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ABSTRACT
Most methods for velocity macromodel estimation require considerable operator in-
put, mainly concerning the regularization and the picking of events in the data set or
in the migrated images. For both these aspects, slope tomography methods offer inter-
esting solutions. They consider locally coherent events characterized by their slopes in
the data cube. Picking is then much easier and consequently denser than in standard
traveltime tomography. Stereotomography is the latest slope tomography method. In
recent years it has been improved significantly, both from an algorithmic point of
view and in terms of practical use. Robust and fast procedures are now available for
2D stereotomographic picking and optimization.

Concerning the picking, we propose simple criteria for the selection of relevant
data among the automatically picked events. This enables an accurate smooth velocity
macromodel to be estimated quite rapidly and with very limited operator intervention.
We demonstrate the method using a 2D line extracted from the Oseberg NH8906 data
set.

I N T R O D U C T I O N

Prestack depth migration remains the best way of imaging the
subsurface, in particular in areas of complex geology. This
process is, however, very sensitive to the velocity macromodel
and therefore great care must be taken at this very important
step (Fagin 1998). Since standard approaches based on Dix’s
formula are not acceptable in complex media, two main types
of method remain available: migration-based velocity analysis
(MVA) and traveltime tomography. Tomography is particu-
larly interesting in the case of 3D applications for which MVA
is expensive, although traveltime picking in 3D tomography is
a difficult and time-consuming process, requiring significant
expertise.

In order to facilitate the picking, a slope tomography
method, known as stereotomography, was proposed for es-
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timating velocity macromodels from surface reflection data
(Billette 1998; Billette and Lambaré 1998). This method re-
quires, at least in principle, much less effort in interpreting the
seismic events used for velocity estimation. The efficiency of
stereotomography has been demonstrated over several years
(Le Bégat, Podvin and Lambaré 2000; Alerini 2002; Alerini
et al. 2002, 2003a; Chalard et al. 2002; Nguyen et al. 2002;
Billette et al. 2003; Gosselet, Le Bégat and Petersen 2003;
Lambaré et al. 2003a,b).

In recent years, the development of P-P and P-S stereotomog-
raphy has led to significant improvements in the stereotomo-
graphic method (Alerini 2002; Alerini et al. 2002, 2003a,b,c;
Lambaré et al. 2003a), giving a fast, fairly robust, semi-
automatic process. These improvements are principally con-
cerned with the control of numerical regularization and the
rejection of outliers in the set of automatically picked events.
The relevance of the picked events is a crucial point be-
cause stereotomographic inversion is based on minimizing
a norm cost function, as is the case in most inversion tech-
niques. Regularization is also a difficult problem. It is of-
ten tuned by trial and error (Billette et al. 2003) using, for
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example, the so-called ‘L-curves’ introduced by Pratt and
Chapman (1992).

In this paper, we first give a brief overview of the theoretical
and practical aspects of stereotomography. We then present
our strategy for semi-automatic application and demonstrate
it using the real Oseberg NH8906 data set (Tura, Hanitzsch
and Calandra 1997; Thierry et al. 1999, 2000; Chauris and
Noble 2001).

S T E R E O T O M O G R A P H Y

Slope tomography methods rely on the concept of locally co-
herent events. A locally coherent event can be described by
the positions of the shot and the receiver (s, r), the two-way
traveltime T sr, and the slopes of the event in the common-shot
and common-receiver directions (ps, pr) (Fig. 1). Stereotomog-
raphy is based on the idea that a locally coherent event pro-
vides information about the velocity macromodel (Billette and
Lambaré 1998). Several slope tomography methods have been
proposed for recovering the velocity macromodel from a set

Figure 1 Interpretation of a locally coherent
event characterized by its central shot and
receiver positions, s and r, its slopes, ps and
pr, and the traveltime, T sr. A pair of ray
segments (right) can be associated with the
event (left) (from Lambaré 2002).

Figure 2 The algorithm for the non-linear
stereotomographic optimization (from Le
Bégat et al. 2000). Initialization consists of
first defining an initial set of pairs of ray seg-
ments and an initial velocity model. In the
localization step, the pairs of ray segments
are then optimized fixing the velocity model.
Finally, a joint optimization of the pairs of
ray segments and of the velocity model is
carried out.

of picked events with parameters [(s, r, ps, pr, T sr)i=1,N] (e.g.
Riabinkin 1957; Sword 1987).

Among these methods, stereotomography appears to be the
most robust. In this approach, the cost function consists of
L2-norm misfits for all types of data parameter simultaneously.
This allows us to introduce uncertainties for all types of data
parameter, and ensures the robustness of the local optimiza-
tion. Consequently, the pair of ray segments associated with
each picked event is optimized jointly with the velocity macro-
model itself (Billette and Lambaré 1998; Billette et al. 2003).
A pair of ray segments is described by a common starting posi-
tion at depth x, two initial angles, β s and β r, and two one-way
traveltimes, T s and T r, for the rays shot towards the shot and
receiver, respectively. The stereotomographic model then con-
sists of the parameters [(x, β s, β r, T s, T r)i=1,N; Cj=1,M], where
Cj denote the parameters describing the velocity macromodel.
This joint inversion is performed using a non-linear local opti-
mization. The inverted velocity macromodel is smooth and de-
fined by cardinal cubic B-splines (de Boor 1978). The Fréchet
derivatives, with respect to the velocity parameters, are com-
puted by paraxial ray tracing, and second-order continuity
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Figure 3 Quality control of the automatic stereotomographic pick-
ing. Top: common-shot section. Left: the trace gather centred round
the central trace indicated by two small red triangles. Right: the
panel shows the envelope of the associated local slant stack of the
traces (crosses indicate the automatically picked events). The horizon-
tal dimension is horizontal slope, the vertical dimension is time. An
apodizating weight was applied to the traces laterally in order to avoid
abrupt truncation artefacts (Billette et al. 2003). For both panels,
the vertical dimension is time. Bottom: the corresponding common-
receiver gather centred on the same central trace. Stereotomographic
picking requires picking the same event on the two local slant-stack
panels.

of the velocity macromodel is required (Farra and Madariaga
1987). The extension of stereotomography to 3D is straight-
forward. We simply have to add the lateral dimension for all
the types of data and model parameters. For practical appli-
cation of the method, the important result was to discover
that in 3D stereotomography the velocity macromodel can be
constrained from a single lateral slope at the surface (at either
the shot or receiver point), leading to much easier stereoto-
mographic picking on 3D multistreamer marine acquisitions
(Chalard et al. 2000, 2002).

Figure 4 Near-offset section for a 2D line extracted from the Oseberg
NH8906 data set.

The stereotomography algorithm consists of the following
three steps (Fig. 2):
1 Initialization, consisting of building the a priori model (pairs
of ray segments and velocity model). In practice we use simple
starting models, e.g. a homogeneous velocity model and ray
segments derived from simple geometrical considerations.
2 Localization of the events (i.e. optimization of each pair of
ray segments) in the a priori velocity model. This is done using
a Newton-type non-linear optimization. Since all events can be
localized independently, we use singular value decomposition.
The localization step leads to an important reduction of the
cost function.
3 Joint iterative inversion of ray segments and velocity model
parameters. This is realized using the LSQR scheme (Paige
and Saunders 1982). A regularization term is introduced for
the velocity model using Laplacian-type regularization.

The tuning of the LSQR scheme and of the Laplacian reg-
ularization can be performed simply (Alerini 2002; Alerini
et al. 2002, 2003a,b,c; Lambaré et al. 2003a,b). For the tun-
ing of the LSQR algorithm we followed the recommendations
of Paige and Saunders (1982), while for the Laplacian regu-
larization we used the empirical law given by Wang (1993).
Practically a weighting factor was applied to the Laplacian reg-
ularization so that the energy of the components of the Fréchet
derivatives associated with the Laplacian-type regularization
was one-tenth of the energy associated with the misfits on the
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Figure 5 Common-shot gather for the first shot after the preprocessing
required by the stereotomographic picking. An automatic gain com-
pensates the natural decay of the amplitude of the reflected arrival
along the time axis. Internal and external mutes are used to restrict
picking to the data region where stereotomographic information can
be used for constraining the velocity model. At short offsets no infor-
mation is available for the velocity model in the stereotomographic
approach, due to the depth–velocity ambiguity.

Figure 6 A priori selection of stereotomo-
graphic events. The selection is made ac-
cording to various criteria. Each line shows
the name of the criterion, its unit and its
population distribution between its extreme
values. Selection consists of defining new
minimum and maximum selection values.
The population of selected events is shown
in blue, rejected events are in white. At
the right, the number of selected events is
given and also its percentage with respect to
the total number of events. In the present
case, outliers have been eliminated because
of slope and equivalent mode parameters
(Billette et al. 2003), and events with the
highest energy (57% of the events) and co-
herence (36% of the events) have been kept.
The global selection of events is a superpo-
sition of all the individual selections and is
given against ‘Current selection’; thus 1352
events have been selected.

stereotomographic data parameters. In practice, such criteria
can be straightforwardly used as black boxes.

The second crucial point is the picking of relevant events.
Stereotomography does not require the events to be tied to in-
terpreted reflectors in depth. Moreover, only local coherence
is required and events can be treated as being independent.
Consequently, in principle the method allows much denser
and much easier picking than standard traveltime tomogra-
phy (Farra and Madariaga 1988). In practice, an initial set of
events can be blindly and automatically picked with the help
of local slant-stack panels (Billette et al. 2003) (Fig. 3).

Since the least-squares cost function used in inversion is par-
ticularly sensitive to outliers in the data, erroneously picked
events may have to be eliminated from the database. We pro-
pose, and demonstrate on a real data set, a semi-automatic
strategy to perform this selection.

The selection of the events can be carried out using various
procedures, ranging from an interactive visual check (Alerini
et al. 2003a,b,c) to an automatic or semi-automatic selection.
Among the various criteria that can be used for the selection
are:
� The statistical distribution of data parameters (the obvious

outliers can be removed from the stereotomographic data
set).

� The equivalent model associated with each picked event
(Billette et al. 2003). Lambaré et al. (2003a) used this
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Figure 7 Initial stereotomographic model,
with the dip bars corresponding to the loca-
tion and dip of the stereotomographic events
localized in this initial model. The velocity
model consists of a linear increase in velocity
with depth.

information to select events according to the stacking ve-
locities obtained by a standard time processing.

� The coherence and energy of the events used systematically.
� The misfits associated with the stereotomographic events

after a first run of the stereotomographic inversion.
Of these various criteria, we use those that allow easy auto-

matic or semi-automatic selection of the events; for example,
the elimination of the outliers after the automatic picking,
or, after some stereotomographic optimization, the selection
according to the coherence or the energy, may result in simple
interactive selections.

A P P L I C AT I O N T O A R E A L D ATA S E T
( O S E B E R G N H 8 9 0 6 )

We have chosen a typical 2D marine line extracted from the
Oseberg NH8906 data set (Fig. 4). The aim of the present
application was to investigate whether a simple strategy could
be applied to this real data set, resulting in a semi-automatic
approach for stereotomography.

Some simple preprocessing was carried out on these data to
improve the quality of the picked events. For the stereotomo-
graphic picking, we applied an automatic gain control (AGC)
followed by internal and external mutes to the traces. The
mutes were introduced in order to avoid the picking of erro-
neous or uninformative events for stereotomography (e.g. the
short offset events). Figure 5 shows a typical shot after this
preprocessing step.

The automatic picking was performed every 150 m for
common-shot and common-receiver gathers (this was also
the half-width of the local slant-stack windows). In addi-
tion, clusters of quasi-parallel events differing by less than
200 ms were excluded. After this automatic picking, a fur-
ther selection of the events was made, with regard to their
energy and coherence, and the outliers were eliminated

Figure 8 Preserved amplitude migrated image for the initial stereoto-
mographic model.

Figure 9 Common-image gathers in the angle domain in the initial
stereotomographic model.
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Figure 10 Stereotomographic model after
five iterations with the coarse B-spline rep-
resentation of the velocity model.

Figure 11 Preserved amplitude migrated image after five iterations
with the coarse B-spline representation of the velocity model.

(Fig. 6). This left 1352 events to be used for the stereotomo-
graphic optimization.

For this inversion, we used a multiscale approach. This
is also an easy way of regularizing the inversion. The opti-
mization started using a velocity model described by B-splines
spaced at intervals of 400 m vertically and 10 km horizontally.
The initial model was a constant-velocity-gradient model,
shown in Fig. 7 with the dip bars associated with the stereoto-
mographic events after the localization step. The dip bars rep-
resent the pairs of ray segments. Each dip bar is located at
the inverted reflection/diffraction point position and its slope
is the inverted geological slope. Figures 8 and 9 show the as-
sociated preserved amplitude migration and common-image
gathers in the angle domain, respectively.

For the joint optimization, we initially used a strong Lapla-
cian regularization, i.e. 10 times the empirical weight recom-

Figure 12 Common-image gathers in the angle domain after five iter-
ations with the coarse B-spline representation of the velocity model.

mended by Wang (1993). We performed five non-linear itera-
tions. Figure 10 shows the resulting stereotomographic model.
Figures 11 and 12 show the associated preserved amplitude
migration and common-image gathers in the angle domain,
respectively.

At this point the density of the velocity macromodel is
increased. The B-splines are now spaced at intervals of
200 m vertically and 625 m horizontally, which should en-
able the inversion of a less smooth, more realistic model.
The weighting of the Laplacian regularization remains the
same as before. It is not reduced to the value recommended
by Wang (1993), due to the higher level of noise in real
data.

Figure 13 shows the resulting stereotomographic model,
while Figs 14 and 15 show the associated preserved amplitude
migration and common-image gathers in the angle domain,
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Figure 13 Stereotomographic model after
five iterations with the fine B-spline repre-
sentation of the velocity model.

Figure 14 Preserved amplitude migrated image after five iterations
with the fine B-spline representation of the velocity model.

respectively. Lateral structures and also velocity inversions
appear in the velocity model. However, reflectors in the mi-
grated image exhibit strong spurious oscillations and the as-
sociated common-image gathers are not focused. In fact, the
convergence has been altered by erroneous picked events. They
have to be identified and removed from the stereotomographic
data set.

The first strategy that we investigated was eliminating the
outliers in terms of stereotomographic misfit. We decided
to eliminate the picked events associated with a normalized
squared misfit greater than 100. Some of the eliminated picked
events are shown in Fig. 16. They may correspond to some
ambiguity in the characterization of the slope of the event.

Figure 17 shows the selected events that are relocalized in
the final velocity model (Fig. 13). Almost 30% of the events
were eliminated, leaving 962 events instead of 1352.

Figure 15 Common-image gathers in the angle domain after five iter-
ations with the fine B-spline representation of the velocity model.

With this new stereotomographic data set, we restarted the
stereotomographic inversion from the initial velocity model
(Fig. 7). We applied the same multiscale approach but, in
this case, 10 non-linear iterations were carried out. Figure 18
shows the resulting stereotomographic model, while Figs 19
and 20 show the associated preserved amplitude migration
and common-image gathers in the angle domain, respectively.

The stereotomographic inversion now converges to a much
better velocity model in the sense that the common-image gath-
ers are reasonably flattened, and no spurious oscillations ap-
pear in the migrated image (except in the left part of the pro-
file, where the result is affected by boundary effects). We still
see some significant lateral variations of the velocity model,
especially in the shallow part.

In the common-image gathers, we see some small up-
and down-going events, which can be associated with the
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Figure 16 Stereotomographic pick eliminated after the a posteri-
ori selection of stereotomographic events. Top: the common-shot
panel; bottom: the common-receiver panel. The common-receiver
trace gather in the left panel shows an ambiguity in the slope of the
event, due to a slight interference between two events.

Figure 17 Stereotomographic model after
five iterations with the fine B-spline repre-
sentation of the velocity model, and after a
posteriori selection of events.

remaining water-bottom multiples (a frequent problem in
North Sea data sets). When they are picked, stereotomography
provides an average velocity model. An a posteriori selection
of events, using the slope in the common-image gathers, could
be an opportunity for removing them from the stereotomo-
graphic optimization. This approach requires further investi-
gation, and may result in an interesting alternative to stereoto-
mographic picking in the depth-migrated domain (Chauris
et al. 2002a,b; Nguyen et al. 2002).

Another possibility for reducing the effect of outliers in the
stereotomographic data set could be to increase the number of
stereotomographic events. We tested this possibility with an
automatic picking, carried out every 50 m in the common-shot
and common-receiver directions (rather than every 150 m as
previously). Figure 21 shows the resulting stereotomographic
model, while Figs 22 and 23 show the associated preserved
amplitude migration and common-image gathers in the an-
gle domain, respectively. The same multiscale optimization as
previously was used. An interactive a priori selection of the
events (Fig. 6) was used but no a posteriori selection using
stereotomographic misfit was introduced. A total of 13 620
stereotomographic events were used. The result obtained is
certainly the best in view of the flatness of common-image
gathers and of the quality of the migrated image. It demon-
strates that increasing the number of stereotomographic data
stabilizes the stereotomographic optimization. The comput-
ing time required for stereotomographic optimization depends
linearly on the number of data, and consequently increasing
the number of data is quite acceptable. In any case, the a pos-

teriori selection of the events is very simple, and we advise that
it is carried out for security.
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Figure 18 Stereotomographic model after
10 iterations with the fine B-spline repre-
sentation of the velocity model, and after a
posteriori selection of events.

Figure 19 Preserved amplitude migrated image after 10 iterations with
the fine B-spline representation of the velocity model, and after a pos-
teriori selection of events.

C O N C L U S I O N

Stereotomography has now been carried out on several data
sets, and appears to be an accurate and practical approach
to estimating velocity macromodels from seismic reflection
data. We have proposed simple and robust strategies both
for the selection of stereotomographic events after the au-
tomatic picking and for the regularization of the stereoto-
mographic optimization itself. The resulting strategy appears
to be quite robust and to enable a semi-automatic estima-
tion of velocity macromodels for depth imaging to be made.
However, the real data set, Oseberg NH8906, which has
been processed here, cannot be seen as a complex case. The
applicability of stereotomography to complex models (with
strong lateral variations in the velocity model) still needs to be
investigated.

Figure 20 Common-image gathers in the angle domain after 10 iter-
ations with the fine B-spline representation of the velocity model, and
after a posteriori selection of events.

Significant improvements can still be made. As far as the
picking is concerned, the selection criteria both before and af-
ter the stereotomographic inversion must be improved. For the
stereotomographic optimization itself, more improvements
should be made to the algorithm. For example, the possibil-
ity of removing picked events during the optimization scheme
should be introduced. The introduction of an L1-cost func-
tion should also be tested for improving the robustness of the
inversion. The extension to 3D (Chalard et al. 2002) will ben-
efit from this work, leading to a fast and robust tool.
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