0[(ξ − ξ0)TMξ(ξ − ξ0) + hTMhh] . (1)

where t0 is the traveltime of the zero-offset ray that emerges at ξ0.
Therefore, associated to the simulated zero-offset volume there are a number of attribute volumes (three

volumes in 2D and eight in 3D). These volumes consist in the optimum attribute values determined by
means of coherence analysis.

As described by Müller (2003), these traveltime derivatives contain information about the normal ray
and the so called eigenwaves defined by Hubral (1983). These are two hypothetical waves that start at
the normal-incident point (NIP) and propagate upwards with half the medium velocity: the NIP wave
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Figure 2: 2D diagram of (a) the NIP wave,and(b)the N-wave

propagates from a point source; while the N wave propagates from an exploding reflection element (see
Figure 2 for a 2D diagram).

The first order derivative estimated for a zero-offset sample (ξ0, t0) relates to the emergence angles
of the normal ray which emerges at ξ0, and has two-way traveltime t0. The second order derivatives, on
the other hand, give information about the curvature of the associated eigenwaves observed at ξ0. More
specifically,

p =
1
2
∂t

∂ξ
=

1
v0

[sin(α) cos(φ), sin(α) sin(φ)]T

Mh =
1
2
∂2t

∂h2
=

1
v0

HKNIPHT

Mξ =
1
2
∂2t

∂ξ2
=

1
v0

HKNHT

where is the near-surface velocity, and H is the transformation matrix from measured surface coordinates
to local ray-centered Cartesian coordinates determined by two subsequent rotations in azimuth (φ) and dip
(α) direction.

In this case study, the attribute volumes obtained by the CRS time processing have contributions in
three major steps of depth processing: (a) initial depth model building by CRS tomography; (b) initial
depth model update; and (c) PSDM by increasing the signal-to-noise ratio of the pre-stack data by CRS
gathers.

INITIAL DEPTH MODEL BUILDING

Velocity model building using iterative prestack depth migration requires many runs of computationally-
intensive prestack depth migration. Thus, a good initial depth model is crucial for an efficient depth pro-
cessing procedure. In this case study, three different model building approaches based in time processing
were performed:

• Dix inversion of RMS velocities

• Tomographic inversion

layer-based

grid-based

Dix inversion

In standard seismic processing, the RMS velocities are approximated from stacking velocities for the pur-
pose of time migration. The Dix formula, presented by Dix (1955), transforms RMS velocities to interval
velocities. The principal inherent assumption is that the subsurface is composed of flat layers with homo-
geneous velocities that generate hyperbolic moveout.
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Figure 3: Initial model by Dix inversion

The advantage of the Dix transform method is that it is simple, so it is usually appended to any normal
time processing. This is also its disadvantage. First, it does not account for the non-hyperbolic moveout
introduced by lateral velocity variations within the offset range. For this reason, RMS velocities are said to
be the near-offset stacking velocities. Second, because RMS velocity is a time-average velocity, it does not
account for raypath bending. Third, it does not account for the effect of structural dip (DMO transformation
of time gathers will diminish, but not eliminate this error).

In this case study, the deviation of the Dix model from the depth structure in an associated postSDM
volume was obvious even in regions of good data quality (Figure 3)

Tomographic inversion

Because of its technical qualities, tomographic inversion has emerged as the most favored method for
model refinement. It seeks a global solution for minimizing residual moveout in a least-squares sense.
Most of the other methods work in a layer-stripping manner i.e., it is assumed that the velocity in the
overburden above the point in concern has been perfectly resolved, and only the target layer is refined.
In contrast, global tomography does not suffer from this limitation. Refinements can be made anywhere
within the model. Moreover, the depth model refinement corresponding to the velocity model refinement
can be simultaneously implemented in the framework of tomographic inversion

Layer-based tomography In the layer-based approach, as described by Stork (1992), the velocities are
estimated utilizing a structural framework of geologic horizons, which enables the portrayal of velocity
changes caused by depth, age, lithology, and pressure. The advantage of this approach is that it enables the
image to more explicitly account for the raypath bending effects of complex structures. The disadvantage
is that a priori knowledge of the structure is needed. In practice, traveltime picking can be a difficult and
fastidious operation, since picked events have to be identified all over the traces in the dataset, even where
the signal-to-noise ratio is very low. The major problem is the labor-intensive nature of reflector picking,
especially in 3-D data.

For the layer-based approach, several key horizons were provided from interpretation in time (Figure 4).
Interpretation, however, severely suffered from areas with acquisition gaps and low-quality data, and left
large parts of the horizons undefined. These missing parts could not easily be interpolated due to the
strong structural variations. As a result, the layer-based model building by map migration did not lead to
reasonable results for this data configuration.
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(a) (b)

(c) (d)

Figure 4: Interpreted horizons (from top to bottom): Pliocene, top-salt, Miocene and cretaceous
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Grid-based tomography In the grid-based approach, velocities are estimated without regard to the struc-
ture framework. Therefore, a priori knowledge of the structure is not required. This method is most suitable
when the depth of burial and the age of the sedimentary formations are important factors controlling the
velocity other than the lithology, and is widely used in the Gulf of Mexico. That is because the use of a
grid-based model allows the definition of lateral and vertical velocity gradients. Another situation where
the grid-based approach may prove useful is where structure is so complex that the seismic data yields few
clues for deriving an a priori structural framework. In these cases, the flexibility of picking locally coherent
reflection events turns to be its major advantage over the layer-based approach.

Among the several methods of grid-based tomography, CRS tomography has a distinct role. As a
variation of slope tomography, it has a distinguished advantage over the other approaches: its traveltime
picking. Dümmong et al. (2008) emphasize that picking in CRS tomography is drastically simplified by
being performed in the poststack domain with much higher signal-to-noise ratio..

Proposed by Duveneck (2004), the CRS tomography uses the concept of focusing a NIP wavefront back
to its hypothetical source, as proposed by Hubral and Krey (1980), for this reason is also called NIP wave
tomography.

The emerging NIP wavefront is characterized by four parameters: the traveltime t0, emergency location
ξ, emergence azimuth φ and dip α of the normal ray, and the 2x2 simmetric curvature matrix of the NIP
wavefront at ξ, KNIP.

The charm of this tomographic approach lies on the simplified manner of determining the input data.
The first two features are determined by means of the coherence-based automatic picking proposed by
Koglin (2001), and subsequent outlier elimination. The other two parameters are obtained in a straightfor-
ward manner by accessing the attribute volumes.

Despite having limitations when compared to other grid-based tomographic inversion methods, NIP
wave tomography provides a good option for tomography since these limitations are compensated by the
little human intervention, as mentioned by Dümmong et al. (2008) and Duveneck (2004).

As mentioned above, Dix inversion consists in a direct application of the stacking velocity, the key
parameter for CMP stacking. In an analogous manner, NIP wave tomography can be seen as a direct
application of the CRS attributes. As CRS time processing is considered as a stacking methodology beyond
the CMP by Hertweck et al. (2007), NIP wave tomography can be seen as the CRS corresponding of initial
model building, beyond Dix inversion.

In this case study, the automatic event picking was performed on selected traces on a rectangular grid.
These event picks and the associated CRS attributes then were used in the iterative inversion by NIP wave
tomography. Very strong smoothing of the Dix velocities was used as a starting model which was then
refined by ten iterations of the inversion step.

The CRS tomographic model is compared to its initial model obtained by Dix, at an inline position,
along with the respective poststack depth migration of the CRS stack (Figure 5). Note the better correspon-
dence to the subsurface structures after the tomographic refinement. Just like the other flat-layer methods,
Dix inversion is a local method, it solves 1D velocity profiles, which are then combined with smoothing to
produce a 3D model. In contrast, CRS tomography, as a tomographic method, is a global method, so the
smoothness constraints are built directly into the 3D solution of the residual equations.

Pruessmann et al. (2008) shows additional approached for further confirmation of the CRS tomography
model by well calibration, and by analysis of the common-image gathers in prestack depth migration .

MODEL UPDATE

Following the typical workflow for sub-salt imaging of Mosher et al. (2007); once the sediment velocity
field had been determined, an initial depth image was used to determine the position of the top-salt, below
which salt velocity is inserted and extended vertically - a procedure referred to as salt-flood.

Top-salt definition

In this case study, the initial depth image was obtained by postSDM. As already mentioned, and illustrated
in Figure 6, stacking along the CRS operator provides stack volumes with much higher signal-to-noise
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Figure 5: Comparison of the initial model determined by Dix inversion (left) and by CRS tomography
(right).
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Figure 6: Detail of stacking volumes over a single CMP (left) and the CRS operator (right)

ratio. Subsequent poststack migration of these volumes, consequently lead to depth images of very good
quality. In some situations, such results are even comparable to usual PSDM images (Figure 7).

Salt-body delimitation and PSDM

After salt-flooding, the rest of the salt-body is delimited by successive PSDM in an iterative manner as
described by Albertin et al. (2001).

CRS Gather As mentioned above, the CRS methodology is based on a second order approximation of
the reflection event on both half-offset and midpoint coordinates. A schematic description of both iso-offset
curves of traveltime, in blue, and the CRS approximation, in green is presented in Figure 8

The CRS gather proposed by Baykulov and Gajewski (2008) is generated by partial stacking along the
midpoint direction, i.e., along the red lines in Figure 8 . In practice, it is determined in two steps: First,
a moveout corrected gather is extracted from the dataset by direct application of the CRS attributes and
stacking only in the midpoint direction. Then conventional moveout recovery and regularization is applied.
As expected, the generated gathers present an excelent signal-to-noise ratio when compared to the input
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Figure 7: Comparison of PSDM from another project (left) and PostSDM of CRS stack (right). Note that
both processing sequences started from the same pre-processed CMP gathers.



Annual WIT report 2009 215

Figure 8: Illustration of the CRS operator (green) and the partial stacking for a given offset (red).

CMP gathers (Figures 9 and 10).
The last major contribution of CRS technique in the depth imaging workflow is the CRS gather. The

excellent enhance it provides to the input prestack gather leads to both an easier definition of the final
model and a better quality depth image result.

Using the CRS gathers as input for the PSDM on the iterative model update, we reached the final model
illustrated in Figure 11. It basically consists of the incorporation of the salt-body into the smooth model
derived from CRS tomography.

The depth imaging reaches its end by performing PSDM over the CRS gathers using the final model
illustrated in Figure 11. As illustrated in Figure 12, such depth image presents much more definition of
both salt-body and sediment reflectors when compared to the image from another project.

CONCLUSIONS

This case study shows how the CRS technique may be incorporated into well established depth imaging
workflow by means of CRS attributes applications. CRS tomography, as a robust and automatic inver-
sion procedure, may be directly appended to Dix-based inversion resulting in much better initial velocity
models, reducing the number of model update cycles considerably. CRS stack volumes, when migrated
to depth, provide very good initial depth images, suitable for top-salt delimitation. CRS gathers, as an
enhanced prestack data, not only facilitates the iterative model update process but also leads to final depth
images of much higher quality.
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Figure 9: A CMP gather, its semblance panel an the stack section for one inline.

Figure 10: The CRS gather, its semblance panel and the stack section for the same locations of Figure 9.
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Figure 11: Final depth model. Interval velocities with salt-body interpretation (top) and depth image with
salt-body interpretation (bottom).
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Figure 12: PSDM comparison: Note the excellent definition of the pinch-out, faults, and sedimentary
events from the Tertiary on the result from the proposed workflow (upper right) when compared to the
result from a previous project (upper left). On another inline, the proposed methodology also presents a
much more definition of salt-bottom (bottom right) when compared to the previous project (bottom left).
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ABSTRACT

The Common Reflection Surface (CRS) Stack method simulates zero-offset (ZO) sections by means
of summing the amplitudes of seismic events in the multicoverage data by using a stacking oper-
ator defined in the midpoint and half-offset coordinates. For 2-D media, this operator depends on
three kinematics attributes, also called CRS stacking parameters. The main problem of the CRS stack
method is the determination, from the muticoverage seismic data, of these three parameters for each
sampling point of the ZO section to be simulated. In this work, this problem is solved by means of
application of the global optimization algorithm Simulated Annealing (SA) to search simultaneously
the three attributes, using as objective function the coherency measure Semblance. We presents the
results of the one-step CRS stack implementation without using any bound constraints and introduc-
ing constrains derived from conventional velocity analysis, i.e., the stacking velocity model. The
results using the bound constrained global optimization show better coherent noise attenuation and,
as consequence, a ZO section with better quality.

INTRODUCTION

The CRS stack method developed as a data-driven and velocity-independent process produces ZO sections
with a high signal-to-noise ratio and improved resolution. In fact, this method already has become a real
alternative to the well-known common midpoint CMP stack method, and it is being used routinely in
seismic data processing for several oil companies.

The CRS stacking operator is a second order hyperbolic traveltime approximation that depends, in
2D, on three kinematic attributes related to the hypothetical Normal Incident Point wave and Norma wave
(Hubral, 1983), namely, the emergency angle of the normal ray, β0, the radius of curvature of the NIP
wave, RNIP , and the radius of curvature of the normal wave, RN . These three attributes are determined
by means of optimization processes from pre-stack data, using as objective function a coherency measure
of the seismic signal.

Based on the simplifications of the CRS operator and optimization strategies to search the CRS param-
eters several algorithms can be developed to implement the CRS stack method. In 2D, the well established
optimization strategy was developed by Müller (1998) and Jäger et al. (2001), and after it was modified
by Mann (2001). Another optimization strategy presented in Garabito et al. (2001) is based on the simpli-
fication of the general hyperbolic traveltime for the diffraction case. Both strategies use several steps to
determine the initial CRS parameters and after the final refined or optimized parameters.

To avoid the use of several steps and improve the accuracy of the CRS parameters and also to improve
the quality of the resulting images, Garabito et al. (2006) introduces the CRS stack implementation using
one-step search strategy, where the three CRS parameters are determined simultaneously using the Simu-
lated Annealing (SA) and Very Fast Simulated Annealing (VFSA) global optimization algorithms. A first
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comparison of the resulting images from the CRS implementations by using a multi-step parameter search
strategy and the one-step strategy was presented in Garabito et al. (2007), where the last implementation
showed better lateral continuity of the ZO primary reflections mainly in shallow part. Both implemen-
tations of the CRS method did not use any type of constrains during the search of the three kinematic
attributes by means of global optimization.

In general, the CRS stack implementations that do not use constraints during the search for of the kine-
matic attributes produce high resolution results only from good quality, high fold and well pre-conditioned
prestack datasets. In datasets with low signal-to-noise ratio and particularly with low fold, such as land
datasets from old acquisitions, the CRS method does not produce satisfactory results because it incorpo-
rates coherent noise that interfere with the primary reflections in the ZO stacked sections. As an example
of this kind of noise are the multiple reflections, that can be stacked as primary reflection where the CRS
parameters are searched for without any restriction.

To attenuate multiple reflections in a similar way as the CMP method, the CRS stack can also use the
stacking velocity information obtained from the conventional velocity analysis procedure. In CRS stack
implementation proposed by Mann (2001) using the so-called “extended pragmatic search strategy”, it was
introduced constraints in the tested stacking velocity range to attenuating multiple reflections events, where
the stacking velocity is used as a reference velocity model and a percentile variation is given to define the
search interval.

Is this work we introduce similar constraints in searching simultaneously of three CRS stacking pa-
rameters. The stacking velocity model is used to calculate an initial value of the RNIP parameter for
optimization and also to define the bounds of the search interval. We apply this new one-step CRS stack
implementation in a dataset of land real data of the Tacutu Basin, Brazil, and compare their results with the
multi-step CRS stack implementation based on the pragmatic search strategy. To show the great importance
of the use of bound constraints in searching the CRS parameters, we will apply them with and without use
of a priori information in the optimization process.

TRAVELTIME APPROXIMATIONS

CRS-traveltime

The CRS traveltime is a second order hyperbolic traveltime approximation for rays in the vicinity of a
normal incidence central ray. For 2D case, assuming a plane measurement surface and arbitrary positions
for sources and receivers, the hyperbolic approximation is given by (Tygel et al., 1997)

t2(xm, h) =

[
t0 +

2 sinβ0

v0
(xm − x0)

]2

+
2t0 cos2 β0

v0

[
(xm − x0)2

RN
+

h2

RNIP

]
. (1)

This traveltime approximation is expressed in function of the midpoint, xm = (xg + xs)/2, and half-
offset, h = (xg − xs)/2, coordinates, where the xs and xg are the horizontal positions of source and
receiver, respectively. The coordinate x0 and time t0 are, respectively, the emergence point and the two-
way traveltime of the central ray. The parameter v0 denotes the near surface constant velocity. The three
kinematic attributes that define the CRS stacking operator are the emergence angle, β0, of the central ray,
and the two radii of curvature RNIP and RN , related to the two wavefronts at the emergence point of the
central ray, corresponding to the hypothetical NIP wave and Normal wave, respectively.

Assuming known the three kinematic attributes for a certain ZO sample point on a reflection event,
the CRS traveltime formula (1) defines a stacking surface, or so-called CRS operator, in the midpoint
and half-offset plane. Then, in the CRS stacking method, the seismic amplitudes of the prestack data
are summed along the stacking surface to simulate a ZO amplitude. The complete ZO staked section is
obtained repeating this procedure for all sample point of the ZO section to be simulated.

CMP-traveltime

The general hyperbolic traveltime (1) can be reduced to the classical CMP configuration by considering
the fixed midpoint to coincide with the central point, i.e. xm = x0, we obtain
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t2(h) = t20 +
2t0 cos2 β0

v0RNIP
h2. (2)

By comparison of the formula (2) with the well-known CMP hyperbola, we verify that stacking velocity,
vstack, can be expressed in terms of the CRS attributes, as given by

v2
stack =

2v0RNIP
t0 cos2 β0

. (3)

This formula relates the stacking velocity of the conventional CMP method with the parameters β0

and RNIP , of the CRS method. Through this relationship, the stacking velocity can be used as reference
function in the determination of the RNIP attribute.

CRS STACK STRATEGIES

The main problem of the CRS stack method is the determination of the three kinematic attributes from
prestack data. This problem can be solved by the application of multidimensional global optimization al-
gorithms, using as objective function the coherency measure of seismic signal. Due to the large amount of
seismic data involved in calculating the objective function the global search process is very time consum-
ing. Another difficulty in implementing this solution is to find an optimization algorithm that guarantees
convergence to the global maximum, since the objective function is multimodal.

To overcome these difficulties, some strategies have been proposed to search the CRS parameters in
several steps. The well known "extended pragmatic search strategy" initially proposed by Jäger et al.
(2001) and after modified by Mann (2001) determines the three CRS parameters in four steps. In the first
three steps are searched-for the initial estimates of the CRS parameters, and in the last step is applied
a simultaneous local optimization to obtain the final CRS parameters. More details about the "extended
pragmatic search strategy", referred in this work as multi-step strategy, can be found in the previously cited
papers.

In Garabito et al. (2006) the optimization problem of the CRS method was solved by using the “simul-
taneous global search strategy”, where the three CRS stacking parameters are searched-for simultaneously
by using the global optimization algorithms Simulated Annealing (SA) and Very Fast Simulated Annealing
(VFSA). In this work, we use the CRS stack implementation that apply the SA algorithm and it is also
referred as one-step strategy.

In both CRS stack implementations (multi-step and one-step) the stacking velocity is used to constrain
the search interval of the stacking velocity in the optimization process. The expression (2) allows the
use of stacking velocity that comes from conventional processing, as reference function in searching the
parameters of CRS, which is introduced to attenuate coherent noise, such as the multiple reflections.

APPLICATIONS

We apply the multi-step and the one-step CRS stack implementations to real land dataset of the Tacutu
Basin, Brazil. The dataset used in this work correspond to seismic line 50-RL-90, they were acquired in
the Brazilian portion of Tacutu Basin in 1981, in the petroleum exploration project conducted by PETRO-
BRAS. The shots records have 96 channels distributed along a split-spread recording geometry, with offset
minimum and maximum of 150m and 2500m, respectively. Shot spacing is 200m and receiver spacing is
50m. The time sample interval is 4 milliseconds. Due to the low fold and high noise level of this dataset,
usually, severe difficulties are encountered when this kind of dataset is processed using conventional CMP
stack and pre-stack time migration methods. As example, in the Figure 1 we show the result of the CMP
stack with the NMO/DMO corrections obtained by using a commercial seismic processing package, and
the Figure 2 is the stacking velocity model resulting from the standard velocity analysis, that it will be used
as a reference velocity function in the CRS stacking method.

To apply the CRS stacking method we use the same pre-processed data that is the input to obtain the
stacked section by the CMP method. In the following, we present the results of the CRS method without any
constraints during the search or optimization of the CRS parameters. The Figure 3 is the result of the multi-
step CRS stack implementation and the Figure 4 is the result of the one-step CRS stack implementation.
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Figure 1: ZO stacked section obtained by the CMP (NMO/DMO) stack method.
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Figure 2: Stacking Velocity model resulting from the conventional processing.
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In both cases we have used the same size of apertures in offset and midpoint coordinates, and the same
time window size for coherency. To improve the result with the CRS multi-steps implementation several
tests were performed to define an appropriate fixed interval for the stacking velocities, necessary in the
first step or automatic CMP stacking. But even so, due to very low-fold of the dataset, this CRS stack
implementation provides a result that is inferior or worst than the ZO section obtained by the conventional
CMP stack method (Figure 1). We can see that ZO section resulting from CRS multi-step has low quality
with absence of seismic events especially at the upper part. In contrast to the previous result, the ZO
section obtained by one-step implementation has better quality, with seismic events better-defined in the
whole section, but with the presence of coherent noise that interfere with some reflection events. Despite of
the presence of such artifact related to coherent noise, we consider that this result has better quality and it
shows events with better defined lateral continuity than the ZO stacked section obtained by CMP method.

By using the stacking velocity model showed in Figure 2 as reference function in searching the RNIP
parameter, we apply the multi-step and one-step CRS stack implementations whose results are shown in
the Figure 5 and Figure 6, respectively. In both cases, it has used similar factors to compute the stacking
velocity range from the reference stacking velocity function, to constrain the interval of searching the Rnip
parameter. Comparing the last two results, we found again that the ZO section of the CRS one-step has
better quality and it show the reflection events with better lateral continuity, mainly in the upper part of the
section. In some parts, such as where you have events with strong dips, we can also observe some seismic
events that do not appear in the ZO section of the CRS multi-step. In both results the coherent noise are
attenuated.

CONCLUSIONS

The use of geological information as constraints in the automatic search of the CRS stacking parameter is an
important problem to be solved for the CRS method. Also the CRS stack algorithm based on simultaneous
search of the three CRS stack parameter is another important issue in the CRS method. In this work we
have addressed both problems.

We apply in real land data with low-fold the well know CRS stack implementation based on “extended
pragmatic search strategy” (multi-step) and the CRS stack based on “simultaneous global search strategy”
(one-step). Both CRS implementations have the option to use the stacking velocity as a reference function
to restrict the search interval to the Rnip parameter. The application of the CRS stack in low-fold dataset
may provide results with low quality, especially the multi-step implementation whose result is less than the
conventional CMP stack method. When the CRS multi-step uses the information of the stacking velocity,
their result greatly improves. But due to the imprecision of the stacking velocity information and others
factors, the CRS multi-step shows some limitation, mainly in stacking the events with steep dip, where
there is strong lateral velocity variations. The CRS one-step, even without a priori information in searching
the Rnip parameter, produces a result with high signal-to-noise ratio and well-defined events mainly in
the deep part of the ZO section and where there events with strong dips. Finally, we show that the CRS
one-step that incorporates the stacking velocity information, produces the best result even in the upper part
of the ZO stacked section, where the coherent noise were interfering events of interest as observed in the
result of the CRS one-step without any constraint.
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Figure 3: ZO stacked section obtained by the multi-step CRS stack without using the staking velocity.
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Figure 4: ZO stacked section obtained by the one-step CRS stack without using the stacking velocity.
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Figure 5: ZO stacked section obtained by the multi-step CRS stack using the stacking velocity.
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ABSTRACT

This report describes an investigation about the sensitivity and ambiguity of the CRS stack operator
with respect to 4 parameters (v0, RNIP , RN , α0), and its resolution in terms of the statistical prop-
erties of the solution of a nonlinear multi-parametric optimization problem for curve fitting in the
least-square sense. The sensitivity method is borrowed from dynamic system analysis and synthesis,
and the definitions are based on the Miller-Murray model. One of the main major aim is to compare
the results on the sensitivity parameters to the strategy for the CRS attributes search.
As a result of a parallel investigation of optimization techniques is the combination of global and
local methods to reach the minimum, around which linearity is a better relation between the linear
and the non-linear counterpart of the optimization problem and its solution. A first search should look
a minimum with a method of controlled random type, followed by a second search to perform a last
iteration using a gradient method to obtain the data and parameter resolution and covariance matrices,
and further statistical properties.
The sensitivity functions are represented by the columns of the problem matrix, and they exhibit a
linear behavior of the operator instead of a concave form, and this linearity informs the necessity of a
good starting point for the search of the parameters.

INTRODUCTION

The motivations of the present work start from two aspects of the CRS (Common Reflection Surface)
stack: (1) the presence of noise in the recovered attributes; and (2) the strategy of the parameter search.
The analysis of the CRS stack results (sections: stack, coherence, migration, RNIP , RN , α0) show that
as the observed input data improves on the signal/noise ratio, the attribute sections show a structure that
resembles more the stack section that is used as reference. Sensitivity analysis can be used to determine
how sensitive the model is to changes in the value of the parameters of the model, and to changes in the
structure of the model.

This report is structured in three main parts related to curve fitting, between synthetic data and the
forward model represented by the CRS stack operator, as an optimization problem in the least-square
sense. The parts are: (1) Controlled random global search for the parameters; (2) second order gradient
method, resolution and ambiguity; and (3) sensitivity analysis and its relation to the CRS attributes search.

Sensitivity and ambiguity calculus is to be performed directly in the forward model as a first step in
the analysis of the data fitting problem, and it is independent of the object function and of the mathemat-
ical problem defined as optimization. This calculus is used for the purpose of analysis and synthesis of
mathematical models. In order to be able to give a unique formulation of the mathematical problem, the
mathematical model is usually considered to be known exactly, but this assumption is unrealistic since there
is always a certain discrepancy between the actual system (data) and its mathematical model (operator).
This discrepancy results from the following partial reasons:
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• A real system cannot be identified exactly because of the restricted accuracy of the measuring de-
vices;

• Mathematical models are often simplified or idealized intentionally in order to simplify the mathe-
matical problem or to make it solvable at all.

For these reasons, the results of mathematical synthesis need not necessarily be practicable, or they may
even be very poor, if there is considerable deviations between the real system and the mathematical model,
and the solution be very sensitivity to the parameters. Therefore, it should be part of the practical problem
to learn about parameter sensitivity prior to its implementation, or to reduce the sensitivity systematically
if this turns out to be necessary.

This is important if one is involved in optimization procedures, since a natural property of optimization
is to extremize the performance of a certain set of parameters that controls the operation. Example of this
are gradient methods, adaptive and self-learning systems.

Among the major aims the present study are: (1) to analyze the sensitivity of the CRS hyperbolic stack
operator to its parameters; and (2) to compare the results of the analysis of the parameter sensitivities with
the strategy for the CRS attribute search as described by Muller (1999) and Mann (2002).

The parameter search here discussed is organized as a nonlinear optimization problem, and statistical
properties in the optimization process shows up when derivative methods are applied, in particular when
the norm-2 is applied due to simplicity and elegance, as described by Tarantola (1984). Data and parameter
resolution matrices and unit covariance matrix are calculated and analyzed on the basis of the linearized
nonlinear problem based on Taylor series expansion to the first order.

The CRS parameter search strategies in the semblance domain is divided in two main parts: (1) the first
part is a search to determine initial parameter values to start the optimization iterations; (2) a second part
is a simultaneous search for all parameters starting from the initial values. The searches are performed in
the CMP (Common Mid Point) families of the data cube.

The forward model is represented by the CRS stack operator in terms of t(xm, h; m), and the optimiza-
tion problem as a fitting between the predictive surface tpre(xm, h; m) and the observed data tobs(xm, h).
The least-square fitting was chosen as the object function of optimization, and the problem is classified
as nonlinear, multi-parametric, overdetermined, and to avoid local minima it is proposed a solution by the
combination of Controlled Random Search Global method (CRSG), and of a gradient method (GM) that al-
lows for the statistical analysis of the solution. The combination of these methods follows the principle that
CRSG defines a region around the global minimum, theoretically well defined, followed by a last iteration
around a minimum with linear properties in order to construct the correlation and resolution matrices. The
numerical experiments were realized for randomly chosen points P0(x0, t0); so, neither to extend along
the traces, (t0 = 0, ttotal), nor along the mid-points (x0 = 0, xtotal). As established, the solution by the
CRSG method is used as input to the GM method, but in the present work these experiments were realized
separately.

The structure of the sensitivity analysis is based on the polynomial function of the CRS operator repre-
sented by t(xm, h; v0, RNIP , RN , α0), where the quantitative properties of this system with respect to its
parameters (v0, RNIP , RN , α0), are shown as functions of the independent variables xm e h.

The original seismic problem is presented in the following form: Given an observed seismic section
tobs(xm, h) in the data space D, one wishes to find a model m in the parameter space M such that the
forward model tpre(xm, h) fits the observed data in the least-square sense.

The methodology for sensitivity analysis has been borrowed from the analysis and design of dynamic
systems, as described, e.g., by Frank (1978) for engineering applications, and by many others for partial
differential equations, e.g., Saltelli et al. (2004). Among the several methods for uncertainty and sensitivity
analysis, the method adopted here is the local method which is based on a derivative.

The basic definitions to quantify the parameter sensitivity of a system is summarized in the sequel, but
we start adjusting the classical nomenclature to our model; therefore, we start defining the direct model.

DIRECT MODEL

The direct model is the CRS stack operator that describes the impulse traveltime for curved reflectors based
on the paraxial ray theory, and takes into account only primary reflection trajectories (Mann (2002)). The
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equation, represented physically by Figure 1, is given by:

t(xm, h; m) =

√[
t0 +

2 sinα0(xm − x0)
v0

]2

+
2t0 cos2 α0

v0

[
(xm − x0)2

RN
+

h2

RNIP

]
. (1)

In the above equation (1), the independent variables are xm e h, respectively, the mid-point and the half-
offset in the CMP configuration, as is shown in Figure 2, and the parameters to be analyzed are m =(
v0, RNIP , RN and α0) related to the reference point P0(x0, t0). v0 is the velocity of the upper layer
and, in practical work defined as a fixed value around P0(x0, t0), but here taken as a parameter to be
analyzed. α0 is the vertical emergence angle of the wave front. The quantities RNIP and RN are the
wave front curvature related, respectively, to the Normal Incident Wave (NIP-wave) and to the Normal
wave (N-wave). To satisfy the paraxial ray theory, a central ray of reference must established, and in this
case it is taken the zero offset ray between the surface observation point and the normal incidence point in
subsurface. The central ray satisfies Snell’s law through the interfaces, and the wave front curvatures of the
NIP and N waves change according to the refraction and transmission laws.

Figure 1: Physical illustration of the CRS model formed by one layer over a half-space separated by a
curved interface.

Figure 2: 3-D perspective representing the CRS operator in green [equation (1)] and the observed data in
blue.
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Bernabini et al. (1987) describe functionals to be evaluated quantitatively on a given CMP gather for
the goodness of fit between data and a model function, particularly for a stacking velocity value of the hy-
perbolic reflection response. The most common functionals measure the likeness of the corrected gather’s
amplitude traces (u) based on correlation of traces, and choices of normalization. The normalized 2D
(xm, h) measure semblance Sen(t0; m) is composed by averages, and it is given by:

Sen(t0; m) =

1
Nt

t=t0+δt∑
t=t0−δt

1
Nxm

xm=xL∑
xm=xF

[
1
Nh

h=hL∑
h=hF

u(xm, h; t0)

]2

1
Nt

t=t0+δt∑
t=t0−δt

1
Nxm

xm=xL∑
xm=xF

1
Nh

h=hL∑
h=hF

u2(xm, h; t0)

, (where 0 ≤ Sen ≤ 1); (2)

where the set of parameters m are related to the trajectory of the summation defined by equation (1),
from a near first h = hF to a last h = hL offset with Nh points, from a near first xm = xF to a last
xm = xL mid-point with Nx points, and in a time window specified by some δt around t0. Sen(t0; m)
takes values in the interval (0,1) regardless of the signal amplitude, and it quantifies the uniformity of the
signal polarity across the NMO (Normal Moveout) corrected gather amplitude u(t0). This equation does
not carry implicitly information about the model tpre(xm, h); therefore, cannot be used directly as a curve
fitting measure.

Figure 3 serves to represent the semblance function (2), where the aim of the optimization is to search
for the global minimum represented in red. Local minima can also be seen by yellow spots. As Muller
(1999) addresses to the CRS stack objective function, he shows plots of equation (2) in form of cube
perspectives and slices as maps of RNIP versus RN , RNIP versus α, RNIP versus RN , RN versus α,
where the global minimum present very clearly elongated forms that we call valleys. Figure 4 represents the
forward model without noise, and Figure 5 represents the synthetic data. Both informations were calculated

Figure 3: Perspective of the coherence values given by equation (2) as function of the wavefield attributes
α0, RN and RNIP .
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Figure 4: 3-D perspective that represents the forward model calculated by equation (1) showing the hyper-
bolic aspect.
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Figure 5: 3-D perspective that represents the synthetic data calculated by equation (1) with random noise
added showing the hyperbolic aspect.

by equation (1), where random noise from a normal distribution has been added and controlled visually.
Therefore, this study does not have picked events, inclusive in the semblance sense.

SENSITIVITY MODEL

The system function is denoted by t = t(m), dependent on the parameter vector m = [m1,m2, . . .mM ]T ,
and in our problem we have that m is specifically given by m = [v0, RNIP , RN , α0]T . The nominal
parameters and system function are denoted with the lower script 0: m0 and t0. Considering continuity
conditions, the following definitions for the sensitivity function, S, are applied.

• Absolute sensitivity function:

Sj ,
∂t(m)
∂mj

∣∣∣∣
m0

= Sj(m0), (j = 1, 2, ...M). (3)
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The parameter-induced error of the system function is written by:

∆t ,
j=M∑
j=1

Sj∆mj ; (4)

and the maximum error by

|∆t| ,
j=M∑
j=1

|Sj ||∆mj |, (5)

where the vertical bars stand for the absolute values of the elements of the corresponding vector m or Sj.

• Relative logarithmic sensitivity function:

Sj ,
∂ ln t(m)
∂ ln mj

∣∣∣∣
m0

= Sj(m0), (j = 1, 2, ...M). (6)

The ln m means the vector of the logarithms of the elements of m, therefore ∂ ln m = [∂ m1/m1 m2/m2 . . .mM/mM ]T t.
The ith element of Sj is expressed by:

Sij =
∂ ti/ti
∂ mj/mj

∣∣∣∣
m0

= Sij
mj0

ti0
, (i = 1, 2, ...N ; j = 1, 2, ...M). (7)

where Sij is the ijth element of absolute sensitivity function Sj . The ith element of the relative error of the
system function is expressed as:

∆ti
ti0

,
j=M∑
j=1

Sij
∆mj

mj0
, (i = 1, 2, . . . , N); (8)

and the maximum relative error of the system function is given by

|∆ti
ti0
| ,

j=M∑
j=1

|Sij ||
∆mj

mj0
|, (i = 1, 2, . . . , N). (9)

There are also two ways to define a semi-relative sensitivity function as follows.

• Upper-semi-relative logarithmic sensitivity function:

Šj ,
∂ ln t(m)

∂mj

∣∣∣∣
m0

, (j = 1, 2, ...M). (10)

The components Šij are given by:

Šij =
∂ ti/ti
∂mj

∣∣∣∣
m0

=
1
ti0
Sij , (i = 1, 2, ...N), (j = 1, 2, ...M). (11)

• Lower-semi-relative logarithmic sensitivity function:

Ŝj ,
∂ t(m)
∂ ln mj

∣∣∣∣
m0

, (j = 1, 2, ...M). (12)

The components Ŝij are given by:

Ŝij =
∂ ti

∂mj/mj

∣∣∣∣
m0

= m0jSij , (i = 1, 2, ...N), (j = 1, 2, ...M). (13)
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INVERSE MODEL

The short description to follow is to present a relation between the optimization technique and the sensi-
bility analysis for completeness. In this way, Vieira and Leite (2009) and Santos et al. (2009) presented
strategies with two optimization methods combined to investigate the convergence and resolution of the
CRS operator aiming at practical applications. The concepts involved: (1) Random Controlled Search
(known also as Price method) and Gradient Method (known also as Gauss-Newton, or Second Order Gra-
dient). The misfit measure used for reference, φ(m), is expressed as:

φ(m) =

√√√√√√
N∑
i=1

[tobsi − tprei (m)]2

N
. (14)

This measure is not to be confused with the semblance function, and Figure 6 show the layout of the
inversion process.

Figure 6: Canonic representation of optimization principle.

Controlled Random Search Global Method

The formalism applied was described by Price (1983) to solve the global optimization problem (Brachetti
et al. (1997)), and a common characteristic to the global methods is that they attack two distinct problems
at the same time:

1. The global search problem that is the exam of all region of interest aiming at to localize “more
promising” sub-regions that contains the global minimum (m∗∗);

2. The local search problem that is the determination of the global minimum (m∗∗) using a local strat-
egy, once a rather small neighborhood has been detected around the minimum.

As a simple description, it is desired with the Price method a solution of the global non-constrained
optimization problem, structured in the following form: min φ(m), m ∈ RM , where φ : RM → R is a
continuous function; that is, a minimum φ(m) of the continuous function is searched, where the parameter
vector m (dimension M) to be determined is defined in the RM space. In this form, m represents point-
coordinates mi, (i = 1,M) in the continuous parameter space. The function object of minimizations is
multi-modal.

To initiate the process, a V search domain is defined through the specification of explicit constraints to
each parameter. Next, it is defined a predetermined quantity, N , of test points randomly chosen in V and
consistent with the constraints (in case they are imposed) forming the set:

Sk1 =
{

m(k)
1 ,m(k)

2 ,m(k)
3 , ...,m(k)

N

}
. (15)
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The functional φ(m) is evaluated at each point N , and the position and value of the function φ(m) are
saved in a matrix:

A[Nx(N + 1)]. (16)

At each iteration a new test point P , m̂(k), is calculated using a random sub-set S(k)
2 of S(k) described

in the form:

m̂(k) = c(k) − (m(k)
20 − c(k)), (17)

being c the centroid defined by:

c
(k)
j =

1
M

M∑
i=1

m
(k)
2i (j = 1,M). (18)

Next, a test is made if the point P satisfies the constraints, and if

φ(m̂(k)) < φ(m̂(k)
máx). (19)

In case these conditions are not satisfied, the process returns for new definitions. The probability that the
points converge to the global minimum depends on the distribution, on the value ofN , on the complexity of
the functional, in the nature of constraints and in the choice of the test points. Figure 7 serves to exemplify
the randomness of the misfit function φ(m) as a result of the automatic random selection of m.
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Figure 7: Price initial random non-fit function.

Gradient Method

This method is based on the multivariate Taylor series expansion of a function used to represent the ob-
served data, that in this case is a seismic section. This series linearizes the problem to allow for an iterative
solution based on the linear form Gm = t, where G 6= G(m). The quantity m is the parameter vec-
tor to be resolved iteratively, and G the problem matrix. The data is represented by t(xm, h; m2), and
the Taylor series expansion of the function t(xm, h; m2) in the neighborhood of m1 to the first order is
mathematically written as:

ti(xm, h; m)|m=m2 u ti(xm, h; m1) +
M∑
j=1

∂ti
∂mj

(xm, h; m)∆mj |m=m1 . (i = 1, N). (20)

From this expression, the observed time vector is defined representing the random variable,

ti(xm, h; m2) = tobsi (xm, h; m2 = true) = tobsi (xm, h), (21)
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and the predictive time vector representing the theoretical model,

ti(xm, h; m1) = tprei (xm, h; m1 = model) = tprei (xm, h; m). (22)

From these definitions, with m1 = m

tobsi (xm, h)− tprei (xm, h; m) =
M∑
j=1

∂tprei

∂mj
(xm, h; m)∆mj , (23)

that is conveniently rewritten in the matrix form,

∆t(xm, h; m) = G(xm, h; m)∆m. (24)

This equation represents a linearized form to obtain a solution to the nonlinear problem. In this equation,
∆t(xm, h; m) is a column vector, (Nx1), that represents the data deviations; ∆m is a column vector,
(Mx1), that represents the parameter deviations; and G(xm, h; m) is the problem matrix, (NxM), that
has the data information along the columns, the parameter information along the lines, and is given by the
partial derivatives in the form:

Gi,j =
∂tprei

∂mj
(xmi , hi; m), (i = 1, N ; j = 1,M) (25)

These partial derivatives are rather long, and they are used to represent the sensibility functions with respect
to the parameters. The continuous partial derivative with respect to v0, and shown in Figure 9, is given by:

∂t

∂v0
(xm, h) =

−
2t0

„
h2

RNIP
+

(xm−x0)2

RN

«
cos2 α0

v20
−

4(xm−x0)2 sinα0

„
t0+

2(xm−x0)2 sinα0
v0

«
v20

2

√
2t0

“
h2

RNIP
+

(xm−x0)2

RN

”
cos2 α0

v0
+
(
t0 + 2(xm−x0)2 sinα

v0

)2
(26)

The continuous partial derivative with respect to RNIP , and shown in Figure 10, is given by:

∂t

∂RNIP
(xm, h) = − h2t0 cos2 α0

R2
NIP v0

√
2t0

“
h2

RNIP
+

(xm−x0)2

RN

”
cos2 α0

v0
+
(
t0 + 2(xm−x0)2 sinα0

v0

)2
(27)

The continuous partial derivative with respect to RN , and shown in Figure 11, is given by:

∂t

∂RN
(xm, h) = − t0(xm − x0)2 cos2 α0

R2
Nv0

√
2t0

“
h2

RNIP
+

(xm−x0)2

RN

”
cos2 α0

v0
+
(
t0 + 2(xm−x0)2 sinα0

v0

)2
(28)

The continuous partial derivative with respect to α0, and shown in Figure 12, is given by:

∂t

∂α0
(xm, h) =

4(xm−x0)2 cosα0

„
t0+

2(xm−x0)2 sinα0
v0

«
v0

+
2t0

„
h2

RNIP
+

(xm−x0)2

RN

«
(cos2)′α0

v0

2

√
2t0

“
h2

RNIP
+

(xm−x0)2

RN

”
cos2 α0

v0
+
(
t0 + 2(xm−x0)2 sinα0

v0

)2
(29)

From these partial derivatives, the quantities Sij = ∂ ln ti(m0)
∂ ln m0j

∣∣∣∣
m0

= Sij(m0) = m0j
t0i

Sij(m0), are

calculated, as in equation (6). From their plots, these functions present a general linear trend behavior in
the t−x window, which means that they do not show a specific form that could better define the resolution.
In this case, the operator presents low resolution being necessary good starting point for the optimization,
and even the possibility of a priori constraints.
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In the least-square sense, the optimization problem is defined as over-determined (pure), the number of
data greater then the number of parameters to be resolved for, (N > M), and all parameters considered to
have the same sampling. The minimization method starts with the principle that ∂φ(m)/∂mj = 0, what
establishes a local minimum. The linearization of the optimization problem is represented by equation
G∆m = ∆t, where G = G(m). The iterative solution of the nonlinear problem is represented by the
equation:

∆m = [GTG]−1GT∆t. (30)

The parameter update during the iterations is given by:

m(k+1) = m(k) + γ∆m (31)

where γ is an attenuation/amplification factor for the found solution ∆m, and k is the iteration number in
the optimization process cycle.

Resolution

A statistical analysis for the method is made by the Data and Parameter Resolutions Matrices, and by
the Unitary Covariance Matrix (Menke (2002)). These matrices are attributes of the method involving
the derivative matrix, G, and its generalized inverse G−g , that in the present case has the form G−g =
[GTG]−1GT . The parameter resolution matrix is given by:

Rp = G−gG, (32)

and the data resolution matrix is given by:

Rd = GG−g. (33)

The unitary covariance matrix is given by:

covu(m) = σ−2G−g [cov t] G−gT = G−gG−gT . (34)

Flow Diagram

The flow diagram description of the computer program developed by Vieira and Leite (2009) and Santos
et al. (2009) is resumed as follows:

01- Start
02- Input: (1) Control parameters; (2) Model parameters; (3) Initial model parameters; (4) Inversion
parameters.
03- Start iterations: Controlled Random Search.
04- End iterations: Controlled Random Search.
05- Start iterations: Least-squares.
06- Calculation: Forward model.
07- Calculation: Curve fit and test for ending the iterations.
08- Calculation: Derivatives of the predictive operator.
09- Calculation: Matrices.
10- Calculation: Parameter update.
11- Calculation: Convergence test.
12- Returns to 05.
13- Calculation: Parameter Resolution Matrix.
14- Calculation: Data Resolution Matrix.
15- Calculation: Unit Covariance Unitary matrix.
16- Calculation: Quantity of Solution matrix.
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Figure 8: Evolution of the objective minimization function calculated in 20 iterations showing the stabi-
lization of the process around the tenth iteration.

The CRSG method showed to be a strong allied in the strategy for the 4 parameters search of the forward
model. The values obtained by the application of the CRSG and GM methods are presented in the table
below, and it shows agreement between the results.

Parameters Real CRSG GM
v0 (m/s) 1500 1459,0 1445,8
RNIP (m) 5000 5012,8 5112,3
RN (m) -5000 -4910,2 -4800,3

α0 (radians) 0,2094 0,2019 0,2186

The following table represents the Normalized Parameter Resolution matrix(4X4) (32) that, should
ideally have a unitary diagonal form, shows a weak scatter.

Rp v0 RNIP RN α0

v0 1 0.287 -0.173 0.000
RNIP 0.287 1 0.893 0.000
RN -0.173 0.893 1 0.000
α0 0.000 0.000 0.000 1

The table below represents the Normalized Unitary Parameter Covariance matrix (4X4) (34), that
should ideally have a diagonal unitary diagonal form, but shows a strong scatter, what corresponds to a
non-desirable strong correlation between the parameters, and it says that by changing one parameter the
others are also altered.

covu(m) v0 RNIP RN α0

v0 1 -0.832 -0.855 -0.362
RNIP -0.832 1 0.999 0.772
RN -0.855 0.999 1 0.750
α0 -0.362 0.772 0.750 1.0

The maximum number of iterations allowed in the GM method was 20, and the evolution of the min-
imization object function is given by Figure 8. It was established that the solution strategy by the CRSG
method was to be used as input to the GM method. But, the solutions in the above tables did not follow
this strategy, and they were obtained in independent experiments for analysis.
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CRS ATTRIBUTES SEARCH STRATEGY

In the practical applications of the CRS stack, the number of the attributes depends on the dimension
of the problem (if 2-D or 3-D), and on the observation topography. For the flat observation surface, the
applications considered only the search for the triplet RNIP , RN and α, with v0 fixed, and to emphasize
the present investigation, we follow the descriptions of Muller (1999) and Mann (2002), but not from the
point of view of stack algorithm implementation. Their descriptions follows the criteria that the triplet
search is a nonlinear optimization problem, that to be solved needs a starting point obtained in three major
steps, with a last step as the final simultaneous triplet search. The searches are performed in the CMP bin,
and the picking associated with the maximum coherency to simulate the corresponding ZO point.

• First step. This is one-parameter search for the combined vstack performed to obtain a ZO section
with xm = x0 in equation (1) that reduces it to:

t(xm, h)|xm=x0 =

√
t20 + 2

t0
v0

cos2 α0
h2

RNIP
; (35)

that, compared with t(h) =

√
t20 +

4h2

v2
NMO

, the stacking velocity can be expressed in terms of α0

and RNIP , for vNMO = vstack, as

v2
stack =

2v0RNIP
t0 cos2 α0

. (36)

We call this step Automatic NMO stack (CMP stack), and it represents a non-iterative velocity anal-
ysis.

• Second step. This is one-parameter search for non-combined α0 performed to obtain a ZO section
with h = 0 and RN =∞ in equation (1) that reduces it to:

t(xm, h)|(h=0,RN=∞) = t0 +
2
v0

(xm − x0) sinα0, (37)

This first-order approximation can be regarded as a plane wave approximation, and this step is called
Automatic Plane Wave stack, from where the emergence angle α0 is obtained based on a small
aperture. Inserting this angle into equation (36), a solution for RNIP is found.

• Third step. This is one-parameter search for the non-combined RN performed to obtain a ZO
section with h = 0 in equation (1) that reduces it to:

t(xm, h)|(h=0) =

√[
t0 +

2
v0

(xm − x0) sinα0

]2

+
2
v0
t0 cos2 α0

(xm − x0)2

RN
. (38)

The values of α0 and RNIP would already be known from a previous step. This search is called
Automatic Hyperbolic stack for RN .

• Fourth step. This is one-parameter search for the non-combined RNIP performed to obtain a ZO
section with RN =∞ in equation (1) that reduces it to:

t(xm, h)|(RN=∞) =

√[
t0 +

2
v0

(xm − x0) sinα0

]2

+
2
v0
t0 cos2 α0

(h)2

RNIP
. (39)

The values of α0 and RN would already be known from a previous search step. This search is called
Automatic Hyperbolic stack for RNIP .

• Fifth step. In the practical applications (with v0 fixed), with the parameters obtained from the
previous steps, and in form of time sections, the traveltime surfaces can be calculated with equation
(1). This subsequent stack can be performed to obtain a ZO stack that is called Initial CRS stack.
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• Sixth step. In the practical applications (with v0 fixed), with the parameters obtained in form of
time sections as initial values, equation (1) is used for the simultaneous search which provides the
Optimized CRS stack.

RESULTS

Several experiments were performed to analyze the behavior of the chosen sensibility function Sij =
∂ ln ti(m0)
∂ ln m0j

∣∣∣∣
m0

= Sij(m0) = m0j
t0i

Sij(m0), as given by equation (6). The selected examples are pre-

sented in Figures 9, 10, 11 and 12, where the nominal values were: v0 = 1500m/s, RNIP = 5000m,
RN = −5000m and α0 = +(π/15)rad. The values chosen for t0i, (i = 1, 2, 3, 4, 5) were: t0 =
(0.25, 0.50, 1.00, 2.00, 2.50, 3.00, 4.00, 5.00) in seconds.

The map for the derivative (v0/t0)∗∂t(xm, h; m)/∂v0 of equation (26), plotted in Figure 9, is presented
for four values of t0i = (0.5, 2.00, 4.0, 5.00s). The variation is still smooth, but faster than for the other
three parameters. The maps indicate the nonlinear dependency with respect to the coordinates xm and h.
Therefore, has no ideal direction for its initial evaluation, and would be totally dependent on t0i. Therefore,
fixing the value of v0 is consistent with this analysis over Sij .

As can be seen in Figures 10, 11 and 12 only two values for t0i = (0.25, 5.00s) were necessary to show
because the variation is very smooth.

The map for the derivative (RNIP /t0) ∗ ∂t(xm, h; m)/∂Rnip of equation (27), plotted in Figure 10,
indicates the linear dependency with respect to the coordinates xm, and constant with respect to h; there-
fore, this parameter would be better determined in sections where h =constant. In the attributes search
strategies, a combination of the first and second steps would have to solve for RN . Equation (39), with
independent variable h, has the form of equation (38), with independent variable xm. Figure 12 suggests
consistency in the search for RNIP , but not in accordance with Figure 10 and equation (39).

The map for the derivative (RN/t0) ∗ ∂t(xm, h; m)/∂Rn indicates also a strong linear dependency
with respect to the coordinates h, and almost constant with respect to the coordinate xm, therefore this
parameter would be better determined in sections where xm =constant.

The map for the derivative (α0/t0) ∗ ∂t(xm, h; m)/∂α0 indicates a strong linear dependency with
respect to the coordinates h, and a weak linear dependence with respect to the xm coordinate, therefore
this parameter would be better determined in sections with xm =constant.

In the first step for the CRS attributes search strategy, the combined one-parameter search for vstack =√
2v0RNIP
t0 cos2 α0

takes xm = x0 in equation (1) to have it in the form of equation (35), and has h as inde-

pendent variable. This is consistent with the analysis with Sij shown in Figure 12, and consistent with
∂t(xm,h)

∂h |xm=x0 of equation (35).

In the second step, the non-combined one-parameter search for α0 takes h = 0 and RN = ∞ in
equation (1) to have it in the form of equation (35), which is linear along the xm coordinate, admits small
values of xm, and is consistent with Figure 12, and with ∂t(xm,h)

∂α0
|h=0,RN=∞ of equation (37).

In the third step, the search for the non-combined RN takes h = 0 in equation (1) to have it in the
form of equation (38), which is hyperbolic along the xm coordinate. This result is consistent with Figures
12 and 11.

In the fourth step, the search for the combined parameterRNIP takesRN =∞ in equation (1) to have
it in the form of equation (39), which is hyperbolic along the h coordinate.
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2D Contour Map Representing the Derivative (v0/t0)*dt/dv0 of the CRS Operator (t0=2.0)
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2D Contour Map Representing the Derivative (v0/t0)*dt/dv0 of the CRS Operator (t0=5.0)
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Figure 9: Contour maps of the normalized derivative (v0/t0) ∗ ∂t(xm, h; m)/∂v0 of the forward model
indicating the linear dependency with respect to the coordinates xm and h. Consequently, the parameter v0

has no special sections for its determination. (Top left: t0 = 0.50s), (Top right: t0 = 2.00s), (Bottom left:
t0 = 4.00s), (Bottom right: t0 = 5.00s).
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Figure 10: Contour maps of the normalized derivative (RNIP /t0) ∗ ∂t(xm, h; m)/∂Rnip of the forward
model indicating the linear dependency with respect to the coordinates xm, and constant with respect
to h. Consequently, the parameter RNIP is better determined in sections of h =constant (CO). (Left:
t0 = 0.25s), (Right: t0 = 5.00s).
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Figure 11: Contour maps of the normalized derivative (RN/t0)∗∂t(xm, h; m)/∂Rn of the forward model
indicating a strong linear dependency with respect to the coordinates h, and almost constant with respect
to the coordinate xm. Consequently, the parameter RN is better determined in sections of xm =constant
(CMP). (Left: t0 = 0.25s), (Right: t0 = 5.00s).
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Figure 12: Contour maps of the normalized derivative (α0/t0) ∗ ∂t(xm, h; m)/∂α0 of the forward model
indicating a strong linear dependency with respect to the coordinates h, and a weak linear dependence
with respect to the xm coordinate. Consequently, the parameter α0 is better determined in sections of
xm =constant (CMP). (Left: t0 = 0.25s), (Right: t0 = 5.00s).

CONCLUSIONS

We investigate the relationship between sensitivity analysis, S, of the CRS operator with respect to the
parameters v0, RNIP , RN and α0, and comparing with the attributes search strategies that is based on
physical-mathematical considerations of the stack operator.

In the CRS stack method, the velocity v0 is admitted as fixed, but it has a physical representation as
shown by the model of Figure 2, and, in practical terms, it represents an average taken along the observation
geophone spread window, and represents a sampling over the upper layers under the dominant wavelength
of the source-effective pulse. This strategy is fully consistent with the S analysis.

Even though there is a strong linear behavior of the derivatives in the spatial window (xm, h), a different
strategy for the parameter search was not here provided.

For the parameter resolution, it would be desirable a concave form of the object function of opti-
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mization. Even though, we concluded that the CRS operator under such measures present low resolution
capacity. of resolution. In this way, it is necessary a good start point for the optimization that searches for
the three parameters (v0 =fixed,RNIP ,RN e α0) simultaneously. From the point of view of the sensitivity
function, it would be necessary to employ constraints as a priori conditions for the simultaneous parameter
optimization.

The tests were performed for a fixed point P0(x0, t0), and a next step would be for points randomly
chosen along a trace, (t0 = 0, ttotal), and next for a any point along the CMP.

Once established a form to represent the resolution and sensibility of the t(xm, h; v0, RNIP , RN , α0)
function to its parameters, a next step would be to repeat the experiment based on a form of modified
semblance.
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ABSTRACT

The CRS method is a powerful tool to produce high-quality stacked images of multi-coverage seismic
data. As a result of the application of CRS, not only a stacked section, but also a number of attributes
defined at each point of that section, are produced. In this way, one can think of the CRS application as
a transformation from data space to attribute space. However, as the CRS method is purely kinematic,
it should be completed by amplitude information, that we propose to obtain from the zero-offset (ZO)
section and common midpoint (CMP) gather. In this paper, we propose an algorithm for an (approx-
imate) Inverse CRS transformation, namely one that (approximately) transforms the CRS attributes
back to data space. The CRS transform pair established in this way may find a number of applications
in seismic imaging and data processing, in the same way as other well-known transformations, e.g.,
Fourier, Radon, tau-p, etc.

INTRODUCTION

CRS (Common Reflection Surface) is a recent data-driven time imaging process (see, e.g., Hubral, 1999;
Jäger et al., 2001) and also references therein) that has been originally proposed as an alternative to the
classical NMO-DMO chain (see, e.g., Yilmaz, 2000) to build seismic stacked, zero-offset (ZO) time images
of the subsurface. As already discussed elsewhere (see, e.g., Perroud and Tygel, 2005), the CRS method
has both advantages and disadvantages with respect to its competitors. In fact, the adoption of the CRS
method by the geophysical community has been until now only limited, because the classical NMO-DMO
chain already provides good-quality robust results, so the need for a change is not obvious.

However, CRS does not provide only zero-offset images, but also a set of wavefield attributes (emer-
gence angles and wavefront curvatures) that have been exploited in several applications. These include,
e.g., velocity model building (Della-Moretta et al., 2001; Klüver, 2006), multiple attenuation (Prüssmann
et al., 2006), residual statics correction, (Koglin et al., 2006), among others.

CRS can be seen as a transformation from the data space (seismic amplitudes as a function of position
and time) into attribute space (wavefield attributes as a function of position and time). Note that data space
position variables include both midpoint and offset coordinates, while the attribute space position variables
consist in the midpoint coordinates only. In this way, the attribute domain is much smaller, even if several
attributes exist per mid-point. This transformation can thus be represented by the equation

{D(t,m, h)} CRS=⇒ {A(t,m)} , (1)

where D(t,m, h) and A(t,m) denote the data and attribute sets, respectively. Also, t denotes time, m
midpoint position and h half-offset.

The CRS method provides also a generalized hyperbolic moveout expression that allows for travel-time
estimations for reflection event at any midpoint and offset in the vicinity of a reference position where
the attributes have been estimated. For example, in the 2D case, the number of CRS attributes is three.
Assuming that these attributes, denoted byA1,A2 andA3, were estimated at mid-point positionm = 0 and

mailto:mtygel@gmail.com
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at time t(0, 0), the traveltime, t(m,h), for a reflection at midpointm and half-offset h can be approximated
as

t2(m,h) = (t(0, 0) +A1m)2 +A2m
2 +A3h

2 (2)

The above representation of the data in the new (attribute) domain is not complete, since it is purely
kinematic. We miss the amplitude of the seismic events, that are necessary for a full representation of the
data. In this sense, it can be stated that the CRS transformation, on its own, induces a loss of information
that cannot be reversed. To establish a transformation that could allow to go back from the attribute space
to the data space, we need to add some dynamic information. Our purpose here is to demonstrate that this
goal can be achieved if we have, in addition to the CRS attributes at a given trace, also data from two trace
gathers in its vicinity. These are (1) the real-amplitude (as if measured) ZO gather and (2) the CMP gather
centered at the reference midpoint. The chosen ZO and CMP traces should be sufficiently close to the
reference midpoint, so that the validity of the CRS approximation of any reflection traveltime is valid in
this range. We propose then to call Inverse CRS this new transformation, that could be represented by the
equation (compare with equation 1)

{A(t, 0),D(t,m, 0),D(t, 0, h)} InverseCRS=⇒ {D(t,m, h)} , (3)

where A(t, 0) is the CRS attribute set at the reference midpoint, and D(t,m, 0) and D(t, 0, h) are the ZO
and CMP data sets, respectively. Since the (forward) CRS transformation of equation 1 is essentially an
approximate process (namely, it is realized upon the use of the hyperbolic travel-time approximation 2),
the proposed Inverse CRS transformation of equation 3 should also not be expected to provide exact (loss-
free) results. One of our goal is therefore to evaluate in which range these losses can be considered as
insignificant.

It is to be remarked that a real-amplitude ZO section is not easily available in seismic exploration. As
a consequence, to implement the CRS inverse transformation, we need to assume that the ZO section is
available1. A discussion on how to obtain a valid approximation of the real-amplitude ZO section from the
multicoverage data, that can be used for our inverse CRS transformation purposes, lies outside the scope of
the present paper. Here we only observe that such ZO section can, in principle, be obtained together with
the CRS attributes and an adequate average of the available, near-offset traces. An algorithm to actually
perform this task is a topic of further investigation.

In the following, we describe the Inverse CRS transformation, as well as the algorithm that allows one
to build a trace at any midpoint and offset. As indicated above, both the ZO and CMP sections in the
vicinity of the reference trace are assumed to be available. For illustrative purposes, we apply it to two
simple synthetic cases of a dipping planar and a circular reflector. Finally, our algorithm have been tested
for the interpolation of missing traces in a real high-resolution seismic dataset.

THE INVERSE CRS TRANSFORMATION

The problem to be solved can be formulated as follows: to build the unknown data trace at a given midpoint
position and offset, in the vicinity of a reference trace, for which we know (a) the CRS attributes, (b) the ZO
gather and (c) the CMP gather. The known ZO and CMP gathers consists of traces located in the vicinity
of the reference trace.

The construction of the unknown data trace means filling the “right" amplitude (i.e., a valid approxi-
mation of it) at all time samples. We therefore need to estimate both time and amplitude for all events that
can be identified in the known part of the data. We shall describe below how these are estimated. As far as
possible, we want this transformation to be macro-model independent, so we shall try to use in the process
data-related quantities only.

Equation for travel-time

Travel-time estimation can be achieved directly using the CRS travel-time approximation, like the one
shown above in equation 2 for the 2D case. For an event such that the ZO travel-time at the reference point

1We remark, in passing, that the Inverse CRS transformation is not restricted to seismic data. For GPR data, for example, this
drawback is overcome since a fairly close approximation to the ZO section can be obtained from measurements using shielded
antennas.
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Figure 1: Schematic representation of quantities used in the calculation

is t(0, 0), we can evaluate the corresponding travel-time at any neighboring position m and half-offset h,
since the CRS attributes are known at the reference trace (located at midpoint m = 0). However, it could
be helpful in practice to decompose the calculation into the three steps below. The reason is that we shall
make use later of the calculated values obtained in the individual steps.

• First, we evaluate t(0, h), the time of the chosen event within the CMP gather, at half-offset h. In the
2D case, this is obtained setting m = 0 in equation 2, namely

t2(0, h) = t(0, 0)2 +A3h
2. (4)

• Second, we evaluate t(m, 0), the travel-time of the chosen event within the ZO section, at midpoint
m. In the 2D case, this is obtained setting h = 0 in equation 2, namely

t2(m, 0) = (t(0, 0) +A1m)2 +A2m
2. (5)

• Finally, we evaluate t(m,h), the travel-time for the same event at mid-point m and half-offset h.
This can be achieved by means of the equation

t2(m,h) = t(m, 0)2 + t(0, h)2 − t(0, 0)2, (6)

which combines the previous two results.

This final equation 6 reveals how the travel-time of a reflection event at any midpoint and offset can be
simply derived from the ones that refer to the ZO and CMP gathers. It can be seen as a decomposition of
the travel-time squared t(m,h)2 in terms of the squared ZO and CMP travel-times, t(m, 0)2 and t(0, h)2,
respectively. It is valid as long as the CRS travel-time approximation is. For example, it is exact for a
dipping plane reflector with an homogeneous overburden.

We remark that a similar decomposition formula, using, however, travel-times instead of travel-times
squared, have been presented in Tygel and Santos (2006), but it is valid in a shorter range.

Equation for amplitude

Although it has been relatively straightforward to predict the travel-time above, this is not the case with
amplitude. This is so because CRS provides kinematic attributes only. As a matter of fact, full account of
amplitudes involve many factors, such as angle-dependent reflection/transmission coefficients, geometrical
spreading, medium attenuation, source wavelet, etc. Determination of all these quantities is, of course,
unfeasible. Nevertheless, as shown below, a reasonable approximation can be achieved. Our idea is similar
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to the one presented in a previous work by Rousset et al. (2001), that is to rely on the available data itself
to estimate amplitudes.

We suppose we have full knowledge (traveltime and amplitude) at each sample of the two specific ZO
and CMP gathers. More specifically, we consider that for each event that we select, the travel-time and
amplitude pairs (t(0,m), A(0,m)) and (t(0, h), A(0, h)) that refer to the ZO and CMP gathers, respec-
tively, are known. Note that, for the determination of the travel-time t(m,h), we have already computed,
with the help of the equations 4 and 5, the travel-times t(m, 0) and t(0, h). We can therefore pick the
corresponding amplitudes A(m, 0) and A(0, h) within the given ZO and CMP gathers, together with the
amplitude A(0, 0) at time t(0, 0) at the reference trace (see Figure 1). The question now is how to evaluate
the unknown amplitude A(m,h) relatively to these known (data-driven) quantities.

Our main assumption is that the predicted travel-time, t(m,h), and amplitude, A(m,h), are supposed
to be valid only in the neighborhood around the reference trace, so the CRS travel-time equation should
provide a good approximation. Concerning the amplitude, we further assume that the physical quantities
such as velocities, densities, are also more or less stationary in this neighborhood. As a consequence,
we may restrict the analysis to the main laterally variable factors, which are geometrical spreading and
reflection angle. We propose here that the change of amplitude with offset (AVO effect) can be considered
stationary with respect to midpoint variation. In this way, after estimating the amplitude change with offset
at the reference point from the known CMP gather, we can use it as an estimate for amplitude change with
offset for neighboring midpoints.

As the depth of the reflector can change laterally, it is clear that both the geometrical spreading and
reflection angle can significantly change. In accordance, the changes in amplitude introduced by these two
factors are investigated below.

• Geometrical spreading: As well known (see, e.g., Tygel et al., 1992; Červený, 2001), the pre-
cise evaluation of geometrical spreading can be a complicated task, with factors such as source and
receiver ray angles, as well as second mixed derivatives of travel-time with respect of source and
receiver coordinates. Once again, our goal here is to evaluate only the local change in geometrical
spreading, in a “small” area where the earth subsurface is supposed to have stationary parameters.
In this situation, we propose to approximate the change of geometrical spreading in terms of the
variations in travel-time. More precisely, we will consider the change of amplitude as a function of
the quantity t(m,h)α, namely the travel-time to the power α, where α = 1/2 for the case of 2D
in-plane spreading only and α = 1 in the case of 3D spreading. We note, in particular, that for a
planar dipping reflector in 2D with a homogeneous overburden, the geometrical spreading factor is
exactly t(m,h)1/2.

From the above observations, we propose that, instead of trying to estimate the change in amplitudes,
A(m,h), we consider the change of the quantityA(m,h).t(m,h)α. This means that we consider the
change in amplitude together with geometrical spreading variation. We also observe, in particular,
that for the case of the above-described planar dipping reflector, the quantity A(m,h).t(m,h)1/2

represents the so-called true amplitude, i.e., the amplitude after geometrical-spreading correction.

• Reflection angle: As the depth of the reflection point can vary with midpoint m, it implies that
for a given half-offset h, the reflection angle, θ, can also vary with the reflection-time t(m,h).
Shuey (1985) has provided a useful approximation for the relative change with angle of the reflection
coefficient, and therefore amplitude, that can be written in the form

R(θ)−R(0) = A sin2(θ) (7)

where R(θ) stands for the reflection coefficient as a function of the reflection angle, θ, and A is a
constant that depends on the local physical parameters only. For our purposes, we can consider A
as a constant in the neighborhood of the reference trace. Thus, the relative variation (ratio) of the
reflection coefficient at any midpoint, m, with respect to the reflection coefficient at the reference
midpoint can be simply approximated by the corresponding variation (ratio) of sin2(θ) at these two
midpoints. We note, in particular, that for our familiar example of a planar dipping reflector in
a 2D homogeneous overburden, this ratio can be shown to be equal to the ratio between squared
travel-times.
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Based on the above considerations, we propose to replace the variation of the quantity R(θ)−R(0)
between midpoint m and the reference midpoint by the quantity t(0, h)2/t(m,h)2.

• Final amplitude equation: The two above considerations lead to the following equation to evaluate
the amplitude at position, m, and half-offset, h,

A(m,h) =
1

t(m,h)α

{
A(m, 0)t(m, 0)α + [A(0, h)t(0, h)α −A(0, 0)t(0, 0)α]

t(0, h)2

t(m,h)2

}
(8)

Note that this formula leaves unchanged the amplitude within the ZO gather (h = 0), as well as
within the CMP gather (m = 0).

The evaluation of the unknown quantity, A(m,h), relies only on quantities that are data-dependent,
which can be picked from the two given specific configurations or computed from the CRS attributes.
No other information is required, as long as the stationarity of model physical parameters in the
vicinity of the reference position is a valid approximation. This process can therefore really be
qualified as data-driven and macro-model-independent.

General Algorithm

We shall now assemble the above obtained results as building blocks of an algorithm that will produce a
new data record at midpoint position, m, and half-offset, h (Figure 2), starting from the given ZO and CMP
gathers in the neighborhood of the reference trace:

• First compute the CRS attributes for all samples of the record at the reference position (m = 0). For
that, use the CMP gather (to obtain A3 in the 2D case), and the ZO gather (to obtain A1 and A2 in
the 2D case), together with the corresponding coherence values. This has to be done only once for
all data traces to be built in the vicinity of the given reference trace.

• Start a loop on time samples, t(0, 0), with amplitude, A(0, 0), from the record at the reference
midpoint, m = 0, and half-offset, h = 0. Each time sample will be taken as a possible reflection
event if its CRS attributes have coherence values that are high enough. Otherwise, go to the next
sample.

– Compute t(0, h), t(m, 0) and t(m,h) from t(0, 0) and its CRS attributes, according to equa-
tions (4-6).

– Pick A(0, h) at time t(0, h) in the CMP gather and A(m, 0) at time t(m, 0) in the ZO gather,
using interpolation from surrounding data samples, and compute A(m,h) using equation (8).

– All obtained pairs of time and amplitude should be stored for future use. Note that calculated
times are not necessary monotonously increasing. In the case there are more than one CRS
groups of attributes for the same time sample (conflicting dips), this process has to be carried
out for each CRS attribute group.

• End of the loop on time samples.

• Order the time-amplitude pairs by increasing times and interpolate the amplitudes at the data time-
sampling rate.

The above algorithm, which builds a single data trace, can then be used in a loop on midpoint, m, and
fixed half-offset, h, to build a common-offset (CO) section. In addition, in an outer loop on half-offset, h,
it can be further used to build the full dataset.

Note that with this scheme, a given reflection event is built sample by sample, so that we do not have to
make any assumptions on the signal wavelet, only that it has been adequately sampled. Preprocessing steps
such as filtering or deconvolution that enhance the signal-to-noise ratio and signal resolution can be applied
on the ZO and CMP gathers. This can be done either before or after the application of the algorithm.
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Figure 2: General algorithm to build data records from CRS attributes, ZO section and CMP gather
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Figure 4: (a) Comparison of travel-time and amplitude along all CO sections between the theoretical values
and the Inverse CRS equations, in the case of the dipping-planar reflector. The solid black lines represent
the ZO and CMP sections where there are no differences; (b) Comparison of travel-time and amplitude
along all CO sections between the theoretical values and the Inverse CRS equations, in the case of the
circular reflector. Note the differences that now exist in both time and amplitude

SYNTHETIC EXAMPLES

The synthetic data have been computed by a ray-tracing calculation with 2D in-plane amplitudes, convolu-
tion by a ricker wavelet, and addition of white noise with a signal-to-noise ratio of 10.

Two simple models will be tested to check the efficiency of our algorithm. They are shown in Figure 3.
The models consist of (1) a dipping planar reflector, within a homogeneous overburden, for which the
time equation 6 is exact, and (2) a circular reflector, tangent to the dipping plane at the normal incidence
point for the reference position, for which the time equation 6 is only approximate. The choice of these
models reflects our assumption that the earth subsurface has to be locally simple enough so that the CRS
travel-time equation provides a good approximation.

Dipping plane

Our first test was to compare the theoretical travel-time and amplitude values at any midpoint position,
and offset, in the vicinity of the reference position, with the travel-time and amplitudes values obtained
with equations 6 and 8, respectively. This comparison is shown in Figure 4(a), which reveals a very good
agreement in most of the investigated range. The largest discrepancy arises for the lowest amplitudes.
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Figure 5: (a) Synthetic data for the planar dipping reflector; (b) Synthetic data for the circular reflector.

These correspond to largest offsets, as well as incidence angles close to the critical angle. Under this
situation, the simple approximation we have used is not appropriate. However, the area where the two set
of values can be considered very similar represents more than 90% of the full range. Note than in this case,
the difference exists only in the amplitude value.

Figure 5(a) shows the two specific configurations that have been used to build the full dataset: the
ZO gather on the top and the CMP gather at the bottom. From the traces in these two gathers, the CRS
attributes at the reference midpoint m = 0 have been extracted, together with their coherence values.
They are shown at Figure 6(a). Traces were then built following the algorithm shown in Figure 2, for all
midpoints and offsets. The built traces are compared to the synthetic data in Figure 7(a), for small, medium
and large offsets. We can see how the built trace compares well with the synthetic data in the vicinity of
the reference midpoint, but differences appear when offset or distance to the reference midpoint increase.
To evaluate how far we can go, a map of the relative mean quadratic error is shown in Figure 8(a). The
contour at 0.2 provides a conservative estimation of the area where the approximation is very satisfying. It
covers an extent approximately equal to the reflector depth, both in the offset and mid-point direction. Note
that the noise is suppressed by the process when there is no coherent signal, that is when CRS attributes
coherency is less than a given threshold.

Circular reflector

The same figures (Figure 4(b) to Figure 8(b)) were obtained for the circular reflector. Note that in this
case, the CRS travel-time formula is only approximate, so the differences between the built traces and the
synthetic data become significant for shorter offsets, or distances from the reference midpoint.

However, there further exists a significant range where the differences between the synthetic data and
the data built with the Inverse CRS algorithm can be considered negligible. Its width, both in midpoint
and offset coordinates are approximately equal to the target depth in these simple cases (about 1000m). In
order to check how the algorithm behaves in more complex situations, an illustration has been performed
using real data.
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Figure 6: CRS attributes and their corresponding coherency obtained from the reference position. The
expected attribute value in its validity range is also shown in red. The red line on coherency plots repre-
sents the coherency threshold for acceptance of attribute values: (a) Planar dipping reflector; (b) Circular
reflector.
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Figure 7: Comparison of the built traces with the synthetic data for small, medium, and large offsets, with
the reference midpoint located at position 0: (a) Planar dipping reflector; (b) Circular reflector.
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Figure 8: Map of the relative mean quadratic error introduced by the process: (a) Planar dipping reflector;
(b) Circular reflector.

REAL DATASET

In order to test the Inverse CRS algorithm in a real data case, we present an application for interpolating
missing traces in a near-surface high-resolution seismic experiment, conducted in the alluvial plain of the
river Gave de Pau, near Assat, southern France. As shown by the stack section obtained after conven-
tional processing (Figure 9), the subsurface consists in a pile of horizontal depositional layers, with clear
impedance contrasts at various times in the range 0.03−0.14s, corresponding to depths between 30−150m
for an average velocity around 2000m/s. The data was obtained using 1m shot and trace intervals, and
offsets in the range 0− 70m. To increase the CMP fold, neighboring CMP gathers were mixed 2 by 2, so
the CMP interval is also 1m. This stack section will be used here as our best estimate of the ZO section
needed by the Inverse CRS algorithm.

The seismic acquisition experiment was conducted using a set of 2-channel DMT Summit boxes con-
nected by a wire to the control unit. It appeared that one of the boxes was not working propery, so that
the corresponding traces were killed for further processing. These missing traces are located in red in
the acquisition map of Figure 10. Our purpose here will be to apply the Inverse CRS algorithm to build
replacement traces, in order to avoid the processing artifacts generated by such discontinuities.

In order to apply the Inverse CRS algorithm, reference CMP gathers have to be chosen in the vicinity of
the traces to be built. We present here the results corresponding to a set of demonstration gathers, which are
shown in blue in Figure 10. The first one is the CMP gather corresponding to the CMP number 60, where
three traces are missing. Next, two common offset gathers (COG) have been processed, corresponding
to intermediate (36m) and large (60m) offsets. Two traces are missing in each of these gathers. The
demonstration gathers are shown in Figure 11, with available traces in black. Note that noisy parts of
the traces were muted both above and below the reflection events, to eliminate unwanted signals, such as
refracted P-waves, or direct surface waves. Finally, reference CMP gathers, corresponding to CMP number
58 and 148, were chosen for Inverse CRS application. They are shown in green in Figure 10.

For the different demonstration gathers, the new traces, obtained using the Inverse CRS algorithm are
shown in red in Figure 11, and compared with their normally acquired neighboring traces in black. In most
cases, the results look very satisfying, especially when the offset is not too large. However, a few artifacts
seem to appear in the COG 60m: at the beginning of the unmuted zone, the offset is much larger than
the target depth, so we should not expect the Inverse CRS approximations to be valid; at the end of the
trace, the increase of the noise level seems to be responsible for the observed discrepancies. A somewhat
unexpected good feature of the algorithm, is that it seems capable to reconstruct signals even in muted part
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Figure 11: Results of the Inverse CRS traces building: the interpolated traces in red are compared with the
normally acquired traces in black.

of the section. This can be seen by the event around 0.14s, visible on the constructed traces, both in the
CMP gather 60 and the COG gather 36m.

CONCLUSIONS

At the present stage of this on-going research, we have proposed an algorithm that is able to build seismic
traces from a very limited set of real data, namely a CMP gather and a ZO section, together with the
CRS attributes that can be obtained from them. First synthetic tests of the algorithm provide satisfying
results for the two simple cases of single dipping-plane and singular circular reflectors with a homogeneous
overburden. The region of accepted approximations has been observed to be, in midpoint and offset, of a
similar extent as the reflector depth in the first case, and a little less in the second case. Further tests carried
out with real seismic data have also given positive results, showing the ability of the proposed algorithm to
interpolate missing traces. Applications of this technique could be numerous, from noise suppression, data
compaction, trace interpolation, etc...
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ABSTRACT

The complete set of CRS parameters can be extracted from seismic data by an application of modern
local-slope-extraction techniques. The necessary information about the CRS parameters is contained
in the slopes of the common-midpoint section at the central point and one or several common-offset
sections in its vicinity. Here, we improve the extraction technique, eliminating the need for slope
derivatives. As demonstrated by a synthetic data example, the slope extraction is sufficiently robust to
allow for high-quality extraction of all CRS parameters from the extracted slope fields. In this way,
the CRS parameter extraction can be sped up by several orders of magnitude.

INTRODUCTION

Present-day techniques to estimate the traveltime parameters of the common-reflection-surface (CRS) stack
rely on local coherence analyses that are tedious and time-consuming processes (see, e.g., Jäger et al., 2001;
Hertweck et al., 2007). However, as demonstrated last year (Santos et al., 2008), there is a way to speed up
the CRS parameter extraction by several orders of magnitude using local traveltime slopes.

The extraction of traveltime attributes, particularly local slopes, has received strong attention in the
recent past, because local slopes directly extracted from prestack data are useful in a variety of seismic
imaging processes. Perhaps, the most visible ones are those connected with seismic tomography, in which
not only traveltimes but also slownesses of events and possible other time-domain attributes are used to
build a velocity model. Most prominent examples are slope tomography (Sword, 1987; Biondi, 1990),
stereotomography (Billette and Lambaré, 1998; Billette et al., 2003) and normal-incidence-point (NIP)
wave tomography (Duveneck, 2004).

The conventional procedure to extract this slope parameter relies on local slant stacks (Ottolini, 1983a).
In this method, a local coherence analysis is carried out at each point in the seismic section along short
straight-line elements in all possible directions. The direction with the highest coherence defines the slope
value at that point.

However, the local-slant-stack approach to local-slope extraction has a number of drawbacks. First of
all, the method has a high computational cost. Since the space of local slopes must be closely sampled,
there is a high number of coherence analyses to be carried out. The second drawback lies in the method’s
sensitivity to the aperture of the local slant stacks. An adequate aperture is problem dependent and thus
hard to know in advance. Finally, as demonstrated by Schleicher et al. (2009), the extracted slopes are not
always reliable, but can be biased towards too high dips.

Recently, Fomel (2002) presented fast techniques how to extract local slopes and even curvature related
traveltime parameters. His technique was later improved by Fomel (2007a,b). Schleicher et al. (2009)
compared a set of alternative, faster and more reliable ways to extract local slopes. They showed that local
slopes can be extracted faster and more reliably than using local slopes using modern extraction techniques.

Santos et al. (2008) showed how the CRS parameters relate to local slopes in order to speed up their
extraction. Of course, this relationship is most straightforward for the emergence angle of the normal ray,

mailto:lucio@ime.unicamp.br
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β, since this parameter is nothing else but a local slope. Santos et al. (2008) demonstrated that the slope ex-
traction techniques can be extended to allow for the extraction of the remaining CRS parameters. They how
the complete set of CRS parameters can be estimated by the application of modern, more advanced local-
slope-extraction techniques, that are several orders of magnitude faster than conventional local coherence
analysis.

However, the approach of Santos et al. (2008) relied on the derivatives of the extracted local slopes.
Such derivatives can be unstable, leading to errors in the extracted parameter values. In this work, we
reformulate their technique and show that the use of slope derivatives can be avoided. Our numerical
examples demonstrate that this new procedure improves the values of the extracted parameters.

CRS TRAVELTIMES AND LOCAL SLOPES

The common reflection surface (CRS) stack, first presented in two talks at the 1998 EAGE conference by
Hubral et al. (1998a) and by Müller (1998), is based on the same ideas and principles as the conventional
common-midpoint (CMP) stack. The basic difference is that a CRS stack uses far more traces than those
present in a CMP gather. For each stacking trace location (the central point), the CRS method considers
a supergather of source-receiver pairs, arbitrarily located with respect to the central point. In other words,
the CRS stack uses not only the CMP gather at the central point, but also neighbouring gathers. In this way,
the CMP stacking line turns into a CRS stacking surface.

Of course, in order to make use of the additional data dimension in the off-CMP (or relative midpoint
coordinate) direction, we need additional traveltime parameters to describe the stacking surface. In 2D, the
general traveltime function in the midpoint-offset domain depends now on three independent parameters.
In addition to the normal-moveout (NMO) velocity, there is a parameter related to the local slope of the
traveltime curve at zero-offset and one that depends on the reflector curvature. In the CRS stack, these
three parameters are determined for each central point and all ZO traveltime samples. The procedure is
performed automatically, with no a priori selection of traveltime samples.

In previous works, the three CRS traveltime parameters have been related to physical paramters in the
model space (Jäger et al., 2001) or in the data space (Hertweck et al., 2007). In this work, we use the simple
mathematical parametrization of Santos et al. (2008). In this parametrization, the (generalized) hyperbolic
moveout, i.e., the CRS stacking surface, reads

TCRS(x, h) =
√

[T0 +A (x− x0)]2 +B (x− x0)2 + C h2, (1)

where x and h denote the midpoint and half-offset coordinates of the source and receiver pair, x0 is the
midpoint coordinate of the central point, and T0 = TCRS(x0, 0) is the ZO traveltime at the central point. As
shown in Hubral et al. (1998b), the parameters A, B and C are related to physical model-space quantities
β, KN and KNIP , referred to as the CRS parameters or attributes, by the relationships

A =
2 sinβ
v0

, B =
2T0 cos2 β

v0
KN , and C =

2T0 cos2 β

v0
KNIP , (2)

where v0 denotes the near-surface medium velocity at the central point. The physical meaning of these
parameters are: Angle β is the emergence angle of the ZO ray with respect to the surface normal, and
KN and KNIP are the curvatures of the N- and NIP-waves, respectively (see Hubral, 1983). All these
quantities are evaluated at the central point. The N- and NIP-waves are fictitious waves that start at the
reflection point of the ZO ray, which is called normal-incident-point or NIP, and propagate upwards along
the ZO ray with half the medium velocity. The NIP-wave starts with a point source at NIP, i.e., with a
curvature radius of zero, while the N-wave starts with a wavefront that possesses the same curvature as the
reflector at NIP.

Observe that parameters A, B, and C depend on T0 and, that the original CRS parameters β, KN , and
KNIP can be calculated once all three parameters A, B, and C, as well as the near-surface velocity v0,
are known. However, for the detection of the parameters A, B, and C, no knowledge of the near-surface
velocity v0 is required.

In terms of the data-space parameters introduced by Hertweck et al. (2007), parameters A, B, and C
are expressed as

A = 2p, B =
4

V 2
CMO

, and C =
4

V 2
NMO

(3)
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where p is the local slope at point (x0, t0) in the zero-offset section, VNMO is the stacking or NMO
velocity, and VCMO is a velocity parameter Hertweck et al. (2007) have termed the curvature move-out
(CMO) velocity. The reason for this name is the fact that the corresponding term in equation (1) is zero for
a straight reflection event in the zero-offset section.

As shown by Santos et al. (2008), the CRS parameters can be expressed entirely as a function of local
slopes of the reflection traveltime surfaces in the CMP section and local slopes and their derivatives in the
CO sections. Below, we briefly review their analysis to demonstrate that the derivatives of the local slopes
in the CO sections are not needed.

In the following discussion, we will use capital letters T when talking about theoretical traveltime
functions and lowercase letters twhen talking about time coordinates in seismic sections. Correspondingly,
we use lowercase letters, a, b, and c for the CRS parameters when referring to preliminary estimates and
reserve the uppercase letters only for the final estimate maps already associated with the central point x0

and zero-offset traveltime t0.

Common-midpoint traveltime

The extraction of C from the CMP gather at the central point remains the same as described in Santos et al.
(2008). For source-receiver pairs in the CMP gather at x = x0, formula (1) reduces to the weel-known
Normal Moveout (NMO) function,

TCMP (h) = TCRS(x0, h) =
√
T 2

0 + C h2. (4)

The derivative of equation (4) with respect to source-receiver offset 2h yields

p =
1
2
d

dh
TCMP =

C h

2 TCMP
. (5)

Thus, if we know the local slope p = p(h, t) at a point (h, t) in a CMP gather, we can use equa-
tions (4) and (5) to eliminate C from the moveout equation. This provides us with the NMO coordinate
map

t0 =
√
t2 − 2 h t p(h, t). (6)

which describes the relationship between the coordinates t, h in a CMP section and the corresponding zero-
offset time t0 at x0. Equation (6) can be immediately used for an automatic NMO correction (Ottolini,
1983b; Schleicher et al., 2009), since it tells us how to move a pixel of information from coordinates (h, t)
in the CMP section to (h, t0) in the NMO corrected section.

On the other hand, equation (5) provides us with the first relationship between a curvature parameter
and a local slope. Rewriting equation (5), we see that an estimate of parameter C at half-offset h and time
t is given by

c(h, t) =
2 t p(h, t)

h
. (7)

From equation (7), we infer the procedure that achieves the determination of parameter C. All that needs
to be done is to correct the extracted local slope p at a position (h, t) in the CMP section with the factor
2t/h and then to transfer the obtained value of c to the C-parameter section at (x0, t0). This can be done
fully automatically. Since there is redundant information from all half-offsets, the final C(x0, t0) can be
calculated by averaging over all c(h, t) that correspond to the same (x0, t0). In our numerical examples,
this averaging uses the semblance of p at (h, t) as a weight function.

Common-offset traveltime

The extraction of parameters A and B from a common offset (CO) gather with fixed h0 6= 0 in the vicinity
of the central point can be improved over the procedure described in Santos et al. (2008). For the case of a
CO gather with a fixed half-offset h = h0 6= 0, formula (1) reduces to

TCO(x) = TCRS(x, h0) =
√
TCMP (h0)2 + 2AT0 (x− x0) +D (x− x0)2, (8)
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where the new parameter D is given by
D = A2 +B, (9)

and TCMP is the traveltime for the offset ray with midpoint at x0. It is given in terms of the ZO traveltime
t0 by equation (4) with h = h0.

From traveltime formula (8), we see that the local slope q at a point (x, t) in the CO gather is given by

q =
d

dx
TCO =

A T0 +D (x− x0)
TCO

. (10)

Instead of following the path of Santos et al. (2008) and taking the derivative of equation (10) to isolate D,
we recognize that at x = x0, this equation reduces to

AT0 = q(x0, t) t, (11)

which, in turn, can be used to rewrite equation (10) as

D(x− x0) = t [q(x, t)− q(x0, t)]. (12)

Therefore, substituting the above expressions in equation (8) and solving for the CMP traveltime, we obtain
the coordinate map

tCMP =
√
t2 − t (x− x0) [q(x, t) + q(x0, t)], (13)

between the CO and CMP sections. Map (13) can be executed once q has been detected at every point
(x, t) in the CO section. As a last step, the time coordinate tCMP must be related to its associated ZO
traveltime t0. This can be done using formula (6), i.e.,

t0 =
√
t2CMP − 2 h0 tCMP p(h0, tCMP ), (14)

where p(h0, tCMP ) is the local slope at the coordinates h = h0 and t = tCMP in the CMP section at x0,
extracted in the preceeding step.

Combining the above equations and coordinate maps, formulas (9), (11) and (12), we can determine
estimates a(x, t) and b(x, t) for each point (x, t) in the CO section according to

a(x, t) =
t q(x0, t)

t0
, (15)

and

b(x, t) =
t [q(x, t)− q(x0, t)]

x− x0
− a(x, t).2, x 6= x0, (16)

Note that all these estimates a(x, t) and b(x, t) pertain to the one chosen central point x0. Therefore, they
still need to be transfered to the point (x0, t0) in the parameter sections. As before for the case of the C
section, many estimates of a(x, t) and b(x, t) will be attributed to the same ZO time t0. Thus, A(x0, t0)
and B(x0, t0) need to be calculated by averaging over all a(h, t) and b(x, t), respectively, that correspond
to the same (x0, t0). Again, our numerical implementation of this averaging uses semblance weights.

For the extraction of A and B, further data redundancy is avaliable. The mapping procedure described
here for a single constant half-offset h0 can be applied for different CO sections around the central point
x0. The final values of A and B can then be obtained by averaging over all values that are attributed to the
same point (x0, t0) from all different CO sections used in the process.

Extracting the local slopes

The extraction of local slopes is done by so-called plane-wave destructors. The differential equation that
describes a local plane-wave event in a seismic section is given by (Claerbout, 2004)

ψy(y, t) + s ψt(y, t) = 0, (17)

where ψ(y, t) is the wavefield, t is the time coordinate, and y is the horizontal coordinate, i.e., offset (2h) in
the case of a CMP section or midpoint (x) in the case of a CO section. Quantity s represents the local slope
(i.e., p or q in a CMP or CO section), which may depend on y and even on t, i.e., generally, s = s(y, t). To
extract the slopes, we use the technique presented in Schleicher et al. (2009) with the modification reported
in Santos et al. (2008).
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Figure 1: Synthetic model for the experiments.

SYNTHETIC EXAMPLES

For the numerical experiments we used the same simple synthetic model as in Santos et al. (2008). It
consists of a stratified medium with five homogeneous layers between two homogeneous half-spaces (see
Figure 1). We simulated CMP sections with 100 half-offsets ranging from−1 km to 1 km, and CO sections
with half-offsets ranging from 100 m to 500 m, each containing 51 midpoints around the respective central
point. In all simulations the time sampling was 4 ms. For better control over the CRS parameters, we
simulated all reflection events as if the velocities in the model where constant rms velocities down to the
corresponding reflector. The rms velocity for the shallowest reflector was 4.0 km/s, increasing by 0.2 km/s
for each layer to 5.0 km/s for the deepest one. For the noisy examples, we added random white noise with
a signal-to-noise ratio of 3 to the sections.

Analysis at a single central point

We start by comparing the results of the improved extraction technique described above (below referred to
as the “new technique”) to those obtained with the previous one of Santos et al. (2008) (below called the
“old technique”) at a single central point x0 = 5 km. This central point is also shown in Figure 1.

The results of the CRS parameter extraction for noise-free data, using old and new techniques are shown
in Figure 2. The extracted values (red lines) are depicted together with the respective exact values (blue
crosses). Of course, true values are only available at the reflection events while the extraction procedure
yields values at all times. This figure also shows the values of the accumulated semblances (S) for p and q.
These are the mean values of the semblances of all values of the parameters A, B and C that contributed
to the final values. As usual for noise-free data, the semblance is very high everywhere. Comparing the
figure parts, we see that the extraction of C and A with both procedures yielded equivalent results, while
the values of B extracted using the new technique are significantly better.

The corresponding results using noisy data are shown in Figure 3. As we can see in these figures, the
presence of noise does not alter the above observations. The results are still highly satisfactory. Parameters
A andC have lost almost no quality in comparison to the noise-free situation (Figure 2). In both techniques,
the noise seems to influence mainly the extracted values of parameterB. However, its deterioration is much
stronger when extracted with the old technique.

It is to be noted that for the noisy data, the accumulated semblance S exhibits significant peaks at
the actual reflection times, thus carrying useful information on where the extracted parameter values are
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Figure 2: Experiments without noise: CRS parameters (A, B, C) and semblances (S). The exact are the
blue crosses and the estimated ones are the red lines. Top: old technique; bottom: new technique.

actually reliable. This behaviour is the same for both techniques.
These numerical experiments demonstrate that the estimation of CRS parameters from local slopes is

sufficiently stable to permit their automatic extraction, even for noisy data. The new technique allows to
extract C and A of the same quality as before while significantly improving B. The new technique is even
a little faster than the old one because it doesn’t need to calculate slope derivatives. We stress again that
this extraction procedure is orders of magnitude faster than the conventional CRS method that uses local
coherence analyses.

Since the noise deteriorates the quality of the extracted CRS parameters, we also tested the idea of
stabilizing the extraction by using a number of common-offsets. The results using five common-offset
sections with half-offsets from 100 m to 500 m are shown in Figure 4. As expected, the use of more
information stabilizes the parameter extraction for both the old and the new procedure. The new technique
still improve the quality of the extracted values for parameter B.

Parameter Sections

To demonstrate the quality of the proposed parameter extraction, we repeated the above experiments for
141 central points between 1 km and 7 km along the model of Figure 1. Figure 5 shows the parameter
panels resulting from the new extraction technique applied to the noise-free data. The panels as masked
with the semblance section, muting all parameter values at points where the semblance value is below 0.9.
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Figure 3: Experiments with 30% added noise: CRS parameters (A, B, C) and semblances (S). The exact
are the blue crosses and the estimated ones are the red lines. One Offset. Top: old technique; bottom: new
technique.

Also shown in Figure 5 are the posions of the reflection events in the zero-offset section (black lines). All
three parameter panels exhibit the expected behaviour. The A section contain negative (blue) values where
the events dip to the left and positive (red) values where the events dip to the right. The B section exhibits
the corresponding behaviour for positive and negative curvatures. Finally, theC section exhibits decreasing
values from top to bottom, in correspondence with the increasing rms velocity in the model.

Figure 6 demonstrates that the quality of the parameter extraction remains almost unaltered for a noise
level of 30% (SNR = 3). The depicted panels where obtained using five CO sections. The basis features
and even the extracted values of the parameters remain the same. The semblance level for the masking was
reduced for these figures to 0.7.

For a more quantitative analysis of the extracted parameter values, we plot in Figure 7 the values of A
and B along the reflection event of the deepest reflector. Shown as black solid lines are the exact values.
We see in the top row (noise free data) that the new technique (red solid lines) yields practically the same
values of A, and improved values of B when compared to the old technique (blue dashed lines). For the
noisy data (bottom row) A is again of the same quality in both techniques. Concerning B, we notice that
the new technique not only improves the values but also reduces the fluctuations.
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Figure 4: Experiment with five offsets with 30% added noise: CRS parameters (A, B, C) and semblances
(S). The exact are the blue crosses and the estimated ones are the red lines. Top: old technique; bottom:
new technique.

CONCLUSIONS

CRS parameter extraction by local coherence analysis has a number of drawbacks. First and most important
of all, the method has a high computational cost. Since the space of possible parameter values must be
closely sampled, there is a high number of coherence analyses to be carried out. The second drawback lies
in the method’s sensitivity to the aperture of the local stacking operators. An adequate aperture is problem
dependent and thus hard to know in advance.

In a previous work, we showed that it is possible to overcome these problems by a different approach to
parameter extraction. Here, we have improved the extraction technique. We have presented an application
of modern local-slope-extraction techniques so as to allow for the detection of the complete set of CRS
parameters. The necessary information about the CRS parameters is contained in the slopes of the common-
midpoint and common-offset sections at the central point. As demonstrated by a synthetic data example,
the slope extraction is sufficiently robust to allow for high-quality extraction of all CRS parameters from
the extracted slope fields. In this way, the CRS parameter extraction can be sped up by several orders of
magnitude.
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Figure 5: CRS parameters and semblance sections for data without noise. Parameter values at points where
semblance is below 0.9 were muted.
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Figure 6: CRS parameters and semblance sections for data with 30% noise. Parameter values at points
where semblance is below 0.7 were muted.
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ABSTRACT

Applied to unmigrated data, the Common-Reflection-Surface (CRS) method is able to produce high-
quality stacked sections, as well as useful traveltime parameters for a number of imaging and inver-
sion purposes. One difficulty of the CRS method is the treatment of diffractions, especially when
located close to reflections, and also triplications. In these regions, the CRS parameters obtained by
coherence-measure procedures become inaccurate. In this context, and also for more general rea-
sons, it might be interesting to investigate the use of the CRS methodology in the time-migrated
domain, where diffractions have been collapsed and triplications untangled. The CRS method applied
to the time-migrated domain approximates the zero-offset reflection traveltime as a second-order Tay-
lor expansion in image point coordinates, in the vicinity of a given image ray. It is to be remarked
the analogy to the conventional CRS application to the unmigrated, poststack domain, in which the
zero-offset reflection traveltime is approximated as a second-order Taylor expansion in midpoint co-
ordinates, in the vicinity of a given normal ray. Based on pioneering work of the mid eighties at
NORSAR, we use the methodology of surface-to-surface propagator matrices for anisotropic media
and obtain expressions that relate reflector dip and curvature to first and second derivatives of the
time-migration reflection time with respect to image point coordinates. This provides an interpreta-
tion of the CRS coefficients. Besides its intrinsic interest, such quantitative relationships can provide
useful constraints for the construction of selected reflectors from interpreted reflection events in the
time-migrated domain.

INTRODUCTION

The Common-Reflection-Surface (CRS) stack produces, besides simulated zero-offset sections, also first
(slope) and second (curvature) derivatives of zero-offset reflection traveltime with respect to source-receiver
midpoint coordinates. As well known, such derivatives are identified as CRS attributes or parameters and
are given a physical interpretation, namely: (a) The first derivative is well related to the ray-parameter
vector of the normal ray at its emergence point and (b) the second derivative is related to the curvature of
the normal wave that starts on the normal-incidence point (NIP) of the reflector and is measured also at the
normal-ray emergence point.

Time migration, either post-stack or pre-stack, is widespread used in seismic processing to produce
initial time-domain images and velocity in a simple and efficient way (Hubral and Krey, 1980; Yilmaz,
2000). Together with its advantages of computational efficiency and robustness with respect to a back-
ground velocity model, time migration has the the drawback of producing distorted images, in some cases,
even under mild lateral velocity variations (Robein, 2003). An option to overcome the imaging difficulties
of time migration is to convert the time-migrated images into depth, which includes, as an obligatory step,
the conversion of the time-migrated velocities into a corresponding depth-velocity field.

The theoretical explanation of the time migration procedure has been given in Hubral (1977) by means
of the concept of image rays. For an isotropic medium, the image ray starts normally to the measurement

mailto:mtygel@gmail.com
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surface and travels down to hit, generally non-normally, the reflector. In this way, it can be seen as a “dual”
of a normal ray, which starts, generally non-normally, at the measurement surface and hits normally the
reflector. For an anisotropic medium, the duality between the image and normal rays is still valid: in this
case, it is not the ray but the slowness vector that is normal to the measurement surface (image ray) and the
reflector (normal ray).

Quite recently, Cameron et al. (2006, 2007) unveiled the theoretical relationship between the time-
migrated and depth velocity fields and presented algorithms to estimate depth velocities and trace image
rays from a given time-migrated velocity field. A modified algorithm for the same purposes has been also
presented in Iversen and Tygel (2008). Application of the theory to actual time-to-depth conversion has
been presented in Cameron et al. (2008). The above papers show that a depth velocity field and also image
rays can be fully constructed from a given time-migrated velocity field. As a consequence, individual time-
migrated reflection curves can be readily converted into depth by simply moving time samples along the
image ray.

Considering prestack time-migrated data, one can apply the CRS method to obtain, besides a zero-offset
data volume, also linear (slope) and quadratic coefficients for zero-offset time-migrated reflections. Such
coefficients may be seen as dual with respect to their zero-offset unmigrated counterparts. A question that
naturally arises is what could be a physical meaning of the time-migrated CRS coefficients. For a given
depth velocity model (e.g., a model that has been directly extracted from the time-migrated velocity field)
and using the machinery of surface-to-surface propagator matrices (see, e.g., Bortfeld, 1989; Červený,
2001) we provide an interpretation of such coefficients in terms of reflector dip and curvature in depth.
Our approach is heavily based on the pioneering work carried out in the eighties by Iversen, Åstebøl
and Gjøystdal at NORSAR (see Iversen et al., 1987, 1988). They show that the time-migrated reflection
traveltime and its derivative with respect to midpoint determines the reflector dip and, in addition, the
second derivatives provides the reflector curvature. Both quantities are evaluated at the point the image
ray hits the reflector. Explicit expressions for the reflector dip and curvature are provided in terms of the
propagator matrix in ray-centered coordinates of the image ray, assumed to be already derived from the
time-migrated velocity field. Here these works are reviewed and suitably modified, to provide the sought-
for interpretation of the CRS attributes of time-migrated reflections and to take into account anisotropic
media.

PARAMETERS OF ZERO-OFFSET REFLECTIONS IN UNMIGRATED AND MIGRATED
TIME DOMAIN

The unmigrated and migrated time domains are both five-dimensional. For common-offset migration these
domains can be defined in terms of the coordinates (x,h, TX) and (m,h, TM ). Here, x defines the
common midpoint between source and receiver locations, while h is half of the source-receiver offset. The
vector m specifies a so-called common-image point in the time-migrated domain, i.e., the location of a
common-image gather. The coordinates (x,h) and (m,h) are curvilinear and are related to respective
measurement surfaces ΣX and ΣM specified for the unmigrated and migrated domains. For practical
reasons, one will in most cases choose the surfaces ΣX and ΣM identical; nevertheless, it is ultimate to
distinguish between midpoint coordinates x and image-point coordinates m along this common surface.

In the unmigrated domain the common-reflection surface has the form TX(x,h). It is common to
approximate this surface to second order in x and h, based on CRS coefficients known at some reference
location (x = x0,h = 0). In this respect, probably the most “natural” coefficients one can think of are the
traveltime derivatives

TX0 = TX(x0,h = 0) , (1)

pXx0 =
(
∂TX

∂xi
(x0,h = 0)

)
, (2)

MXxx
0 =

(
∂2TX

∂xi∂xj
(x0,h = 0)

)
, (3)

MXhh
0 =

(
∂2TX

∂hi∂hj
(x0,h = 0)

)
. (4)
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These coefficients can be computed directly from the seismic prestack data, without knowledge of the
depth-velocity model. For clarity of notation, subscript zero on the lefthand-side entities is generally
skipped. Moreover, in this paper we do not consider traveltime derivatives taken with respect to offset
or attributes related to such traveltime derivatives. This allows us to use a more simple notation, pX and
MX , for the traveltime slope and curvature entities in equations 2 and 3.

In the migrated domain, the common-reflection surface is given by the function TM (m,h), and the
traveltime parameters corresponding to those in equations 1-4 are,

TM0 = TM (m0,h = 0) , (5)

pMm
0 =

(
∂TM

∂mi
(m0,h = 0)

)
, (6)

MMmm
0 =

(
∂2TM

∂mi∂mj
(m0,h = 0)

)
, (7)

MMhh
0 =

(
∂2TM

∂hi∂hj
(m0,h = 0)

)
. (8)

Observe that the matrix MMhh
0 vanishes if the seismic data have been perfectly time-migrated. The pa-

rameters subjected to our interest in this paper are those in equations 5-7, which are generally referred to
without subscript zero. For further simplification, we write the traveltime slope and curvature parameters
in these equations as pM and MM .

PARABOLIC REFLECTION TRAVELTIME IN THE UNMIGRATED DOMAIN

In the following, we find it convenient to consider parabolic approximations of traveltime instead of the
usual hyperbolic approximations. There is no lack of generality in doing so, and moreover, the obtained
results are the same for the two approximations. We assume that, for a target reflection in the zero-offset
volume, the reflection traveltime in the vicinity of a reference common midpoint x0, is approximated by
the Taylor parabolic polynomial

TX(x) = TX(x0) + ∆xTpX +
1
2

∆xTMX∆x , (9)

where x = x0 + ∆x and pX and MX are the first-derivative vector and second-derivative matrix of
traveltime with respect to midpoint, both evaluated at x0. In order to draw attention to the wave-theoretical
interpretation of pX and MX , let us for a moment assume that the medium along the measurement surface
ΣX is isotropic and homogeneous. The linear (2D-vector) coefficient, pX , can then be written as (see, e.g.,
Spinner, 2007, equation 3.8)

pX =
∂TX

∂x
=
(
∂TX

∂xi

)
=

2 sin θ
v0

(cosφ, sinφ)T , (10)

where θ is the emergence angle of the normal ray with respect to the normal to the surface ΣX , φ is the
angle between the x1 axis and the projection of the ray onto ΣX , and v0 is the isotropic medium velocity
at x0. In other words, pX corresponds to the ray parameter vector of the normal ray emerging at the point
x0. The quadratic (2 × 2-matrix) coefficient, MX , has the expression (see, e.g., Spinner, 2007, equation
3.10)

MX =
∂2TX

∂x2
=
(
∂2TX

∂xi∂xj

)
=

2
v0

HKNHT , (11)

where KN is the wavefront curvature matrix of the normal wave (or N-wave; see, e.g., Hubral, 1983) and
H is a matrix describing the transformation

∆x = Hq , (12)

which relates the x-coordinates and the vector q of the first two wavefront-orthonormal coordinates of
the normal ray at x0. It is our aim to provide a similar interpretation of the coefficients of a parabolic
approximation of reflections in the time-migrated domain.
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PARABOLIC REFLECTION TRAVELTIME IN TIME-MIGRATED DOMAIN

As previously indicated, we use the coordinate vectors m, to locate the zero-offset traces in the time-
migrated domain. We consider the Taylor parabolic approximation of the time-migrated reflection travel-
time of a target reflector, TM (m), at trace location, m = m0 + ∆m, in the vicinity of a reference trace
m0. It is given by

TM (m) = TM (m0) + ∆mTpM +
1
2

∆mTMM∆m , (13)

in which the linear and quadratic coefficients, pM and MM are given by

pM =
∂TM

∂m
=
(
∂TM

∂mi

)
and MM =

∂2TM

∂m2
=
(

∂2TM

∂mi ∂mj

)
, (14)

all derivatives being evaluated at m = m0. The above expression can be interpreted as twice the traveltime
along the image ray from the initial point with coordinate m to the point where it hits the reflector. The
time TM (m0) is twice the traveltime along the central image ray from the reference point to the image
incident point (IIP), namely the point where the (central) image ray hits the reflector.

It is our aim to characterize the geometric attributes, namely dip and curvature of the reflector at the
point IIP in depth, as functions of the coefficients pM and MM .

PROPAGATOR MATRIX OF THE CENTRAL IMAGE RAY

It is convenient to formulate our problem using the theoretical framework of ray-propagator matrices (see,
e.g., Červený, 2001; Iversen, 2006). In this way, we introduce the 4 × 4 surface-to-surface propagator
matrix of the central (downgoing) image ray

T =
(

A B
C D

)
, (15)

which connects the (known) measurement surface ΣM , called anterior surface, to the (unknown) target
reflector, ΣZ , called posterior surface.

Points on the reflector will be specified by 2D orthogonal curvilinear coordinates, z = (z1, z2)T . The
initial and final points of the central image ray are specified by the coordinates m0 and z0, respectively.
With the above considerations, the (one-way) traveltime of a paraxial image ray that joins the point m =
m0 + ∆m at ΣM to the point z = z0 + ∆z at ΣZ can be expressed as

T (z,m) = T (z0,m0) + ∆zTpZ(z0)−∆mTB−1∆z +
1
2

∆mTB−1A∆m +
1
2

∆zTDB−1∆z . (16)

In the above expression, pZ(z0) is the projection of the slowness vector of the central ray on the tangent
plane to the posterior surface at its end point. Observe that we have used the fact that for an image ray the
slowness projection, pM (m0), on the tangent plane to the anterior surface at its initial point vanishes.

The coordinates m and z, which refer to the initial and endpoints of a specified paraxial image ray, are
connected. To find that connection, we recall the properties of the propagator matrix to write

∆z = A∆m + B∆pM = A∆m . (17)

Note that ∆pM = pM (m) − pM (m0) = 0, since both the central and paraxial rays are image rays, so
that pM (m) = pM (m0) = 0. Now, we express ∆z as a second-order expansion of ∆m,

∆zk =
∂zk
∂mj

∆mj +
1
2

∂2zk
∂mi∂mj

∆mi∆mj . (18)

We recognize that the first derivative in equation 18 equals the matrix element Akj , while the second
derivative equals ∂Akj/∂mi. It should be noted that the latter term cannot be computed from standard
paraxial ray theory, which is based on first-order expansions of position and slowness. We insert equation
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18 into equation 16, while neglecting terms of order three and higher in the resulting traveltime expansion,
and we use the property

ATD − CTB = I (19)

inherent in the formulation of surface-to-surface ray propagator matrices. The result is

T (z,m) = T (z0,m0) + ∆mTATpZ +
1
2

∆mT
(
E + CTA

)
∆m , (20)

where the elements of matrix E are given by

Eij =
∂2zk

∂mi∂mj
pZk =

∂Akj
∂mi

pZk . (21)

We now require that the observed two-way traveltime parameters are consistent with the one-way trav-
eltime parameters simulated by the field of image rays. Comparison of equations 13 and 20 yields

TM (m0) = 2T (z0,m0) , (22)

pM = 2ATpZ , (23)

MM = 2
(
E + CTA

)
. (24)

WAVEFRONT-ORTHONORMAL LOCAL COORDINATE SYSTEM

As indicated above, we assume that a depth-velocity model is known. As a consequence, the central image
ray can be traced into depth, so that the point where it hits the reflector can also be assumed as known.
That point, called IIP and specified by the curvilinear coordinate, z0, is obtained by following the central
image ray trajectory until the time T = TM/2 is consumed. Moreover, the slowness vector is normal to
the wavefront at the IIP, namely,

p̂ =
1
c
n̂ , (25)

where c denotes phase velocity.
Following (Červený, 2001), it is helpful to introduce a local wavefront-orthonormal coordinate system

(y1, y2, y3) such that the third axis (y3) is normal to the wavefront. The other two axes can be freely speci-
fied so that a right-hand Cartesian system is obtained. Quantities belonging to the wavefront-orthonormal
coordinate system will be denoted with a superscript Y . Considering wavefront-orthonormal coordinates,
the slowness and ray-velocity vectors are written

p̂Y =
(

0
1/c

)
, v̂Y =

(
vY

c

)
. (26)

Moreover, the vector vY is zero if the medium is isotropic at the actual ray/interface intersection point.
As shown in (Iversen, 2006), the wavefront coordinate system allows for the computation of the subma-

trix systems (QE ,PE) and (QD,PD), which correspond to hypothetical wavefront solutions initialized,
respectively, as an exploding reflector (E) and a point diffractor (D) at the anterior surface. The two solu-
tions form the 4× 4 matrix

Φ =
(

QE QD

PE PD

)
, (27)

which constitutes the surface-to-surface propagator matrix of the central image ray with respect to the given
measurement (anterior) surface and the wavefront surface that corresponds to the central image ray at the
IIP. We remark that the above-defined propagator matrix is an inherent property of the given central image
ray and measurement surface, defined independently of the interface. To account for that interface, we need
to introduce an additional local coordinate system. The new coordinate system enables the construction
of a so-called projection matrix, Y, which embodies the properties of the interface and provides the link
between the propagator matrices T and Φ in the form

T = YΦ . (28)

The explicit expression of Y will be given in the next section.
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INTERFACE LOCAL COORDINATE SYSTEM

In accordance with the previous observation, the determination of the sought-for reflector dip and curvature
at the point IIP will be obtained with the help of an additional local 3D-Cartesian system, also having its
origin at the IIP. This is the interface-orthonormal coordinate system, defined such that the third axis is
perpendicular to the interface. The remaining axes, are arbitrarily defined so that the system is also right-
hand oriented.

We observe that our results will be the same if we consider an orthogonal curvilinear coordinate system
for the interface or a continuum of local Cartesian interface-orthonormal systems, with axes tangential to
those of the curvilinear coordinate system at every point along the interface. Therefore, to avoid unnec-
essarily complications of notations in the following, the local interface coordinates are written simply as
ẑ = (z, z3).

Following Červený (2001) the transformation from wavefront-orthonormal to interface-orthonormal
coordinates is described to the first order by the relation

ẑ = Ĝŷ . (29)

Being a coordinate transformation between orthonormal Cartesian coordinate systems, matrix Ĝ is an
orthonormal matrix. As such, it satisfies the relations

Ĝ−1 = ĜT , Ĝ−1Ĝ = Î , ĜĜ−1 = Î . (30)

Matrix Ĝ has as columns the unit vectors of the wavefront-orthonormal coordinate system expressed with
respect to the interface coordinate system. The third column of matrix Ĝ is therefore a unit vector normal
to the wavefront, for which we use the notation n̂Z . Here, superscript (z) signifies that the vector belongs
to the interface coordinate system. It is convenient to express vector n̂Z as a 3× 1 column matrix

n̂Z =
(

nZ

nZ3

)
, (31)

where nZ = (nZ1 , n
Z
2 )T is the two-component vector (2 × 1 column matrix) of the vector n̂. In the same

way, the orthogonality of matrix Ĝ (equation 30), implies that the third line of that matrix is given by the
transpose of the unit vector normal to the interface

ν̂Y =
(

νY

νY3

)
, (32)

where νZ = (νZ1 , ν
Z
2 )T is the two-component vector (2×1 column matrix) of the vector ν̂. Note especially

that
νY3 = nZ3 = G33 . (33)

In accordance with Červený (2001), we let G denote the 2×2 upper left sub-matrix of matrix Ĝ. Moreover,
we adopt the form of matrix Ĝ used by Iversen (2005),

Ĝ =
(

G nZ

νY
T

nZ3

)
. (34)

Here, νY is a two-component vector yet to be determined. It belongs to the wavefront-orthonormal coordi-
nate system, as indicated by the superscript (y), and constitutes the projection of the unit interface normal
into the tangent plane to the wavefront. Using equation 30 we find that

GTG + νY νY
T

= I , GGT + nZnZ
T

= I , (35)

as well as two equivalent results for the vector νY ,

νY = −GT nZ

nZ3
, νY = −nZ3 G−1nZ . (36)
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With the help of the matrix Ĝ, we can obtain an explicit expression of the projection matrix, Y, of equa-
tion 28. We have

Y =

(
(G−Aan)−T 0(

E− pZ3 D
)

(G−Aan)−T (G−Aan)

)
. (37)

Here, D is the curvature matrix of the posterior surface. More specifically, in the interface-orthonormal
coordinate system the equation of the reflector is

z3 = −1
2
zTDz . (38)

The 2× 2 matrix E is given by

Eij =
1
c

[
Gi3Gjmη

Y
m +Gj3Gikη

Y
k +Gi3Gj3(ηY3 −

1
c
ηYl vl

Y )
]
, (39)

and
Aan ≡ pZvY

T
(40)

is the 2 × 2 anisotropy matrix. Both matrices E and Aan are introduced and described in great detail
by Červený (2001). The entities viY and ηiY , i = 1, 2, 3, are components of the ray-velocity vector v̂Y

and the slowness-derivative vector η̂Y = dp̂Y /dT , specified in wavefront-orthonormal coordinates. For
isotropic media, we have Aan = 0. It is to be observed that in many situations, one can also consider that
E = 0. For example, this is the case if the medium is locally homogeneous. Matrix E is also zero if the
slowness vector is normal to the interface.

INTERPRETATION OF CRS COEFFICIENTS OF TIME-MIGRATED REFLECTIONS

Interpretation of the CRS coefficients pM and MM of the time-migrated traveltime of equation 13, will be
given in terms of the of reflector dip and curvature determined by them. Accuracy of results will depend,
of course, on the quality of CRS parameter estimation and the given or obtained depth velocity field.

Expressions of the reflector dip and curvature can be readily derived once the propagator matrix, T , is
obtained. For that matter, we insert equation 37 into equation 28 to find, after some algebra,

A = (G−Aan)−T QE , (41)

C =
(
E− pZ3 D

)
A + A−TQE

TPE , (42)

and similarly
B = (G−Aan)−T QD , (43)

D =
(
E− pZ3 D

)
B + B−TQD

TPD . (44)

Interpretation of pM : Estimation of reflector dip

A consequence of equations 33 and 36 is that the projection of the slowness vector into the tangent plane
of the interface can be expressed as

pZ = −1
c
Gf , (45)

where

f ≡ νY

νY3
. (46)

Vector f is of particular importance in the following, since it provides all the information required to
estimate the normal vector to the reflector. Matrix G, however, needs not be known for this purpose, which
will be shown below.
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The image-ray field corresponds to an exploding reflector initial condition at the measurement surface
in the time-migration domain. We can therefore take QE as the 2×2 geometric spreading matrix belonging
to the image-ray wavefront and apply a slightly restated form of equation 41,

A−T = (G−Aan) QE
−T . (47)

Using equation 45 and the definition of the anisotropy matrix Aan in equation 40, we find that

A−T = G
(

I + f
vY

vY3

)
QE
−T . (48)

We apply equations 45 and 48 in equation 23, which yields

f = − c
2

(
1 +

1
2
vY

T
QE
−TpM

)
QE
−TpM , (49)

which applies to anisotropic conditions at the point where the image ray hits the reflector. For isotropic
conditions, equation 49 reduces to the simple result

f = − c
2
QE
−TpM . (50)

Knowing vector f , we can compute the reflector normal as

ν̂Y =
1

±
√

1 + fT f

(
f
1

)
, (51)

where a convention for the vector direction must be specified.

Interpretation of MM : Estimation of reflector curvature

Having estimated the reflector normal vector by equation 51, one can construct matrix Ĝ in equation
34 according to any preferred convention. Note especially that it is not necessary to require the local
interface coordinate system to be aligned with the plane of incidence. Using matrix Ĝ we can compute the
anisotropy matrix Aan, the projected geometric spreading matrix A, and the inhomogeneity matrix E. On
these grounds we can consider all the latter matrices to be known. Now we want to express the curvature
matrix of the reflector, D, in terms of the known matrices. For that, we use equation 42 in combination
with the condition given in equation 24, which yields the formula

D =
1
pZ3

[
A−T

(
QE

TPE + E − 1
2
MM

)
A−1 + E

]
. (52)

Equation 52 is exact. However, since matrix E can not be computed from conventional dynamic ray tracing
along a single image ray, it is tempting to assume that its effect is negligible. In particular, we observe that
matrix E is zero if the slowness vector of the image ray is normal to the reflector. The effect of matrix E
will clearly be quite small as long as the angle between the slowness vector and the reflector normal is also
small.

CONCLUSIONS

Application of the CRS method in the time-migrated domain provides, besides a refined time-migrated
volume, also linear and quadratic CRS coefficients. These coefficients can be interpreted in terms of the
reflector dip and curvature in depth. For a given anisotropic depth-velocity model, the CRS coefficients (or
time-migrated CRS parameters) determine the dip and curvature of the reflector at the point the reference
image ray hits the reflector. Recent literature has shown how an isotropic depth-velocity model can be
constructed directly from the time-migrated velocity field, which is naturally obtained in the pre-stack
time-migration process. Potential application of the obtained results can be, for example, the construction
of selected reflectors in depth to help setting constraints for velocity-model building. We look forward to
seeing further research in this direction.
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The Wave Inversion Technology (WIT)
Consortium

The Wave Inversion Technology Consortium (WIT) was established
in 1997 and is organized by the Institute of Geophysics of the Uni-
versity of Hamburg. It consists of three integrated working groups,
one at the University of Hamburg and two at other universities, being
the Mathematical Geophysics Group at Campinas University (UNI-
CAMP), Brazil, and the Geophysical Institute of the Karlsruhe Uni-
versity. In 2003, members of the Geophysical Department at the Fed-
eral University of Pará, Belém, Brazil, have joined WIT as an affiliate
working group. In 2007, NORSAR joined WIT as research affiliate.
The WIT Consortium offers the following services to its sponsors:

a.) research as described in the topic “Research aims” below;

b.) deliverables;

c.) technology transfer and training.

RESEARCH AIMS

The ultimate goal of the WIT Consortium is a most accurate and efficient target-oriented seismic modelling,
imaging, and inversion using elastic and acoustic methods. Within this scientific context it is our aim to
educate the next generations of exploration geophysicists.

Exploration and reservoir seismics aims at the delineation of geological structures that constrain and
confine reservoirs. It involves true-amplitude imaging and the extrapolation of the coarse structural features
of logs into space. The goals on seismic resolution are constantly increasing which requires a complemen-
tary use of kinematic and wave equation based techniques in the processing work flow. At WIT we use a
cascaded system of kinematic and full wave form model building and imaging techniques. Since our data
and inversions are never perfect it is the challenge to find those techniques which produce the best images
for erroneous velocities and faulty wave forms.

The WIT consortium has the following main research directions, which aim at characterizing structural
and stratigraphic subsurface characteristics:

• Imaging and inversion in 2, 2.5, and 3D

• AVO and inversion

• Macrovelocity model building and updating

• Local event slopes

• CRS real data processing

• CRS and multiparameter processing topics
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• Imaging of acoustic emissions (passive seismics)

• True-amplitude migration

• Seismic interferometry

• Full waveform tomography

• Forward modelling

• Migration and tomography

WIT PUBLIC RELATIONS COMMITTEE

Name University Area
Dirk Gajewski Hamburg Coordination and contact to representatives
Jürgen Mann Karlsruhe Contact to representatives
Claudia Vanelle Hamburg Administration and contact to representatives,

WIT Report
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Name University
Thomas Bohlen Karlsruhe
Dirk Gajewski Hamburg
Tina Kaschwich NORSAR
Jürgen Mann Karlsruhe
Jörg Schleicher Campinas
Ekkehart Tessmer Hamburg
Martin Tygel Campinas
Claudia Vanelle Hamburg

External Steering Committee
Name Sponsor
Andreas Hölker Addax Petroleum Services
Roger L. Reagan Anadarko Petroleum Corporation
Jose Gamboa Ecopetrol
Paolo Marchetti ENI
Thomas Hertweck Fugro Seismic Imaging
Paul Krajewski Gaz de France
Tamir Tal Geomage
Dan Grygier Landmark Graphics Corporation
Martin Widmaier Petroleum Geo-Services (PGS)
Gerd Rybarczyk Petrologic Geophysical Services
Matthias Riede RWE Dea AG
François Audebert Total E&P RD
Henning Trappe TEEC

COMPUTING FACILITIES

The Hamburg group has access to a 264 nodes (16 dual core CPUs, 8448 cores in total) IBM p575 "Power6"
cluster at the German Computer Center for Climate Research (Deutsches Klimarechenzentrum, DKRZ) for
numerically intensive calculations. It is equipped with 20 TeraByte of memory and its performance per core
is 18.8 GigaFlops. There is also access to a SUN Linux cluster with 256 nodes (2 quad core Opteron, 32
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GB each). A SUN Fire X4600 (8 dual core Opteron, 32 GB) is exclusively available for the group’s com-
puting demands. Additional computer facilities consist of several Linux workstations and Linux PCs.

The research activities of the Campinas Group are carried out in the Computational Geophysics Labora-
tory. The Lab has many PC Linux workstations and Sun Ultra 60/80 workstations connected by a dedicated
network, suitable for parallel processing. Educational grants provide seismic packages from leading com-
panies such as Landmark and Paradigm. Besides State Government funds, substantial support both for
equipment and also scholarships are provided by the Brazilian Oil Company Petrobras. An extension of
the Lab with substantial increase of computer power and space is being built in the new facilities of the
Center of Petroleum Studies. The new Lab, expected to be in operation next year, will also have remote
access to the computing facilities of the Petrobras Research Center in Rio de Janeiro.

In Karlsruhe, the research project uses computer facilities that consist of mainly Hewlett-Packard, Sili-
con Graphics, and Linux workstations. These are networked with a local compute server, a Silicon Graphics
Origin 3200 (6 processors, 4 GB shared memory) and 8 dual-headed quad-core Xeon workstations with 8
GB RAM and 1.5 TB disk space each. For large-scale computational tasks, a Hewlett-Packard XC 6000
Linux cluster is available on campus. It is currently equipped with 128 nodes (allowing a theoretical peak
power of 1.9 Tflops), 2 TB memory, and a 10 TB Lustre file system.

The main computing facility at the Geophysics Graduation Program in Belém is the Seismic Processing
Lab (ProSis). The hardware resources include: workstations (RS3600) from IBM and a SUN SparkStation
20, all networked to a local server SUN Enterprise-3500 with 2 processors; several networked Linux-
PCs; for large-scale applications, a cluster of PCs with 20 dual-processor nodes. The proprietary software
packages available for seismic applications are ProMAX, Disco-Focus, and Gocad.
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many). Currently he is full Professor at the Institute of Coastal Studies (IECOS) of UFPA. His research
interests include seismic stacking and seismic modeling. He is member of GOCAD consortium (France)
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data-driven seismic imaging methods such as the Common-Refection-Surface (CRS) method and velocity
model inversion. He is a member of SEG, EAGE and SBGF.
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Tobias Geib is a diploma student at the KIT in Karlsruhe. He is a member of the Applied Geophysics
group since November 2009.He works on the calibration of our superconductive gravimeter located in the
Black Forest Observatory. He is a member of DGG.

Håvar Gjøystdal is Research Manager of Seismic Modelling at NORSAR in Kjeller, near Oslo. He also
holds an adjunct position of Professor of Geophysics at the Department of Earth Science, University of
Bergen. In 1977 he joined NORSAR and started building up research activities within the field of seismic
modelling, which to-day include both R&D projects and services and software products for the petroleum
industry. Key topics are ray tracing, seismic tomography, and time lapse seismic modelling. He is a mem-
ber of SEG and OSEG.

Anderson B. Gomes obtained his Bachelor Degree in Mathematics in 2004, and his Masters Degree in
Geophysics in 2006, both in the University of Pará (UFPA), Brazil. Presently, he is a doctor student in the
Graduate Course in Geophysics of UFPA in the area of seismic methods applied to oil and gas exploration.
He is member of SEG and of SBGF.

Ellen de Nazaré Souza Gomes received her diploma in Mathematics in 1990 from University of Amazô-
nia. She received her Master degree in Applied Mathematics in 1999 from the Mathematics Departament,
Federal University of Pará. In 2003, she received her Doctor degree in Geophysics from Geophysics De-
partment at the same University. Her fields of interest are anisotropy and seismic modeling. She has been
professor at the Federal University of Pará since 1997.

Sven Heider is a diploma student at the KIT in Karlsruhe. He is a member of the Applied Geophysics group
since November 2009.He works on the advancement of field technology for near-surface exploration. The
tentative title of his diploma thesis is Interpretation of impact noise measurements. He is a member of DGG.

Olaf Hellwig studied geophysics at TU Bergakademie Freiberg, Germany. Between 2004 and 2005 he
spent one year at NTNU Trondheim, Norway. He received his diploma in geophysics in 2007. Since 2008
he is Ph.D. student in the Institute of Geophysics at TU Bergakademie Freiberg. His research interests
focus on modeling of seismic wave propagation in boreholes and imaging of reflectors ahead of the drill.

Einar Iversen received Cand.scient. (1984) and Dr. philos. (2002) degrees in geophysics, both from the
University of Oslo, Norway. He has worked for NORSAR since 1984 and is currently a senior research geo-
physicist within NORSAR’s Seismic Modeling Research Programme. He received the Best Paper Award
in Geophysical Prospecting in 1996. His professional interests are seismic ray theory and its application to
modeling, imaging, and parameter estimation. He is a member of SEG and EAGE.

Stefan Jetschny received a Bachelor in Geophysics in 2003 at the TU Bergakademie Freiberg. After
finishing internships at RWE Dea, Hamburg, Baker Hughes Inteq, Celle and Eastern Atlas, Berlin, he con-
tinued his studies in 2004 at the Institute of Geophysics, TU Bergakademie Freiberg. In 2005 he wrote his
Diploma thesis at Baker Hughes Inteq in Houston, USA and received a Diploma (Master) in Geophysics in
2006 at the TU Bergakademie Freiberg. His research interests focus on LWD and wireline imaging tools,
processing of borehole imaging data, 2D/3D seismic modelling of full elastic wavefields and the propaga-
tion of tunnel surface-waves. He is a member of DGG, SEG, AGU, EAGE and IAMG.

Shin Duck Kang received a Bachelor degree in Applied Mathematics in 1994 in South Korea. He has
studied the symbolic program analysis for a cross section of two Fermion particle scattering until 2005 in
a Ph.D course on particle physics at the University of Konkuk, South Korea. He received his M.Sc. degree
(2008) in Computational Science from the Dept. of Physics, J.W. Goethe University Frankfurt am Main,
Germany. After graduating Computational science, he has joined the WIT group at the Karlsruhe Institute
of Technology (KIT). His current interest is the implementation and application of 3D NIP tomography
based on CRS-Stack attributes and a B-spline velocity model. He is a member of EAGE and SEG.

Tina Kaschwich received her diploma in geophysics (2001) and a Ph.D. in geophysics (2006), both from
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the University of Hamburg. Since 2005 she has been a research fellow at the seismic modelling group at
NORSAR, Norway. Her research interests are ray tracing and wavefront construction methods, imaging
and illumination studies for survey planning and quality control for different model and wave types. She is
a member of EAGE, OSEG and SEG.

Boris Kashtan obtained his MSc in theoretical physics from Lenigrad State University, USSR, in 1977.
A PhD (1981) and a Habilitation (1989) were granted to Boris by the same University. He is Professor at
St. Petersburg State University, Russia, and since 1996 Boris is head of the Laboratory for the Dynam-
ics of Elastic Media. His research interests are in high frequency methods, seismic modeling, inversion,
anisotropy, and imaging. He regularily visits Germany and spends from weeks to several month at the
University of Hamburg every year.

Daniel Köhn received his diploma in geophysics from Kiel University in 2005 with a thesis on modeling
of elastic waves by finite differences on a spatially variable grid. From 2005 to 2006 he has been a PhD
student at the Institute of Geophysics at Kiel University, where he has been involved in the "Scherseis
3D" project funded by the German Research Society (DFG). Since 2007 he is a research associate at the
Technische Universität Bergakademie Freiberg. His research interests are Time-Domain-Full-Waveform-
Inversion and numerical modeling of seismic wave propagation.

André Kurzmann studied geophysics at the TU Bergakademie Freiberg. In 2006 he received his diploma
in geophysics. From 2006 to 2007 he worked in several engineering offices. His tasks were supervision,
performance and analysis of geophysical measurements. Since 2007 he is a Ph.D. student at the Institute
of Geophysics, TU Bergakademie Freiberg (2007–2009) and at the Geophysical Institute, Karlsruhe Insti-
tute of Technology (since 2009). His research interests focus on 2D seismic modelling of acoustic/elastic
wavefields and 2D full waveform inversion applied to reflection and crosshole acquisition geometries. He
is a member of AGU and IAMG.

Isabelle Lecomte received an M.S. (1987) in geophysics, an Engineering Geophysics (1988) degree, and
a Ph.D. (1991) in geophysics, all from the University of Strasbourg, France. In 1988-1990, she worked as
a Ph.D. fellow at IFREMER/University of Strasbourg. In 1991-1992, she was a post-doctoral fellowship at
NORSAR, Norway (grant from EU in 1991, and the Research Council of Norway in 1992). Since 1993, she
joined NORSAR permanently as a senior research geophysicist in R&D seismic modelling, and is now a
principal research geophysicist. Since 2003, she is also a part-time researcher at the International Centre for
Geohazards (ICG, Oslo), acting as the theme coordinator for geophysics. She received the EAGE Eötvös
award (best paper, Geophysical Prospecting) in 2001. Her main research interests are seismic modelling
(finite-differences, ray-tracing, Eikonal solvers, hybrid RT-FD), with applications to seismic reflection,
refraction and tomography in oil exploration, and seismic imaging (generalized diffraction tomography)
including resolution studies. More recent studies concerned seismic imaging with SAR-type processing,
and simulation of PSDM images. She is a member of EAGE, OSEG, and SEG.

L.W.B. Leite is a professor of geophysics at the Graduate Course in Geophysics, and member of the De-
partment of Geophysics of the Federal University of Pará (Belem, Brazil). His main emphasis at the present
time is seismic wave propagation in thin layers for deconvolution and inversion problems.

Jürgen Mann received his diploma in Geophysics in 1998 from the Faculty of Physics, Karlsruhe Uni-
versity, with a thesis on Seismic Image Waves. In 2002, he received a doctorate in natural sciences (with
distinction), again from the Faculty of Physics in Karlsruhe, with a thesis on the Common-Reflection-
Surface Stack method. Since 1998 he has been a research associate at Karlsruhe University, from 2001
to 2006 he was assistant to Prof. Peter Hubral, in 2006 assistant to Prof. Friedemann Wenzel, and since
2009 assistant to Prof. Thomas Bohlen. He has been managing the Karlsruhe contributions to the projects
CO2CRS (2005-2008) and CO2DEPTH (since 2008). His fields of interest are seismic reflection imaging
methods, especially data-driven approaches based on kinematic wavefield attributes. He is active member
of the SEG, member of the EAGE and its research committee, and member of the editorial board of the
Journal of Seismic Exploration.
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Eko Minarto is a Ph.D. student in the Hamburg WIT group. He received a S.Si. in Geophysics from
the Institute Teknologi Bandung (ITB), Indonesia, in 1997, and his M.Si. in Seismology from the Institut
Teknologi Bandung (ITB), Indonesia, in 2004. Currently, he is working on optimization based on Conju-
gate Direction Method for the simultaneous estimate of 3D Common Reflection Surface (CRS) attributes.
He is a member of EDGE.

Nhi Nguyen received his M.Sc. in Continuum mechanics from the University of Liege, Belgium in 2002.
He is expected to submit his Ph.D. thesis in 2010 at the Institute of Geophysics, University of Hamburg.
His main research interests are seismic modeling, seismic wave propagation in the seafloor, surface waves,
and borehole seismics.

Amélia Novais received her M.Sc. in Mathematics from the Brazilian Institute of Pure and Applied Mathe-
matics (IMPA) in 1993 and her PhD in Applied Mathematics from State University of Campinas (Unicamp)
in 1998. From 1996 to 2002, she was a professor for Mathematics at the Federal University of São Car-
los (UFSCar), Brasil. She has joined Unicamp in April 2002 as an Assistant Professor and since 2009 as
an Associate Professor. Her research interests focus on partial differential equations and include seismic
forward modeling and imaging. In particular, she works with finite differences to obtain the solution of
the acoustic, elastic and image wave equations, as well as with the Born and Kirchhoff approximations.
Presently, she also studies image-wave equations. She is a member of SEG, SBGf, SBMAC, and SBM.

Francisco S. Oliveira graduated in Mathematics (2002) and received his M.Sc. in Geophysics (2005)
from State University of Pará in Brazil. In 2006/2007, he was a part-time professor in the Mathematics
Department at the Federal University of Pará. Now, he is working towards a Ph.D. in seismic methods in
Federal University of Pará. His research interests are true-amplitude redatuming. He is member of SEG
and SBGf.

Robert Pfau studies geophysics in Hamburg since 2007. He is currently working on seismic oceanography
for his bachelor thesis.

Rodrigo Portugal received his B.Sc. (1995), M.Sc. (1998), and PhD (2002) in Applied Mathematics from
the State University of Campinas (UNICAMP), Brasil. In his thesis he studied wavefront construction
in the 2.5D situation and its application to the four Kirchhoff operations, namely: modeling, migration,
demigration and demodeling. Currently he is an associate researcher of the Department of Geology and
Natural Resources (DGRN) at UNICAMP. His research interests include wavefront propagation, numerical
analysis, seismic imaging and inversion.

Anna Przebindowska studied geophysics at the University of Science and Technology AGH, Cracow,
Poland. Between 2006 and 2007 she spent a year at TU Bergakademie Freiberg, Germany as a Socrates-
Erasmus student. In 2008 she received her M.Sc. in geophysics with a thesis on surface wave inversion.In
2010 she received a B.Sc. in Finances and Accounting from the University of Economics in Cracow,
Poland. From 2008 and 2009 she was a research associate at the Insitute of Geophysics, TU Bergakademie
Freiberg, Germany. Since 2009 she is a PhD at Karlsruhe University. Her research interests focus on time-
domain full-waveform inversion, seismic data processing, traveltime tomography and seismic modelling of
acoustic/elastic wavefields.

Christina Raub received her B.Sc. in Geophysics from the University of Hamburg in 2009. She is now
working on developing seismic velocity models via NIP-wave Tomography. Her research interests are ve-
locity model building and water column seismic.

Lisa Rehor received her diploma in geophysics in 2009 at the Karlsruhe Institute of Technology where
she is now a Ph.D. student. Her research interests focus on 2D full waveform inversion of shallow-seismic
surface waves.
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Marcel Ruhnau is a diploma student in the Hamburg WIT group. He is currently processing and inter-
preting data of a submarine volcano. His research interests are seismic imaging and interpretation. He is a
member of DGG and SEG.

Lúcio Tunes Santos received his B.Sc. (1982) and M.Sc. (1985) in Applied Mathematics from the State
University of Campinas (UNICAMP), Brazil. In 1991 he earned his PhD in Electrical Engineering also
from UNICAMP. From 1985 to 1988 he was employed as a Teaching Assistant at the University of Sao
Paulo (USP). Since 1988 he has been working for UNICAMP, first as an Assistant Professor and after 1999
as an Associate Professor. From 1994 to 1995 he visited Rice University as a postdoc researcher and in
1998, 1999 and 2001 he was a visiting professor at the Geophysical Institute of Karlsruhe University (Ger-
many). His professional interests include seismic modeling and imaging as well as nonlinear optimization
and fractals. He is a member of SBMAC (Brazilian Society of Computaional and Applied Mathematics)
and SEG. His present activities include the development of new approximations for the P-P reflection coef-
ficient, alternative attributes for AVO analysis, and finite-difference methods for the eikonal and transport
equations.

Martin Schäfer is a diploma student in the Applied Geophysics group at the KIT in Karlsruhe since
November 2009. He works on the advancement of field technology for seismic near-surface exploration.
The tentative title of his diploma thesis is Localisation of near surface drilling by bit noise.

Jörg Schleicher received a BSc (1985) in physics, an MSc (1990) in physics, and a PhD (1993) in geo-
physics from Karlsruhe University (KU), Germany. From 1990 to 1995, he was employed as a research
fellow at KU’s Geophysical Institute. From September 1995 to September 1996, he was a visiting scien-
tist at the Institute for Mathematics, Statistics, and Scientific Computing of State University of Campinas
(IMECC/UNICAMP) in Brazil with joint grants from the Brazilian Research Council CNPq and Alexan-
der von Humboldt foundation. Since October 1996, he has been employed as an Associate Professor for
Applied Mathematics at IMECC/UNICAMP. In 1998, he received SEG’s J. Clarence Karcher Award. His
research interests include all forward and inverse seismic methods, in particular Kirchhoff modeling and
imaging, amplitude-preserving imaging methods, ray tracing, and model-independent stacking. He is a
member of SEG, EAGE, DGG, SBGf, and SBMAC.

Benjamin Schwarz is studying Geophysics at the University of Hamburg. He will be working on his
diploma thesis dealing with alternative traveltime parameterizations. His research interests are seismic ve-
locity analysis and anisotropy. He is member of DGG and EAGE.

Francisco de Assis da Silva Neto holds a Bsc. in Physics (2001) from Federal University of Para, and an
Msc. in Geophysics (2004) from the same university. He is currently working towards his PhD in Geo-
physics. His main research interests include high performance computing, seismic modeling and seismic
imaging. Today he is member of SEG and SBGf.

Zacharias Stelzer is a diploma student in the Applied Geophysics group at the KIT in Karlsruhe since
November 2009. Between 2008 and 2009 he spent nine months at the NTNU in Trondheim and at the
UNIS in Spitsbergen. He works on shallow seismics and the advancement of field technology for near-
surface exploration. The topic of his diploma thesis is the acquisition and interpretation of surface waves
for waveform inversion. He is a member of DGG.

Ekkehart Tessmer received an MSc in 1983 in geophysics from Hamburg University and a PhD in 1990
from Hamburg University. Since 1990, he has been senior research scientist at the Institute of Geophysics
at Hamburg University. Since 1994, he has a university staff position. His research interests include ex-
ploration seismology, seismic and electromagnetic wave propagation simulation, and migration. He is a
member of DGG, EAGE, and SEG.

Martin Tygel received his B.Sc. in physics from Rio de Janeiro State University in 1969, his M.Sc. in
1976 and Ph.D. in 1979 from Stanford University, both in Mathematics. He was a visiting professor at
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the Federal University of Bahia (PPPG/UFBa), Brazil, from 1981 to 1983 and at the Geophysical Institute
of Karlsruhe University, Germany, in 1990. In 1984, he joined Campinas State University (UNICAMP)
as an associate professor and since 1992 as a full professor in Applied Mathematics. Professor Tygel has
been an Alexander von Humboldt fellow from 1985 to 1987. In that period, he conducted research at the
German Geological Survey (BGR) in Hannover. From 1995 to 1999, he was the president of the Brazilian
Society of Applied Mathematics (SBMAC). In 2002, he received EAGE’s Conrad Schlumberger Award,
and in 2007 the Lifetime Achievement Award by the Brazilian Geophysical Society (SBGf). Prof. Tygel’s
research interests are in seismic processing, imaging and inversion. Emphasis is aimed on methods and
algorithms that have a sound wave-theoretical basis and also find significant practical application. These
include, for example, the unified approach of seismic reflection imaging (problem-specific combinations
of true-amplitude migration and demigration) and, more recently, data-driven seismic imaging approaches
such as the Common Reflection Surface (CRS) method. Prof. Tygel is a member of SEG, EAGE, SBGf,
and SBMAC.

Claudia Vanelle received her diploma in physics in 1997 and her Ph.D. in 2002, both from the University
of Hamburg. Since 1997 she has been a research associate at the University of Hamburg and since 1998 at
the Institute of Geophysics in Hamburg, where she was raised to a senior staff position in 2006. In 2002,
she received the Shell She-Study-Award in appreciation of her Ph.D. thesis. Her scientific interests focus
on true-amplitude migration, multiparameter stacking, ray method, and anisotropy. She is a member of
DGG, EAGE, and SEG.

Ines Veile has been a diploma student in the Karlsruhe WIT group. In 2009, she received her Diploma
in Geophysics with a thesis on alternative strategies for minimum-aperture true-amplitude Kirchhoff depth
migration based on the concepts of the double-diffraction stack method. She is member of EAGE and SEG.

Benedikt Weiß is a diploma student in the Hamburg WIT group. He is currently working on modelling
of complex salt structures considering anisotropic conditions. His research interests are imaging and salt
tectonics. He is member of EAGE.

Sarah Wichmann is a diploma student in the Hamburg WIT group. She is currently working on her
diploma thesis about migration in anisotropic media. Her research interests are ray tracing and anisotropy.

Mi-Kyung Yoon received her diploma from the Technical University of Berlin. From 2001 to 2005 she
worked in the imaging group of the Free University of Berlin. She finished her PhD thesis in February,
2005. Since April 2005 she is working as a research scientist at the Institute of Geophysics in Hamburg.

Oksana Zhebel is studying Geophysics at the University of Hamburg. Her research interests focus on
seismic imaging. She is currently working on her Diploma thesis on 3D localisation of seismic events by
stacking.
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Addax Petroleum Services Ltd.
16, avenue Eugène-Pittard
P.O.Box 265
1211 Geneva 12
Switzerland
Contact: Dr. Andreas Hölker
Tel: +41 - 22 - 702 - 6428
Fax: +41 - 22 - 702 - 9590
E-mail: andreas.hoelker@addaxpetroleum.com

Anadarko Petroleum Corp.
1201 Lake Robbins Dr.
The Woodlands, TX 77380
USA
Contact: Dr. Roger L. Reagan / Dr. Riaz Ala’i
Tel: +1 832 636 1347 / +1 832 636 1550
Fax: +1 832 636 8075
E-mail: Roger.Reagan,Riaz.Alai@anadarko.com

ECOPETROL S.A.
Instituto Colombiano del Petroleo
Kilometro 7 Via Piedecuesta
Piedecuesta, Santander
Colombia
Contact: José Fernando Gamboa Peẽnaloza
Tel: +57.7.6847093
Fax: +57.7.6847444
E-mail: jose.gamboa@ecopetrol.com.co

Eni - Divisione Exploration & Production
AESI/E&P
Via Emilia 1
20097 San Donato Milanese MI
Italy
Contact: Mr. Paolo Marchetti
Tel: +39 2 520 62827
Fax: +39 2 520 63891
E-mail: Paolo.Marchetti@eni.it
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Fugro Seismic Imaging Ltd
Horizon House, Azalea Drive
Swanley, Kent BR8 8JR
United Kingdom
Contact: Dr. Thomas Hertweck
Tel: +44 1322 668011
Fax: +44 1322 613650
E-mail: Thomas.Hertweck@fugro-fsi.com

Gaz de France
Produktion Exploration Deutschland GmbH
Waldstr. 39
49808 Lingen
Germany
Contact: Mr. Paul Krajewski
Tel: +49 591 612381
Fax: +49 591 6127000
E-mail: P.Krajewski@gdfsuezep.com

Geomage 2003 Ltd.
Beit Lotem
Shilat Business Park
Modi’in 71700
Israel
Contact: Tamir Tal
Tel: +972 (8) - 979 0605
Fax: +972 (8) - 928 5525
E-mail: tamir@geomage.com

Landmark Graphics Corp.
1805 Shea Center Drive
Suite 400
Denver, CO 80129
USA
Contact: Mr. Dan Grygier
Tel: +1 303 488 3979
Fax: +1 303 796 0807
E-mail: DGrygier@lgc.com

PGS Geophysical AS
Strandveien 4
P.O. Box 354
1326 Lysaker
Norway
Contact: Dr. Martin Widmaier
Tel: +47 6751 4511
Fax. +47 6752 6640
E-mail: Martin.Widmaier@pgs.com
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Petrologic Geophysical Services GmbH
Karl-Wiechert-Allee 76
30625 Hannover
Germany
Contact: Dr. Gerd Rybarczyk
Tel: +49 511 541 3917
Fax. +49 511 541 3917
E-mail: gr@petrologic.de

RWE Dea AG
Central Western Europe
Exploration
Überseering 40
22297 Hamburg
Germany
Contact: Dr. Matthias Riede
Tel: +49 40 6375 2166
Fax: +49 40 6375 3164
E-mail: Matthias.Riede@rwe.com

TOTAL E&P RD
Avenue Larribau
64018 Pau Cedex
France
Contact: Dr. Fraņois Audebert
Tel: +33 5 59 83 52 71
Fax: +33 5 59 83 42 14
E-mail: Francois.Audebert@total.com

Trappe Erdöl Erdgas Consulting
Burgwedelerstr. 89
D-30916 Isernhagen HB
Germany
Contact: Dr. Henning Trappe
Tel: +49 511 724 0452
Fax. +49 511 724 0465
E-mail: Trappe@teec.de
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