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inversion of the reflection interface and the interval velocities.
All of these methods involved local linearization of the inverse
problem and required a well defined reference model to be
perturbed to obtain the final solution. The inversion of
reflection traveltimes based on a non-linear optimization
scheme was initially proposed by Pullammanappallil and
Louie (1993). These authors used the simulated annealing
technique to invert seismic reflection times for the retrieval
of their velocities, reflector depths and lengths. Amand and
Virieux (1995) introduced a non-linear, inversion scheme to
recover the shapes of seismic reflectors using reflection trav-
eltime data, given the a priori knowledge of the background
velocity model. This optimization was performed using a Sim-
ulated Annealing approach and a modified simulated anneal-
ing method based on the use of the down-hill simplex tech-
nique (Nelder and Mead 1965). Recently, Improtaet al. (2002)
used a two-step procedure for the joint 2-D inversion of the
first-P and reflected P-to-P traveltimes. In the first step, a back-
ground P-velocity model was determined by the first-arrival,
non-linear, traveltime tomography. This model was then used
as a reference model to perform an inversion of reflected trav-
eltimes for retrieve the interface parameters. Both of these in-
version methods used techniques for solving the forward prob-
lem solution based on the finite difference solver of the Eikonal
equation combined with a multiscale approach (Bunks et al.
1995) and a non-linear optimization scheme for model-space
exploration.

The method proposed in the present study follows a similar
approach to that of Improta et al. (2002) but, regarding the
latter, the inversion is based on a combined optimization of
traveltimes and waveforms. The location and reconstruction
of a two-dimensional (2D) seismic interface geometry is per-
formed in an a priori known background velocity model us-
ing a non-linear optimization scheme. The reference medium
is obtained by the first-arrival tomography or the integrated
tomography-velocity analysis procedures. Thus we propose a
method for parameter estimation of multiple irregular inter-
faces embedded in the subsurface medium. This is based on an
iterative, non-linear inversion scheme that follows a two-step
procedure to combine with this the information from picked
traveltimes and waveform semblance data. No data reduc-
tion is performed before the inversion (i.e., normal move-out
and/or stack), while the effects of lateral heterogeneities are
taken into account by the 2D background velocity medium.
The inversion problem is solved by the use of the genetic
algorithm optimization technique (Holland 1975; Goldberg
1989), through searching in the global parameter space for
the minimum of a cost function that depends on the theoret-

ical and observed data. The theoretical arrival times of the
P-to-P arrivals are calculated using the Podvin and Lecomte
(1991) solver of the 2D finite difference equation, and a mul-
tiscale strategy of inversion is adopted, as used by Improta
et al. (2002). Moving from the shallowest interface, we fol-
low a layer-stripping approach (Krey 1978) to determine the
location and morphology of the deeper interfaces, by accu-
rate re-picking of the deep-reflection traveltimes on zero-time
move-out sections. This method is specifically designed for
coarse global offset or wide angle data and it is indepen-
dent of the geometry used for data acquisition and gathering
data storage, moreover it is able to operate with a rough to-
pography without static corrections. This makes our method
an efficient tool for target-reflector investigations in complex
geological environments.

METHOD
Forward modelling

The reflection interface is described by a 2D cubic-spline
function, where the control points are equally spaced in the
horizontal direction at fixed horizontal positions, and they
can move vertically with continuity within an assigned depth
range. The vertical coordinates of the nodes of the spline-
function are the parameters of the interface model. For a given
interface model, the reflection traveltimes are calculated fol-
lowing a four-step procedure (Fig. 1):

a. The medium is discretized as a fine grid, with nodes
equally spaced along the vertical and horizontal direc-
tions. The grid dimension depends on the accuracy re-
quired for the traveltime calculations (see step b).

b. The first-arrival times from each source and receiver at
the nodes of the grid are calculated using the 2-D Eikonal
equation and the finite difference solver of Podvin and
Lecomte (1991). The assumed velocity model has the
same values as the background model down to the in-
terface and null velocity below the interface; in this way,
only reflected phases are considered in the scheme.

c. The one-way traveltimes for a source/ receiver to each
point of the discretized interface are calculated by per-
forming an interpolation among the nearest four grid
nodes.

d. For a given source-receiver pair, the reflection location
point and the total traveltime are calculated according to
the Fermat principle: the reflection point will be the one
providing the minimum total traveltime.
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Figure 3 Models adopted for the generation of synthetic seismograms
(A) and the smooth velocity models used during the inversion for
direct problem solving (B, C). The red triangles in upper part of the
models show the positions of the receivers, and the black stars show
the positions of the sources on the topographic surface.

Table 1 Physical parameters of the 2-D model

Layer  Vp)(m/s)  a(sSt) ® zom)  p(L)
Sea 1500 0 0 1.0
1 2000 06 22 800 2.0
2 2700 0.32 1.8 750 2.2
3 3500 015 175 1000 25
4 4500 015 175 3000 25
5 6000 0.1 1.72 0 2.6

where the values of V,(0), a, zo are shown in Table 1. The
S velocity in the water layer is 0 m/s. In the other layers the
V,/V ratio is constant (Table 1), and then the S velocity in-
creases with depth following the P velocity. The density values
in each layer are constant (Table 1).
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Figure 4 Synthetic section. The traces are normalized for the maxi-
mum trace value and are filtered with an AGC filter with a window of
1s. No filters were applied to the traces during the inversion. The line
shows the picking of reflected phases made through a normal-move-
out analysis performed before the stack on the Common Receiver
Gather sections.
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Data acquisition geometry, generation and processing

We simulated a seismic experiment with an acquisition lay-out
consisting of 55 seismic stations with a horizontal spacing of
500 m (at an equal depth of 270 m). Each receiver records
the seismic signals generated by 21 shots spread around the
receiver, with an offset of between $200 m and 200 m, and a
horizontal spacing of 10 m. The synthetic seismograms were
computed using a 2D, elastic, velocity-stress finite-differences
algorithm (Festa and Nielsen 2003). The synthetic seismo-
grams were normal-move-out corrected (Yilmaz and Cham-
bers 1984) and stacked to obtain the final section used for
the inversion. Gaussian noise was added to each trace to ob-
tain a mean signal-to-noise ratio of 5.0. The resulting traces
were band-pass filtered in the frequency range of 6-30 Hz.
These stacked, noised and filtered traces are displayed as a
function of the distance in Fig. 4, after an amplitude equal-
ization had been applied using an automatic gain control
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with a window of 1 s. The high-energy initial phase at about
0.2 s represents the arrival of the direct wave. The section
shows clear reflection events with relatively high signal-to-
noise ratios and good lateral coherence, although the arrival
times are highly variable. These phases are more evident for
a two-way-time smaller than 1.5 s, while for larger two-way-
times, high energy reflections/conversions can also be detected,
although they have worse lateral coherence and continuity.
The effect of the shallow layers is the cause of the loss of the
lateral coherence of the deep phases.

The inversion procedure needs, as a starting point, the cor-
rect identification of the seismic phase associated to the re-
flector through the measurement of its arrival time (picking).
For the purpose of phase identification it is not necessary to
have a complete or very accurate picking: a few arrivals can
be sufficient to start the inversion. The second step, which is
based on waveform similarity investigation through the sem-
blance, does not need any arrival time and the analysis can be
extended also to previously neglected traces.

Data inversion
Interface 1

The normalized and filtered section (Fig. 4) was used to mea-
sure the arrival times of the first reflected phase. These times
(Fig. 4) were taken from all of the stack seismograms and were
inverted using the [ flinction (1) as the cost function, as de-
scribed above. We use each stack seismogram as zero offset
data acquired with positions of both source and receiver coin-
cident with the corresponding mid-point position (Yilmaz and
Chambers 1984). The theoretical arrival times were calculated
using a square grid with 50-m sides. In each cell, the veloc-
ity was calculated through averaging the values of the model
used for the synthetic calculations in a 21000 m x 1000 m sur-
rounding the centre of the cell. We used a smooth background
model (3b), as in this way we closely approach the models
provided with tomography techniques (through the inversion
of the first-arrival times) that have been used as starting mod-
els for interface inversions (Improta et al. 2002). Following
the multiscale approach (Bunks et al. 1995), three interface
models were inverted, with parameterizations of two, three
and five nodes.

The interface models obtained and their relative residuals
are shown in Fig. 5, which also shows the final position of
each single node (large symbols) and of their search intervals
(vertical bars). In the first step, for the model defined by two
nodes, the search intervals of each node go from 500 m to
8,000 m. In the successive steps, the search intervals of each
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node were calculated on the basis of the residuals obtained in
the preceding step. From Fig. 5, it can be seen that increasing
the number of nodes, the new models preserve the low fre-
quency characteristics of the models obtained in the preceding
steps and acquire morphological complexity at a continually
decreasing wavelength. Moreover, a reduction in the function
(1) is seen, which goes from 0.13 s for the model defined by
two nodes, to 0.07 s for that defined by five nodes. This de-
crease can also be seen from the trend of the residuals and from
their distribution, which becomes steeper and better centred
around O s.

In each step, the search for the optimal model is carried out
using the genetic algorithm. The search is interrupted when the
best cost function in the current generation is stable and near
equal to the cost function averaging across all the generation’s
models. For all of the inversions, we have fixed the crossover
probability at 0.85, while the mutation probability is variable
between 0.0005 and 0.7000. The number of individuals per
generation is chosen on the basis of the number of nodes in
the model being calculated.

Starting from the model defined by five nodes, a succession
of two models parameterized by 9 and 17 nodes is progres-
sively determined while optimizing the semblance function (2).
For these inversions, the waveforms represent the data and the
code searches for the interface models on the basis of the like-
ness of the waveforms around the arrival times calculated. The
interfaces determined are shown in Fig. 6 with the zero-time
move-out sections relative to each model. In these sections,
the alignment of the waveforms near O s becomes evident.
The semblance trace, plotted at the rigth side of the zero-time
move-out section, confirms the presence of the aligned phase
showing a clear peak at O s. The semblance goes from 0.18
for the model with nine nodes, to 0.29 for that defined by 17
nodes (Fig. 6).

Interface 2

The zero-time move-out sections are also very important for
the identification of the deep phases. Indeed, these sections
(Fig. 6) show a very clear deep phase due to the corrections
for the estimated reflected traveltimes act like static correc-
tions: for deep phases, they compensate for the shift in time
caused by the upper layers. We used the move-out-corrected
sections for picking this secondary phase (Fig. 6). The times
from the zero-time move-out sections were again corrected,
adding the time shifts relative to the modelled reflected phase,
and the values obtained were inverted. Also for the inversion
of this deeper phase, we started with an optimization of the
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Figure 6 Results of inversions using the waveform semblance data. The two images on the left-hand side show the interface models used to
calculate the two zero-time move-out sections on the right. The nine-node interface (top) and the 17-node interface (bottom) are the models
obtained using the multistep strategy starting from the five-node model of Fig. 5. For each model, the spline nodes (large dots) and the search
intervals (vertical bars) are shown. The semblance trace shown on the right of the zero-time move-out panels as a heavy, dark line allows us to
guantify the coherence of the aligned phases. A semblance maximum trace is seen at zero-time, confirming the phase alignment modelled. In the
17-node zero-time move-out sections the phase (grey band) used for the reconstruction of a second interface is shown.

mobile-window mean. The model used is shown in Fig. 3(c),
and it was obtained by interpolating the initial model with
a window of 5000 1000 m. The interfaces obtained that are
defined by two, three and five nodes that were obtained by
optimizing function (1) are shown in Fig. 8, together with

the nine-node interface obtained by optimizing the semblance
(2). From a comparison of these interfaces with those found
previously, it can be seen that the interfaces defined by two,
three and five nodes obtained with the smooth velocity model
are very similar to those analogous previously found (Fig. 7),
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Figure 7 Results of the inversion method for the reflected phase shown in the zero-time move-out of Fig. 6. The three images on the left-hand
side show the interface models used to calculate the distribution of the residuals and the zero-time move-out panels on the right. The three
interface models were obtained by performing a succession of inversion runs with an increasing number of interface nodes (large dots). The
five-node model (top) was obtained by performing the inversions based on the optimization of reflected traveltimes. The nine-node and 17-node
models (middle and bottom) were obtained using the semblance optimization starting with the five-node model. The vertical bars are the search
intervals of each of the spline nodes. The semblance trace shown on the right of the zero-time move-out panels as a heavy, dark line allows us
to quantify the coherence of the aligned phases. A semblance maximum trace is seen at zero-time, confirming the phase alignment modelled.
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