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ABSTRACT

Ray-based seismic modeling methods can be applied at vari-
ous stages of the exploration and production process. The stan-
dard ray method has several advantages, e.g., computational effi-
ciency and the possibility of simulating propagation of elementa-
ry waves. As a high-frequency approximation, the method also
has a number of limitations, particularly with respect to a lack of
amplitude reliability in the presence of rapid changes of the mod-
el functions representing elastic parameters and interfaces. Giv-
en the objective of improving the applicability of the standard ray
method, we present a strategy that does not require specific ex-
tension to finite frequencies. Instead, we define each ray-based
process as an element of a system that, as a composite process, is
able to obtain better results than the ray-based process applied
alone. Other elements of the composite process can be finite-

difference modeling or numerical solutions for surface and vol-
ume integrals, which are basic constituents of Kirchhoff model-
ing and imaging. We also include among the process elements re-
cently developed techniques for simulating the migration ampli-
tude on a target reflector and in a local volume, e.g., a reservoir
zone. The model is decomposed according to its complexity into
volume elements, surface elements, or a combination. The com-
posite process consists of a specified interaction between process
elements and model elements, which fits well with the philoso-
phy of modern software design. Model elements that will be ex-
posed to ray-tracing algorithms may need appropriate prepara-
tion, e.g., smoothing and resampling. We demonstrate specifical-
ly, in a tutorial example, that simulating the seismic response
from a reflector by ray-based composite processes can yield bet-
ter results than applying standard ray tracing alone.

INTRODUCTION

Ray methods have been used extensively in seismology and seis-
mic exploration to study propagation of seismic waves in layered
media with varying elastic parameters. In early applications, the fo-
cus was mostly on calculating raypaths and traveltimes, referred to
as kinematic ray tracing; but throughout the 1970s and 1980s numer-
ical techniques were developed for dynamic ray tracing (Cerveny
and Hron, 1980), which yields wavefront curvature and geometric-
spreading attributes. Given certain simplifying assumptions for the
model of elastic parameters, one can use such attributes in combina-
tion with an approximate zero-order, high-frequency solution of the
elastodynamic wave equation (Cerveny et al., 1977; Cerveny, 2001)
and obtain reliable estimates of P- and S-wave amplitudes. This nu-
merical approach is referred to as the standard ray method, or ray

tracing. In the case of applying a point source in the starting point of
the ray, we refer to the various attributes calculated by ray tracing
(traveltime, amplitude, geometric spreading, etc.) as Green’s func-
tion attributes. (For a definition of the Green’s function, see Aki and
Richards, 1980.) The attributes calculated by ray tracing generally
are stable if interface normals and gradients of elastic parameters
(e.g., P- and S-wave velocities for an isotropic medium) vary
smoothly within a region surrounding the ray. This region depends
on the dominant seismic frequency and is referred to as the Fresnel
volume (Cerveny and Soares, 1992).

Comparisons with more complete and much more time-consum-
ing techniques such as finite-difference (FD) schemes show that ray-
tracing-based theoretical seismograms can be of sufficient quality if
the model of elastic parameters is prepared with the necessary
smoothness (e.g., Iversen et al., 1996). However, one of the weak-
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nesses of the standard ray method applied to realistic interpreted
geologic structures stems from the fact that the calculations along
each ray are superlocal, or quite independent of neighboring rays. A
single ray “sees” only the elastic properties and interface behavior
exactly along the raypath; thus the stability across the rays depends
on the assumption that these parameters are representative of neigh-
boring rays, at least within a Fresnel volume.

Iteration techniques referred to as two-point ray tracing can be
used to obtain continuous rays from source to receiver. One such
technique is shooting, adjusting the takeoff direction of the ray and
retracing until the ray hits sufficiently close to the receiver. Each ray
accepted by the iteration process corresponds to an event, i.e., an ar-
rival with a specific traveltime. For complex 3D models, two-point
ray tracing can be very time-consuming and can typically miss
events in regions with large geometric spreading. This deficiency led
to the development of the wavefront construction method (Vinje et
al., 1993, 19964, b; Lambaré et al., 1996), which is more robust than
standard ray tracing based on calculation of continuous single rays.
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. We note, however,
that the wavefront construction method only partly solves the prob-
lem of lack of ray penetration into shadow zones. Recently, the
wavefront construction method has been further developed to in-
clude anisotropy (Mispel and Williamson, 2001; Gibson et al., 2005;
Iversenetal., 2005).

In the last few years, the number of applications for ray-theory-
based methods in seismic exploration (Gjgystdal et al., 2002) has in-
creased. Among the classic applications are generation of synthetic
seismograms, calculation of Green’s function attributes for Kirch-
hoftf depth migration, and estimation of perturbation quantities for
seismic tomography. There are, however, several new applications
in seismic modeling, imaging, illumination studies, survey plan-
ning, and 4D reservoir analyses. The models used in such contexts
are often of a complex nature, including subsalt, overthrust, or gas-
cloud geology, which means that the formal validity criteria of the
standard ray method (Cerveny, 2001) may be violated easily.

Similarly, in reservoir studies, particularly when using seismic
methods as an analysis tool during oilfield production (4D or time
lapse), the models available are generally much too detailed for ray
tracing to produce reliable responses. Because of the presence of nu-
merous well logs in the reservoir zone, the models constructed may
have details down to the order of 1 m or less. The models may also
include faults, pinch-outs, and numerous thin layers with interbed-
ded sands and shales.

Even though the standard ray method is known for its inaccuracy
in describing wave propagation in such complex media and its in-
ability to describe the entire acoustic or elastic wavefield compared
with full-wave methods, ray methods still occupy a primary position
in many seismic applications. The reasons are probably that ray
methods generally are very fast compared to wavefield-continuation
techniques. In addition, ray tracing has an event-oriented nature,
which means that specific arrivals of elementary waves (e.g., trans-
mitted P- and S-waves, primary PP and PS reflected waves for se-
lected horizons, multiples, etc.) can be labeled in synthetic seismo-
grams or in computed sets of Green’s function attributes.
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Many papers on geophysics address the issue of extending the
standard ray method to overcome some of the difficulties mentioned
earlier and yet retain the advantages related to efficiency and ele-
mentary wave labeling. Among such extensions are the Gaussian
beam method (Cerveny et al., 1982; Popov, 1982; Hill, 1990, 2001),
the Maslov method (Chapman and Drummond, 1982; Kendall and
Thompson, 1993), and the asymptotic theory of diffractions (Klem-
Musatov et al., 1994). See also Chapman (2002, 2004) and Cerveny
etal. (2007), where other references can be found.

The main objective of this tutorial paper is to discuss and demon-
strate certain modern applications of ray tracing. In contrast to prior
references, we follow a different strategy for enhancing the applica-
bility of the standard ray method. Rather than requiring further de-
velopment of this specific method, we consider any ray-tracing-
based process as one element in a composite system of processes
that, as a whole, is able to yield better results than standard ray trac-
ing applied alone. As we show in a number of examples, our strategy
can result in useful methods. One motivating factor has been to de-
sign the composite processes in a way suitable for modern software
design, in accordance with the suggestions of Rueger (2004). In ad-
dition to defining composite systems of process elements, the model
of elastic parameters is decomposed into local and global elements.
An important part of the strategy is to define rules for the interaction
of process elements with model elements. In particular, if a process
element based on the standard ray method is to be applied to a given
model element, one must ensure that this model element has been
properly prepared, e.g., by smoothing.

The three main sections following this introduction describe
methodology, examples, and conclusions. Our main focus is on the
examples section, which demonstrates certain composite seismic
modeling techniques that have been developed specifically to meet
the demands of practical applications in the petroleum industry.
However, these composite processes are still firmly based on the
standard ray method as an ingredient of the wavefront-construction
method. The common idea is not only to produce synthetic prestack
seismograms but also to directly model quantities that correspond to
processed seismic data or attributes derived from processed seismic
data, such as those being mostly used by seismic interpreters.

METHODOLOGY

In this section we give an overview of the underlying methodolo-
gy. For brevity, we refer to the model of elastic parameters as “the
model.” In particular, we describe an approach for decomposition of
the model and a number of composite processes in which the stan-
dard ray method is one of the constituents.

Model elements and process elements

A basic assumption for all composite methods considered in this
paper is that the model can be decomposed into one main (global) el-
ement of wide extent and one or several distinct local elements (Fig-
ure 1). The local elements can be volumes (layers, blocks), surfaces
(boundaries, horizons, interfaces, reflectors), or a combination. Of-
ten, the global element is a smooth volume of the model. This global
volume element is allowed to have a general shape and is commonly
referred to as the background or overburden model, depending on
the context. However, our methodology is not limited to global vol-
ume elements that are smooth throughout; if ray tracing is to be per-
formed in a background model, several modeling scenarios will ben-
efit, including continuous layers separated by continuous interfaces.
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One of the advantages is the possibility of simulating reflected
waves. An important point in this context is to ensure that elastic pa-
rameter functions in the layers and functions specifying the interfac-
es (marked as A and B in Figure 1) are appropriate for standard ray
tracing, which must satisfy certain general validity criteria (Cer-
veny, 2001). A smooth volume element is considered acceptable for
ray tracing if the elastic properties do not vary significantly within
the prevailing wavelength. Similarly, a surface element of the model
is classified as acceptable for ray tracing if it does not contain sharp
edges and vertices and if the data points for the surface element have
aregular distribution on the scale of the wavelength.

For illustration, Figure 1 shows some rays traced between an arbi-
trary point in the background model and the surface. Local reflectiv-
ity properties, e.g., direction-dependent reflection coefficients, can
be associated with local surface elements not included in the back-
ground model (marked C and D in Figure 1). This association can be
done independently of the elastic properties of the background mod-
el, which are typically of a macro nature.

Given the previous decomposition into model elements, we pro-
pose a strategy where standard ray tracing is used in combination
with other methods, thus increasing the applicability of ray tracing.
An important part of the strategy is to introduce additional tech-
niques, i.e., process elements, in the processing of very complex
model elements, for which the standard ray method is inappropriate.
Besides improving the applicability of standard ray tracing, the pur-
pose is effective software design. Examples of process elements are
finite-difference modeling of wave propagation within a volume ele-
ment, numerical integration over a surface element using the Kirch-
hoff integral, simulating the depth migration result on a target hori-
zon, and simulated imaging related to a local volume, typically a tar-
get zone. One special processing operation related to a model ele-
ment actually makes the element suitable for standard ray tracing by
smoothing and other editing operations. This process element differs
from the others in that it changes the model.

FD modeling in a local volume element

In FD modeling, the model is commonly represented by regular
grids of the elastic parameters (Virieux, 1986). Although FD model-
ing is usually considered to be a complete wave-simulation ap-
proach, it is an expensive process, especially when running realistic
3D surveys and repeated experiments. Given this background,
Lecomte et al. (2004) proposes a hybrid approach combining ray
tracing and FD modeling in a three-step process, where the connec-
tion between ray tracing and FD modeling is done at a given cou-
pling surface. In the context of model decomposition into global and
local elements, FD modeling is applied naturally to a local volume
element where standard ray tracing is inappropriate, e.g., a complex
target zone, whereas ray tracing is applied in the background model.

Integration over a local surface element

Assume that a certain target reflector has been classified as a local
surface element of the model. The two-way seismic response for a
given source point, receiver point, and recording time can then be
obtained by approximate Kirchhoff modeling, which may be formu-
lated as a wave-type specific integral (Hilterman, 1975; Trorey,
1977; Frazer and Sinton, 1984; Frazer and Sen, 1985; Eaton and
Clarke, 2000; Schleicher et al., 2001). The numerical integration can
be implemented in various ways. For example, Spencer et al. (1997)
propose an efficient algorithm using triangulated surfaces. The algo-
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rithm integrates over stripes within the triangles, assuming that trav-
eltimes and other attributes can be interpolated linearly.

Green’s function attributes contributing to the Kirchhoff surface
integral commonly are calculated by standard ray tracing in a back-
ground model. Moreover, computed seismograms include the ef-
fects of reflections as well as diffractions from the given target re-
flector. In this manner, Kirchhoff modeling can be regarded as a
composite approach serving to extend the applicability of standard
ray tracing.

Simulating the migration amplitude
on a local surface element

In survey planning and illumination studies, the principal objec-
tive often is to model the seismic response of a given target reflector
in the depth domain. In particular, when the overburden geology is
complex, e.g., with salt structures between the acquisition level and
the reservoir zone, it is of special interest to try to simulate the target
response for given survey geometries, sailing directions, etc. (Lau-
rain etal., 2004a).

If a 3D modeling system able to produce terabytes of synthetic
prestack seismograms is available, these data can be fed into a pro-
cessing system to produce a final processed (e.g., depth-migrated)
seismic cube in the target area, in the same way as for real data from a
seismic acquisition. Seismic amplitude maps can then be derived for
the target horizon(s). However, this is a time-consuming and cum-
bersome process, especially as making a change in the model or sur-
vey geometry requires another full loop of that modeling/processing
workflow. Reducing such costs was the motivation for developing
the simulated migration amplitude method (Figure 2), which is de-
scribed in some detail in Laurain et al. (2004b).

The method produces synthetic migrated amplitude maps on tar-
get horizons directly from the modeled ray attributes for a given 3D
survey. First, the full 3D survey is simulated by two-way wavefront
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Figure 1. Model decomposition into global and local elements. Glo-
bal element, or background model, consisting of a combination of
smooth volume (A) and surface elements, i.e., smooth layers and in-
terfaces (B). Two local surface elements (C and D), not belonging to
the background model, are superimposed: the upper (C) is corrugat-
ed, and the lower (D) is piecewise smooth but contains edge points
corresponding to faulting. Reflectivity properties, e.g., direction-de-
pendent reflection coefficients, can be associated with the local sur-
face elements, independently of the background model. Also shown
is a volume element (E) not in the background model, with realistic
velocity variations corresponding to a complex region (model cour-
tesy of the Statoil-sponsored SVALEX project). Rays are shown
in the background model between an arbitrary point (green dot) and
the surface. Colors of volume elements indicate variation in P-wave
velocity. These colors are not comparable for global and local
elements.
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construction, producing events with associated attributes. Typically,
several hundred thousand shots can be simulated in parallel on a
standard Linux cluster, generating several hundred million events.
Second, the migration simulation process loops over all (or selected)
events. Each event, which would contribute to a wavelet on a
prestack seismogram, is instead contributing to a migrated ampli-
tude event on the known target reflector.

Given an input wavelet and the necessary ray attributes of a re-
flected event, the migration simulation process calculates how this
pulse would contribute to a Kirchhoff migrated amplitude, but only
exactly on the target reflector where the amplitude map is to be cal-
culated. To achieve this, an approximation for the so-called isoch-
ron, i.e., the surface of constant two-way traveltime, is established in
the neighborhood of the reflection point. In a complete Kirchhoff mi-
gration, this isochron is calculated inherently from volume-type
Green'’s functions, whereas the migration simulation method uses an
approximation valid in the Fresnel zone around the known reflection
point. The function representing the isochron corresponds to a sec-
ond-order approximation of the two-way traveltime in the vicinity of
the reflection point. By mapping the events only around the known
reflection points, the migration simulation process becomes much
more efficient than a conventional migration applied to synthetic
data. In this way, the process acts as a perfect parsimonious migra-
tion (Hua and McMechan, 2003) or Fresnel-volume migration (Luth
etal.,2005).
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Figure 2. Concept of simulated migration amplitudes. (a) As an ini-
tial step, forward modeling by ray tracing is performed in a 3D mod-
el for a specific survey and a given target reflector. The forward mod-
eling yields a number of events that are used for computating syn-
thetic trace data. For each event, the synthetic trace is smeared on an
approximated isochron with lateral extension defined according to
the Fresnel zone. (b) The amplitude at a point M on the target reflec-
tor is obtained by summing contributing amplitudes of individual
events.
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Simulating prestack images in a local volume element

In the case of complex detailed reservoir models, the validity lim-
its of standard ray tracing may not allow proper modeling. One pos-
sible solution in such cases is to define the reservoir zone as a local
volume element and then use the hybrid ray-tracing/FD approach.
However, this method only generates synthetic seismograms, which
must be processed, e.g., by time or depth migration, to yield useful
results for further analyses. Although this workflow represents a
practical compromise between a time-consuming but complete FD
modeling and a faster but less accurate ray-tracing modeling, its cost
is still significant, especially considering the need for subsequent
processing.

Therefore, a different approach has been developed, where
prestack depth migration (PSDM) images of the reservoir can be
generated very efficiently without generating synthetic traces and
processing them (Lecomte et al., 2003; Lecomte and Pochon-
Guerin, 2005; Lecomte, 2006; U. S. patent pending). This local
PSDM simulator has its roots in a generalized diffraction tomogra-
phy algorithm for inhomogeneous media (Hamran and Lecomte,
1993; Lecomte, 1999) and its recent reformulation (Lecomte et al.,
2005) as a repeated local imaging process using the fast Fourier
transform (FFT). The local PSDM simulator needs direction-depen-
dent reflectivity grids for the local target model as input and acts as
an image processor by filtering such grids in the wavenumber do-
main. The final simulated PSDM image in the depth domain is ob-
tained after taking an inverse FFT of the filtered result. Assuming a
local plane-wave approximation, the filters are specified in the
wavenumber domain (Gelius et al., 2002). The scattering wavenum-
ber vector K, is obtained at a given image point from incident and
scattered slowness vectors, computed by ray tracing (Figure 3).
Thereby, one can obtain source/receiver parameters and ray at-
tributes (traveltime, amplitude, polarization, directivity, etc.) to be
used as weight factors in the filters.

Simulation of local prestack images represents another composite
method that includes calculating Green’s function attributes by the
standard ray method. The attributes are calculated as for a conven-
tional Kirchhoff prestack depth migration process. Thus, for this
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Figure 3. Concept of simulated local imaging. Slowness vectors at a
given point (green dot) in a scattering object for a source ray (red)
and a receiver ray (blue) yield corresponding wavenumber vectors
k, and k,. The scattering wavenumber vector Ky, is calculated from
the equation kg, = k, — k. A background model is used for the ray
tracing. This model may contain interfaces in the overburden part
but must be smooth within the volume covered by the scattering
object.
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composite method, the standard ray method is used in the global vol-
ume element, the background model, whereas a local image process-
ing technique is applied to a local volume element, referred to in this
context as a scattering object. As a consequence, the background
model must be specified and prepared in such a way that the require-
ments for ray tracing are satisfied.

Kirchhoff imaging in a local or global volume element

In the framework of this paper, Kirchhoff imaging and data-map-
ping techniques (Hubral et al., 1996; Tygel et al., 1996; Bleistein et
al., 2001; Bleistein and Gray, 2001), conventionally applied to a glo-
bal model, are considered as composite methods. The basic compo-
nents are preparation of the model, which means to make it accept-
able forray tracing; aray-based algorithm to obtain Green’s function
attributes; and the specific imaging/data-mapping algorithm, e.g.,
PSDM by diffraction stack (Hubral et al., 1996). We especially em-
phasize the potential in designing the imaging algorithm to accom-
modate multiarrivals (see, e.g., Gray etal., 2002).

EXAMPLES

A number of examples illustrate the methodology described earli-
er. First, we show the results of a tutorial where the response from a
local surface element is modeled in different ways. Thereafter, the
composite methods yielding simulated migration amplitudes on a
local surface element and simulated images in a local volume ele-
ment are applied to simple, as well as highly realistic, models. One of
the models is based on real data interpretation. Finally, we present an
example of conventional Kirchhoff PSDM by diffraction stack ap-
plied to an anisotropic model.

Tutorial example: Modeling the response
from a local surface element

We present a series of very simple modeling examples to demon-
strate the basic principles, limitations, and differences among select-
ed approaches. In these examples, we keep the background velocity
field constant and focus on the shape of a local surface element be-
cause this factor causes the most problems in practical applications.

Consider the model in Figure 4, referred to as model A. It consists
of one single horizon made of four planes dipping only in the inline
direction, intersecting each other along sharp edges. The P-wave ve-
locities above and below the horizon are 2000 and 2500 m/s, respec-
tively; the P-/S-wave velocity ratio is two; and density is 2.5 g/cm?
throughout. Just for illustration, we display wavefronts at several
time steps for both downgoing and reflected P-waves, propagating
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Figure 4. Model A with shotpoints and wavefronts superimposed.
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toward a chosen receiver line. Note that all wavefront construction
calculations are performed in three dimensions, even though the fol-
lowing examples show simulations only for models that are constant
in the crossline direction.

Now consider a zero-offset survey in the inline direction of model
A with a shot/receiver spacing of 50 m. Figure 5a shows raypaths re-
sulting from 3D wavefront construction; Figure 5b exhibits the re-
sulting synthetic seismograms consisting of four separate branches,
one for each horizon plane. In this and the following examples, a 20-
Hz zero-phase Ricker wavelet was used as the source pulse.

A seismic interpreter knows that in practice, even for such a sim-
ple model, the reflected wavefield is not that simple. An FD simula-
tion in the same model gives the seismic section of Figure 5c. The
gaps between the specular reflections, satisfying Snell’s law, are
filled with wave energy known as edge diffractions, which the stan-
dard ray method does not account for automatically.

Figure 6a shows a cross section of a slightly modified model (B),
where we have performed a careful smoothing of the edges to turn
the four planes into one horizon with continuous dip. The synthetic
seismograms from ray tracing in Figure 6b show that the gaps have
been filled with diffraction-like registrations created from the parts
of the horizons with large curvature. Although these registrations are
from reflected events, the amplitudes are much smaller than those
from the plane portions because of large geometric spreading. Other
typical deficiencies that can be observed in ray-tracing-based seis-
mograms are some unrealistically high amplitudes close to the cusps
of the caustics and the lack of a gradual decay in the form of diffract-
ed energy, as can be observed from the comparison with FD seismo-
grams in Figure 6c.

The conclusion from this small experiment is that sharp edges on a
surface can be smoothed slightly to produce a diffraction-like ray-
tracing response, which is closer to reality than keeping them sharp.
This also can be illustrated by migrating the seismic sections from
the sharp and smooth model (Figure 7). The sharp model response
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Figure 5. Experiment using model A. (a) Rays and seismograms cal-
culated by (b) ray tracing and (c) FD method.
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shows more distinct artifacts around the edges, whereas migration in
the smooth model better collapses the edges, resulting from the pres-
ence of diffraction-like energy.

These simple examples show that ray tracing may give plausible
results if the relevant local model elements are prepared properly by
smoothing, resampling, etc., in such a way that the superlocal calcu-
lation along the single rays also is representative within a Fresnel
volume. Another simple example illustrates a case where this as-
sumption is unfulfilled. We have constructed some small ripples in a
certain area of the horizon (Figure 8). Because of the lack of smooth-
ness, the rays and the resulting seismograms in Figure 8b show unre-
alistic amplitude fluctuations, also leading to a poor reconstruction
of the horizon in the migrated results of Figure 8c.

Many years of experience with using ray tracing in practical cases
have taught us that the lack of smoothness of the model horizons is a
major source of inaccuracy. Horizons typically are imported from an
interpretation database, and they may be quite corrugated, especially
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Figure 6. Experiment using model B. (a) Rays, and seismograms cal-
culated by (b) ray tracing and (c) FD method.
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Figure 7. Time-migrated ray tracing seismograms from models (a) A
and (b) B.
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if autotrackers have been applied. To find a proper smoothing com-
promise for ray tracing is not straightforward: too little smoothing
means fluctuating and unstable amplitudes, too much smoothing can
destroy details that the seismic waves can see with the given fre-
quency. The question is whether we can apply the ray method in a
more robust way, i.e., to make it respond better to sharper details of
the model horizons.

To illuminate this subject, we use ray tracing in combination with
the Kirchhoff integral. Figure 9a-c shows synthetic seismograms
calculated by Kirchhoff modeling for our three models, A, B, and C.
Time migration was applied to the section in Figure 9c and is shown
in Figure 9d. The Kirchhoff modeling method automatically simu-
lates edge diffractions and is much more stable than standard ray
tracing with respect to model ripples. The reason is that the ampli-
tude response is obtained as a sum over the horizon and the process
thus does not possess the superlocal behavior of ray tracing. Disre-
garding some minor artifacts related to the sampling, the time-mi-
grated image in Figure 9d shows a very good reconstruction of the
horizon, as compared to Figure 8c.

Simulation of migration amplitude on a target reflector

As a first illustration, we apply the method for simulating migra-
tion amplitudes to a target reflector separating two layers of constant
velocities (Kaschwich and Mispel, 2006). The velocity values are
2000 and 2500 m/s above and below the reflector, respectively, but
the density is constant in the entire model. A common shot survey is
specified, with 120 shots located between 2 and 8 km in the inline di-
rection (shot spacing 50 m). The source pulse is a zero-phase Ricker
wavelet with a central frequency of 20 Hz. Source/receiver offsets
have ranges between 0 and 1 km, and the receiver spacing is 25 m.
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Figure 8. Experiment using model C. (a) Rays, (b) ray-tracing seis-
mograms, and (c) time-migrated ray-tracing seismograms.
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A synthetic seismic data set was generated using ray tracing. This
data set was subsequently depth migrated, and migration amplitudes
were extracted along the reflector. Thereafter, the same survey and
model setup were used to simulate migration amplitude on the target
reflector by the method described in the methodology section. Fig-
ure 10a and b shows simulated migration amplitude results based,
respectively, on the full survey and on a few selected single events.
Because of the large separation of the reflection points for these sin-
gle events, one can clearly observe the Fresnel-zone imprints on the
target reflector. Figure 10a represents the sum of all single-event re-
sults. Amplitude profiles corresponding to PP and PS reflections, for
the complete prestack depth migration and the migration simulation
method, are shown in Figure 11. For comparison, the result of a con-
ventional illumination analysis (e.g., Sassolas et al., 1999; Bear et
al., 2000; Laurain, 2004b) is also included. The curves for the simu-
lated amplitude (red) and the complete PSDM amplitude (green) are
very consistent, whereas the illumination amplitude (blue) is typi-
cally higher and lower, respectively, at crests and valleys of the tar-
getreflector.

In a second experiment, a realistic model was constructed with the
goal of demonstrating the potential of ray tracing in analyzing seis-
mic illumination properties related to a subsurface target. The model
is shown in Figure 12 and consists of eight depth-domain interfaces
from seabed down to base reservoir with a velocity field assigned to
each layer. The target reflector is located at about 2—-3 km depth,
covering an area of about 100 km?, and constitutes the upper bound-
ary of a reservoir formation including three local highs assumed to
contain oil. The properties of the brine- and water-filled parts of the
reservoir were modeled using standard rock-physics relationships.

The goals of the illumination analysis were to determine whether
the oil can be detected using a 3D marine seismic survey, investigate
the seismic sampling of the target, and analyze the uncertainties in
determining the lateral extent of the prospects. For these purposes, a
complete 3D seismic survey was modeled using a single source ves-
sel towing eight streamers. The separation between the streamers
was 100 m. The streamer length was limited to 4000 m with 50-m
receiver spacing and the first receiver located 200 m from the
source. The source-point interval was 50 m along lines separated by
adistance of 400 m, totaling about 6000 shots for this survey.

The modeling results are summarized in terms
of the previously described simulated migration
amplitude maps. As is common for standard illu-
mination maps, the modeled event attributes are
sorted in regular bin cells covering the target re-
flector and analyzed statistically within each cell.
The simulated migration amplitude map in Fig-
ure 13a defines the location of those oil pockets
having significantly stronger amplitudes than the
surrounding brine-saturated formation. Howev-
er, some variability resulting from overburden
and target geometry is visible. Figure 13b shows
the number of reflection points (hits) per bin cell,
demonstrating, as in Figure 11, the well-known
effect that hits accumulate at the crests and be-
come more scattered in the valleys, thus causing
anirregular seismic sampling of the target. Figure
13c shows the maximum horizontal distance be-
tween the common reflection point (CRP) and the
common midpoint (CMP), which is the minimum
migration aperture required in seismic migration
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algorithms. This parameter also depends on the target topography,
and its value may become several thousands of meters.
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Figure 9. Kirchhoff modeling seismograms for models (a) A, (b) B,
and (c) C. (d) Time-migrated image of the section in (c).
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Figure 10. Maps of simulated migration amplitudes corresponding to (a) the complete
common-shot survey and (b) a few shot-receiver pairs (zero offset).
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Simulated local imaging applied to a reservoir model

In this subsection, we show results obtained by a specific model-
ing workflow designed for 4D analysis (Drottning et al., 2005,
2006), using the simulated local imaging concept described previ-
ously. The input to the workflow is a real Eclipse reservoir model of
the Norne field (Osdal et al., 2006) and additional rock/well informa-
tion.

Rock-physics modeling allows one to estimate corresponding
elastic parameters, which can be used, in turn, to calculate reflectivi-
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Figure 11. Amplitudes along reflector for (a) PP reflection, (b) PS re-

flection, horizontal component, and (c) PS reflection, vertical com-

ponent.
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Figure 12. Target reflector with 25-m equidistance between depth
contours and the velocity field for the illumination analysis. Shown
are shot lines of the marine survey and streamers associated with the
first shot of line 7, rays associated with another shot and one central
streamer, and reflection points (red) on the target reflector for select-
ed shots along line 7.

Gjoystdal et al.

ty grids by Zoeppritz or any amplitude variation with offset/ampli-
tude variation with analysis (AVO/AVA) formulas (Figure 14a). An-
other type of input comes from ray tracing, which is used to calculate
appropriate filters in the scattering wavenumber domain. These fil-

0.0 Maximum horizontal CRP-CMP distance

Figure 13. Illumination maps generated for the target reflector. (a)
Simulated migration amplitude. (b) Number of hits per bin cell. (c)
Maximum horizontal CRP-CMP distance.
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ters were built here for a given overburden model, a 20-Hz zero-
phase Ricker wavelet, incident and scattered P-waves, and one ma-
rine survey. Figure 14b shows a simulated PSDM section, obtained
when using only a zero-offset acquisition configuration. The resolu-
tion is good, especially horizontally, and the steep faults, which yield
clear contrasts, are well illuminated.

On the contrary, Figure 14c shows a simulated PSDM section for a
constant offset of 4 km, where both lateral resolution and illumina-
tion are worse in comparison. This is easily explained by the survey
geometry because shotpoints in this case are not located far enough
toward the right side of the structure. The limited aperture effect
would be easily corrected by a longer profile, but this example shows
that the PSDM simulator takes into account such limited resolution
and illumination effects automatically. It is important to emphasize
that it was sufficient to use ray directions from only one reference
point in the reservoir zone to make the filters in the scattering wave-
number domain. The simulated prestack data are obtained directly in
the depth domain, but depth-to-time conversion can be applied to get
corresponding prestack data in the time domain. Various ray-tracing
methods are available for this purpose.

-5 0 5
Horizontal distance (km)

Horizontal distance (km)

Figure 14. Norne model. (a) Reflectivity grid from Eclipse model
and rock properties, the values varying from about —0.1 (white) to
about +0.1 (black). (b) Simulated local depth-migrated image for a
constant offset of 0 km. (c) Simulated local depth-migrated image
for a constant offset of 4 km.
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Imaging tilted anisotropic structures

Figure 15 illustrates a case where an anisotropic model is needed
to obtain an accurate depth-migration image from a synthetic seis-
mic data set. The anisotropy parameters, epsilon and delta, and the
density are given in Table 1. The model consists of a salt structure
and several adjacent transversely isotropic (TI) shale layers where
the axis of symmetry is normal to the bedding (Figure 15b). For this
type of model where the axis of a TI medium varies continuously
from point to point, ray tracing has been performed conventionally
using a formulation including 21 elastic parameters (Cerveny, 1972;
Gajewski and PSencik, 1987). We use a ray-tracing approach based
on continuously rotating a local anisotropy coordinate system
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Figure 15. (a) Salt model and (b) angle of the symmetry axis.

Table 1. Anisotropy parameters and density for the given
salt model (Figure 15).

Rock Epsilon Delta Density
Water 1.000
Isotropic sediments 2.000
Pierre shale 0.015 0.060 2.250
Anisotropic shale 0.103 -0.001 2.340
Green river shale 0.195 -0.226 2.175
Shale 0.200 -0.075 2.420
Mesaverde shale 0.128 0.078 2.680
Mesaverde mudshale 0.034 0.211 2.520
Basalt 2.600
Salt 2.200
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Figure 16. Depth-migrated image obtained using (a) the ISO model, (b) the VTI model,

and (c) the TTI model.

(Iversen and PSencik, 2007). Thereby, the number of elastic parame-
ters of influence reduces to five or less, which leads to considerable
savings from more efficient calculations and reduced consumption
of computer memory. In addition, one is guaranteed that the aniso-
tropic symmetry is retained when interpolating between elastic pa-
rameters in different locations.

In the terminology introduced previously, the model in Figure 15
consists of a number of local volume elements (layers). An impor-
tant step of a composite imaging procedure is smoothing the various
elastic properties of these volume elements. The model resulting af-
ter the smoothing procedure is referred to here as the tilted trans-
versely isotropic (TTI) model, whereas the corresponding models
with a vertical symmetry axis (VTI) and zero anisotropy (ISO) in all
layers.

Using the TTI model, we generated a synthetic seismic data set by
ray tracing. Imaging results for all three models are shown in Figure
16. The image for the VTI model shows a misfit for all displayed re-
flectors, in particular for the lower part. For the isotropic model, the
lower two reflectors are poorly imaged. A good subsurface image in
the vicinity of the salt dome is obtained only when using the TTI
model. However, this image can be improved additionally by using a
full-wave approach for synthetic data generation, multiarrivals for
migration, a model that is smooth throughout, and enhanced muting
and other preprocessing steps before migration.

CONCLUSIONS

A major challenge in the development of ray-tracing technology
is to achieve more robust applications of the ray method at the vari-
ous stages of the seismic value chain — from acquisition to time-
lapse interpretation. One may select a strategy based specifically on
extending the validity area of the standard ray method itself, or one
may follow the focus of this paper, which is to consider ray tracing as
only one constituent of a composite system of processes.

With the help of simple modeling examples, thus avoiding too
many interfering effects obscuring the results, we have tried to dem-
onstrate the true nature of the standard ray method, particularly with
respect to amplitude calculations. A general conclusion is that proper

1.2 Horizontal distance (km) 1.8
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model preparation is crucial to gain stable, reli-
able results. Smoothing of horizons is the most
critical point because horizons produced by the
seismic interpretation process often may show
rapid small fluctuations.

The combination of the standard ray method
with the wavefront construction method serves a
variety of purposes, e.g., simulating large realis-
tic 3D surveys and modeling the reflected wave-
field 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 interesting candi-
date for effectively extending the limits of ray
theory because it dramatically reduces the need
for reflector smoothness, thereby modeling both
edge and caustic diffractions. Although more
time consuming, performing Kirchhoff modeling
in 3D is feasible today by having an efficient
wavefront construction tracer running in parallel,
even on small clusters.

Moreover, composite techniques combining
ray tracing in a background model and other techniques in a much
more complex target zone have turned out to be useful approaches
for generating synthetic seismic data belonging to the time and depth
domains. In particular, the fast and flexible local PSDM simulator is
a very powerful process for reservoir and time-lapse studies, where
synthetic seismic cross sections or 3D cubes can be generated inter-
actively when making changes in the model. For survey planning
and illumination studies, where one wants just an overall reflection
response of a given target reflector, it is more practical and efficient
to simulate migration amplitude maps on the fly directly from the ray
tracing results than to generate cubes of synthetic traces.
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