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A gather of seismic traces is organised according to
one or more acquisition parameters. The
acquisition parameters may be offset, azimuth
angle, incidence angle, or source-receiver
coordinates. A base of elementary functions of the
acquisition parameters is defined. The elementary
functions are orthogonalised. Combination
coefficients are defined based on the variation in
the amplitude of the seismic signal as a function of
the acquisition parameters. The coefficients define
a combination of the orthogonal elementary
functions. The traces may have been corrected in a
residual move out (RMO) step. Combination
coefficients may be defined for one or more
sampling times or depths. The elementary
functions may be polynomial or trigonometric
functions. The elementary functions may be
normalised prior to orthogonalisation. The method
may be carried out independently for several
gathers of traces.
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The invention relates to the field of processing data recorded for
seismic imaging purposes.

The purpose of seismic imaging is to generate high-resolution
images of the subsoil from from acoustic reflection measurements.

Conventionally, in seismic exploration, a plurality of seismic sources
and receivers is distributed on the ground surface at a distance from each
other. The seismic sources are activated to emit seismic waves that travel
through the sub-soil. These seismic waves are deviated as they
propagate. They are refracted, reflected and diffracted at geological
interfaces of the sub-soil. Certain waves that have travelled through the
subsoil are detected by seismic receivers and are recorded over time in
the form of signals (called traces). Recorded signals then have to be
processed by a migration operation to obtain an image of underground
geological structures. The migration operation consists of causing
reflections recorded along the corresponding interfaces to converge.

During the processing, the stacking step consists of adding acoustic
reflections coming from a same point in the subsoil. This step increases
the signal to noise ratio and the amplitude ratio between primary and
multiple reflections.

This is done by collecting traces into Common Image Gathers.

For example, assuming the sub-soil is horizontally stratified with no
lateral variation of acoustic velocities, then traces which illuminate the
same point in the sub-soil for variable source-receiver distances (offsets),
are those with a common mid-point between the source and receiver.

This is why traces can be collected into Common Midpoint gathers
(CMP).

However, waves reflected in the subsoil are recorded at arrival
times that vary as a function of the offset. Therefore, before traces can be
added, they have to be corrected to bring them to a common reference,
namely the zero offset trace. This correction is made during a so-called
Normal Move Out (NMO) correction step.
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In general, it is considered that the time at which the same event is
recorded varies as a function of the offset along a hyperbolic NMO curve
that depends on the average wave propagation velocity in the subsoil. For
each time at zero offset, an NMO curve is determined by successive
approximations of the velocity and an evaluation of the semblance of
traces along the corresponding curve. The determination of NMO curves
provides a means of correcting traces so as to align reflections on all
traces so that they can be stacked.

However, most of the time, the NMO correction is not sufficiently
precise and distortions remain. An additional correction is made during a
so-called Residual Move Out (RMO) step.

In general, it is assumed that the residual correction is of the
parabolic type.

For example, in document « Robust estimation of dense 3D
stacking velocities from automated picking », Franck Adler, Simon
Brandwood, 69th Ann. Internat. Mtg., SEG 1999, Expanded Abstracts, the
authors suggest an RMO correction defined by the equation:

2 -2 -2
T(x,)=x (V —V,.ef)/Zt

where 7 is the RMO correction, x is the offset, ¢ is the time at zero

offset, Vref is areference velocity function and ¥ is an updated velocityd.

Furthermore, a study of the Amplitude Variation with Offset (AVO)
and of the Amplitude Variation with Offset and Azimuth (AVOA) provides a
means of obtaining useful information about the lithological properties of
the sub-soil. The consequence of impedance contrasts in the sub-soil is
that the amplitude of a wave reflected on an interface varies as a function
of the angle of incidence of the wave and also the azimuth.

In general seismic data are separated into data subsets, each
subset corresponding to an azimuth sector. It is assumed that in a given
azimuth sector, the variation in the amplitude of traces along an
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RMO/NMO curve is linear and depends only on an acquisition parameter.
Thus, in a given azimuth sector, the AVO is defined by two parameters,
namely an intersect and a gradient.

This approach is not fully satisfactory for several reasons.

Firstly, to keep the resolution within the characterisation of the AVO,
azimuth sectors with a sufficiently small aperture angle need to be defined.
However, the reduction in the aperture angle of azimuth sectors reduces
the number of traces contained in a particular subset, and consequently
results in under-sampling. The increase in the number of azimuth sectors
also reduces the processing efficiency of seismic data.

Thus, to obtain subsets of seismic data with regular sampling, and
to maintain the processing efficiency of seismic data, azimuth sectors with
a sufficiently large aperture angle need to be defined. However, the
increase in the aperture of azimuth sectors causes a degradation of the
resolution of AVOA characterisation as a function of the azimuth.

Furthermore, the AVOA is characterised independently by each
azimuth sector, which means that the correlation between data associated
with distinct azimuth sectors cannot be taken into account.

There is no model according to prior art for correlating AVO
variations between azimuth sectors.

One purpose of the invention is to derive from recorded seismic
data an evaluation of the AVO which is more precise than is possible with
prior art techniques.

There is provided according to the invention a method of processing
seismic data comprising a gather of seismic traces organised according to
one or several acquisition parameters, each trace comprising a seismic
signal defined by an amplitude as a function of time or depth, the method
comprising the steps of:

a) defining a base of elementary functions of the acquisition
parameter(s),

b) orthogonalising said elementary functions so as to define a base
of orthogonal elementary functions
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c) for a given time or at a given depth, determining combination
coefficients defining a combination of the orthogonal elementary functions,
said combination being an estimator of a variation in the amplitude of the
seismic signal as a function of the acquisition parameter(s).

The method according to the invention can be used to determine
the variation in the amplitude of the seismic signal more precisely than
with prior art methods. The method can also be used to characterise a
complex AVOA phenomenon on seismic data along the RMO/NMO curves
and take account of a plurality of acquisition parameters.

Thus, the method according to the invention can be used to obtain
a finer description of the AVOA phenomenon than is possible with prior art
methods. In particular, it makes it possible to take account of all seismic
data without separating these data into subsets.

Thus, with the method according to the invention, the azimuth
resolution of seismic data can be preserved by using all available seismic
data.

Furthermore, the method according to the invention is applicable to
any type of gather of traces, particularly including multi-dimensional
gathers, in other words gathers of seismic traces organised according to
several acquisition parameters.

The method according to the invention can be used to obtain a
multi-dimensional AVOA characterisation.

The method according to the invention may include one of the
following characteristics:

- traces have been corrected previously in an RMO correction step,

- the acquisition parameter(s) is (are) chosen from among the group
of parameters consisting of the offset, azimuth angle, scatter angle, source
- receiver coordinates,

- step c) is carried out for a plurality of sampling times or depths,

- the elementary functions are polynomial or trigonometric functions,
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- the method also comprises a step consisting of normalising
elementary functions so as to define a normalised elementary functions
base,

- step c) comprises the step of determining a variation in the
amplitude of traces as a combination of orthogonal elementary functions,

- seismic data include a plurality of traces gathers, steps a), b) and
c) being carried out independently for each traces gather,

- the method includes the steps of determining variations of the
coefficients as a function of the acquisition parameter(s) on a plurality of
traces gathers and filtering the coefficients.

Other characteristics and advantages will be clear from the
following description which is purely illustrative and is in no way limitative
and should be read with reference to the attached drawings among which:

- Figure 1 diagrammatically shows raypaths of seismic waves
travelling between source-receiver pairs with the same common midpoint,

- Figure 2 diagrammatically shows a gather of traces (CIG) obtained
after an NMO correction,

- Figure 3 shows an RMO curve applied to the gather of traces in
Figure 2,

- Figure 4 is a diagram showing the sequence of steps in a
processing method in accordance with an embodiment of the invention.

Figure 1, shows a source S - receiver R pair placed on the ground
surface. During a seismic acquisition, the source S is activated to generate
a seismic wave that travels through the sub-soil. The seismic wave is
reflected at an interface and reaches receiver R. Receiver R records the
amplitude of the wave that it receives over time. The record (or trace)
obtained by the receiver R is defined by a variation of the amplitude as a
function of time. The trace contains a signal corresponding to the reflection
of the wave on the interface.

Note:

O is the midpoint between the source S and the receiver R,
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d is the distance between the source S and the receiver R, namely
the offset,

(srx,sry) are the coordinates of the R-S segment at the ground

surface, in an (O, x, y, z) coordinate system,

6 is the azimuth angle of the R-S segment in the O, x, v, 2)
coordinate system,

a is the incidence angle (angle between the incident wave and the
reflected wave at the reflection point).

It will be understood that a plurality of receivers are placed on the
ground surface during a seismic acquisition.

Figure 2 shows a CIG gather of seismic traces obtained after
filtering and NMO correction. The gather contains a number N of traces.
The traces are organised according to one or several acquisition

parameters dy,d3,..d, .

More precisely, traces are grouped into a gather of common mid-
point (CMP) traces before migration or into a common image gather (CIG)
after migration.

The acquisition parameters considered are offset d and possibly
azimuth angle 6.

Figure 3 shows the CIG gather on which a picking of an RMO curve

has been carried out at time ¢ .

The method according to the invention enables a variation in the
amplitude of traces along RMO/NMO curves to be dtermined in each
gather of a plurality of CIG gathers and for each sampling depth z.

According to an embodiment of the invention, the processing
method includes the steps shown in Figure 4.

The following steps are carried out for each CIG gather.

According to a first step 10, an equation of variation in the
amplitude of traces is defined as a linear combination of elementary
functions.
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A(d) = Zam'fm(d) (1]

m=1

where
4 is the amplitude of the recorded seismic signal,

(a1,a3,..apr) are the coefficients of the linear combination,

(f1,/2---fpr) are the elementary functions,

d= (d1,d..dy) are the acquisition parameters considered,

M is the dimension of the elementary functions base (M > 2).

The dimension M of the decomposition base depends on the
complexity of the AVOA behaviour. The increase in the dimension M
increases the precision of the description of the AVOA.

The expression of elementary functions fm depends on the

organisation of the CIG gather.

According to a first possibility, the traces are grouped into a
common midpoint (CMP) gather as a function of the offset 4. The
elementary functions may be defined as follows:

S =d" with m=0,...M 2]
or

Sm(d)=cos(2nd/A,,) with m=0,.... M [3]
where d =d.

According to a second possibility, the traces are grouped into a
common midpoint (CMP) gather as a function of the offset and the
azimuth.

The elementary functions can then be defined as follows:



fm@=dy Ta} with m=1,..M and p=0,.m [4]

or
5
S (@)= cosQdy, Ay )eos(2dy I App)  With  m=1..,M  and
p=0,.,m 5]
where d = (dy,dy) = (sry,s7) .
10

According to a second step 20, the elementary functions f,, are

normalised according to the sampling {anl..m} in the CIG gather. Thus,

the normalised elementary functions are defined as follows:

. o N oo
j{g},m(dn)=fm(dn)/ me(dk) (6]
k=1

15
where
/{g}m is the normalised elementary function f,,,
k is a trace of the CIG gather,
N is the number of traces in the CIG gather.
20

This step may be expressed in matrix form as follows:

=5 "



F{;} is a matrix with dimensions ~NxM defined as
) -
oy Gla-Tipo g

F is a matrix with dimensions NxM defined by F =(f.....f1s)

- . - T
5 where fp=) M =(m(d1)s, fm(dN)) (9]

S{ﬁ} is a diagonal normalisation matrix with dimensions Mx M

f N o2
defined by sz} jxs) =0 and Sigl, =1/ fm(dg) - [10]
k=l

The purpose of the normalisation step 20 is to define the principal
10 search directions for the AVO variation, independent of the sampling

distribution of acquisition parameters d},d5,..d,,.

According to a third step 30, the elementary functions are
orthogonalised. Thus, orthogonal elementary functions are defined

{fé}}nﬁl M(c?)}. This is done by making a breakdown of the matrix

(F{d}J { }mto singular values (SVD) such that:

OECL

where

20 U{g} is a rotation matrix with dimensions M x A formed from M

eigenvectors é{c?}n:],...,M of the matrix (F{g}j F{g’}
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U{J}z(é{a}l"--’é{ﬁ}M) [12]
0 0

U&}-U{Cy}:I: 0 . 0 [13]
0 0 1

A{‘;} is a diagonal matrix with dimensions MxM containing

5 eigenvalues Z{g}m:],_“,M

2.{3}1 .0 0
A{g} = 0 . 0 [14]
0 o0 }{Q}M

The normalisation step 20 that precedes step 30 limits the variability
10 of eigenvalues related to sampling conditions {c?} in the CIG gather of

traces. Regardless of the sampling conditions, we get:

M —_
> g} =M, vid} [15]
i=1

15 The normalisation step 20 also reduces the variability of

eigenvectors related to sampling conditions {c?} in the CIG gather of

traces. For two given sampling conditions {7, } and {4, }, we have:

AVLARY 16
20
Starting from relations [10] and [6], we have:
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(F{g}' v {E}JT '(F{f?}' Ula }= AL (17]

lFay sy v -y siay via))= ) e}

A matrix of AVOA variation approximations can be deduced using:

A - AT
G-y S~ T~ 19
where
. M _
/{3}7,,(d)=26k,m- /{f;},((d) with m=1,.,M . [20]
k=1

By construction, we have:

(@}JT-/‘f}}fo,fori;aj [21]
()

As a function of the decomposition base used to define the AVOA

behaviour, the following relations are used:

2=F.a=F{§}.a§7}=F{§}.a{3} [23]
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where

A = (A(d)),.... 4dN))

- T
a=(ay,....ap)

~ S S T
a{ij}=(a1 s @M )

A A AT
a{a}=(a1 yees M)

Hence:

3=} R - Fay Hay o) = S via) )

i)~ vlay Sy

[24]

[25]

[26]

[27]

(28]

[29]

A
it should be noted that the inverted coefficients a{g} are statistically

uncorrelated.

It should be noted also that the variance o[a{}}) of the inverted

coefficients is proportional to 1/4,, .

These properties are used in subsequent step 50 during the

processing for uncorrelated AVOA parameters.

In a fourth step 40, the variation in the amplitude of traces is

decomposed based on orthogonal elementary functions, for each

sampling depth z (or reference time). This is done by determining a set of
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A
coefficients {amzl,m,M} that express the amplitude variation of traces as

A -
a linear combination of orthogonal elementary functions Hdm(d).

M
A(dy) = Za{\a‘}m.f{‘}}m(ﬁn) where n=1,..,.N [30]
m=}
5
The coefficients {a{c\?}mﬂ,...,M} are calculated wusing a
conventional resolution method to minimise an objective function
Op (5{:?}) defined by:
_ N . M A - 2.pl2
10 0p(@fih= T (4w~ Tl @) 31
n=1 m=1

The amplitude A(d) of traces can be predicted from the inverted

coefficients Zz{c\;} for every acquisition parameter 4 according to:

—_ M —_
15 A(d) = Za{}}m. f{}}m (d) [32]
m=1

Steps 10, 20, 30 and 40 are carried out independently for each CIG
gather of traces among the plurality of gathers and for each sampled
depth z.

A
20 According to a fifth step 50, a variation of coefficients {am=1,...,M}

is determined on the set of gathers in the plurality of CIG gathers.
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Due to the orthogonality of elementary functions f{}}’m each

A
coefficient a,, may be filtered independently of the other coefficients.

The reliability of the AVO variation thus defined or in an equivalent

manner the signal to noise ratio associated with each a{c\?}nﬂ M

coefficient depends on the following conditions:
a) the CIG fold, in other words the number of acquired traces, and
the noise associated with each trace,

b) the distribution of acquisition parameters d = (dj,dy...d,) within

the CIG gather,
c) the signal to noise ratio of the CIG gather.
In practice, conditions a), b) and c) vary from one gather of traces to

A
another, and from one depth to the other. Consequently, the a{g}(x, ¥,2)

coefficients are contaminated by some unwanted high-frequency noise
components. In order to spatially stabilise the AVOA decomposition, the
coefficients characteristic of the AVOA behaviour must be filtered to
improve the spatial continuity of the AVOA decomposition.

Spatial filtering may be applied independently to each AVOA

A
coefficient a{a‘}(x, y,z), given that these coefficients are statistically

uncorrelated by construction. Properties of noise elimination filters can
also be adapted to the required variability of each inverted AVOA
coefficient.

The method can be used to obtain a description of the amplitude
variation on a gather of traces in a single pass, in other words without it
being necessary to split the gather into offset slices, scatter angle slices or
azimuth sectors.

This approach provides a robust and precise AVOA

characterisation method.
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The AVOA characterisation is optimised regardless of the sampling
conditions for CIG gathers.

Data management is thus facilitated. In particular, the single pass
approach provides a means of reducing steps to set parameters for data
so that they can be processed.

The method is applicable to any type of trace gather, including
multi-dimensional gathers, for example such as multi-azimuth gathers. The
method enables a multi-dimensional AVOA characterisation (two-
dimensional or three-dimensional characterisation).

Since it is carried out in a single pass, the method can process
seismic data with a low signal to noise ratio.

The normalisation step 20 assures numeric stability and efficiency
of the AVOA decomposition base.

The variance associated with each AVOA coefficient a{c\?}nﬂ,..., M

is evaluated as O-(a{}i}rml...M) zl/ﬂ;. This property may be used for

optimal filtering of each individual coefficient.

The result of the AVOA characterisation that uses uncorrelated
coefficients can be used for subsequent conventional processing
operations such as data binning, data regularization, noise elimination,
AVOA quantitative analysis.
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CLAIMS

1. A method of processing seismic data comprising a gather of
seismic traces organised according to one or several acquisition
parameters, each trace comprising a seismic signal defined by an
amplitude as a function of time or depth, the method comprising the steps
of:

a) defining a base of elementary functions of the acquisition
parameter(s),

b) orthogonalising said elementary functions so as to define a base
of orthogonal elementary functions

c) for a given time or at a given depth, determining combination
coefficients defining a combination of the orthogonal elementary functions,
said combination being an estimator of a variation in the amplitude of the
seismic signal as a function of the acquisition parameter(s).

2. Method according to claim 1, in which said traces have been
corrected previously in an RMO correction step.

3. Method according to one of the previous claims, in which the
acquisition parameter(s) is (are) chosen from among the group of
parameters consisting of the offset, azimuth angle, incidence angle,
source - receiver coordinates.

4. Method according to one of the previous claims, step c) is carried
out for a plurality of sampling times or depths.

5. Method according to one of the previous claims, in which the
elementary functions are polynomial or trigonometric functions.
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6. Method according to one of the previous claims, wherein step b)
further comprises the step of normalising elementary functions so as to
define a base of normalised elementary functions prior to orthogonlisation.

7. Method according to one of the previous claims in which seismic
data include a plurality of gathers of traces, wherein steps a), b) and c) are
carried out independently for each gather of traces.

8. Method according to claim 7, including the steps of determining
variations of the coefficients as a function of the acquisition parameter(s)
on a plurality of gathers of traces and filtering the coefficients.
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