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ABSTRACT

A method for attenuating coherent and incoherent noise in
seismic signal data 1s provided. Seismic signal data 1is
transformed from a time-space domain using a Radon-transform
domain. In the Radon-transform domain, coherent noise 1is
attenuated by muting and incoherent noise 1s attenuated by
diversity stacking. Data remaining in the Radon-transform
domain in transformed back to the time~space domain by an

inverse Radon transforn.
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NOISE ATTENUATION METHOD

1. Field of the Invention: This invention relates to
methods for attenuating noise in a signal. More particularly,
but not by way of limitation, the present invention relates to
methods of attenuating noilse 1in seismic signal data. The
methods disclosed in this invention attenuate both coherent
noise and in-coherent noise.

2. Description of the Prior Art: Generally, noise is
classified as either coherent or incoherent. Coherent noise is
interference that is organized in space and time. In the
seismic environment, coherent noise often represents reflected
energy that originates outside the zone being imaged by the
.seismic experiment.

Incoherent noise is interference that has no organization
in space or time. In the seismic environment, incoherent noise
1s associated with cultural nolse and background noise, such
as for example noise generated by pump and vehicle operation.

Methbds for suppresSion of noise fall into three major
~categories; (1) data Stacking or summation, (i1i)
rtransformation and muting, and (iii) filtering. Stacking is
| -general-lj: recognized as an effective way of dealing with
incoherent noise. Most stacking technigques utilize a mean
. avérage.of sample values over a data set in which the signal
is consistent. Stacking techniques using median averages are
often effec:tive for attenuating incoherent noise. A more
'effectiVe stacking techniqué for attenuation of incoherent
noise employs a diversity power stack. Diversity power

stacking is accomplished by prescaling the data by the inverse
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of its local power value prior to summation. The scalers are
summed and averaged, and the average scaler value is removed
from the weighted'average of the data.

In the transformation and muting method, the data is
transformed to a domain in which the signal and coherent noise
occupy discrete areas therein. Once segregated into discrete
areas, coherent noise can be "zeroed-out" or muted leaving the
desired signal which is inverse transformed back to the
original domain. As an example of a simple muting procedure,
‘coherent noise 1s muted directly on the time-offset, or t-x
domailn, ' data. In another example, coherent noise with a
specific dip or velocity is attenuated by first transforming
the data from the t-x domain to the frequency-wave number (f-
k) domain. In the frequency-~wave-number domain, the coherent
noise occuples an area discrete from the area occupied by the
desired signal. In this way, the coherent noise can be
sélectively muted leaving the signal to be inversed
'transformed to the original domain.

' ‘Another useful.transformation.is the Radon transform. In
- this tranéformation the data is mapped to a time-dip domain orxr
a . time curvature domain. Generally, 1in elther of these
- dOmains, coherent noise with specific dips or curvature can
occupy areas discrete from the afeas occupied by the signal

and hence can be muted.

However, the ablility of these transformation and muting

methods to effectively attenuate incoherent noise is limited.

The transformation procedures, described above, do not isolate
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incoherent noise into discrete areas. Therefore, the muting
process is ineffective for removing this class of noise.

The filtering method assumes that noise can Dbe
distinguished from the desired signal by differences in the
respeétive frequencies. As such, filtering is generally
effective only in situations where there exists an appreciable
difference i1n frequencies between the desired signal and the
noise.

SUMMARY OF THE INVENTION

The present invention provides an improved technigque for
the attenuation of noise 1n signals, particularly seismic
signal data. The method of the present invention produces
significantattenuation of both coherent and incoherent noise
by selectively combining data stacking concepts and
'transformation/muting concepts.' The method wuses a Radon
transform to convert the data into a domain in which <the
coherent noise and signal are lsolated and hence the coherent
noise can be muted. Attenuation of incoherent noise is
aéhieved by performing a diversity stack, which is sometimes
referred£o as diversity summation, 1n concert with the Radon
transform process. ‘

The.RadOn transform 1s performed as a summation or mean
along 't'ime--diistance trajectories. The summation procedure may
utilize a data amplitude_diversity Radon transform procedure
- or, more preferably a power diversity Radon transform
procedure. Using the preferred power diversity Radon transform

procdtire , each point on the trajectory contributing to the
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mean 1s prescaled by the reciprocal of the local power in each
trace. The scalers are meaned along the same trajectory. The
final summation output is defined as the mean of the scaled
values divided by the mean of the scalers. 1In this way, if
one contributor to the mean is large due to incoherent noise,
that wvalue 1is scaled down and does not significantly
contribute to (i) the prescaled data mean and (ii) ‘the mean of
the scalers. Hence, the recovered scaled output appears as
though the incoherent noise component was not included in the
data mean. In this process prescalers are reguired that are
the reciprocal of the local power in each trace at time (t)

and space distance (x). These scalers are computed as the time

local mean of the power in that trace.

Additionally, the Radon transformation may assume that
the signal and coherent noise can be represented as an
ensemble of either linearly dipping events, parabolic events
or hyperbolic events. For each of these event trajectories,
‘the Radon transformation is implemented as a summation along
the'appropriate trajectories. For example, if the coherent
noise is represented 1n the time-distance (t-x) domain by
'linearly'traveling noise then a Radon transformation based on
decomposing the data into 1linear dip components is the
- preferred 'transformation. Such a choice 1is preferred for
atitenu‘ating linearly propagating ground roll. However, if the
'coherent‘noise has a time-space trajectory that is parabolic
or hyperbolic, then a Radon transfornm based on decomposing the

data into parabolic or hyperbolic components is the preferred
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transformation. The hyperbolic choice is preferred where the
coherent noise is reflected energy in the form of scattered
energy from obsticals broadside to the seismic survey line.

Attenuation of incoherent noise 1s achieved during the
summation in the Radon transfofm by performing a diversity
stack or summation in concert with the Redon transform
process. Whejn the Radon transform is performed assuming
linearly dipping events, it is often referred'to as a slant
stack.- In these circumstances, the preferred technique 1s to
limit the aperture of.data in the t-x domain that contributes
'to'e dip or slant summation.

Onc'e the data have been Radon transformed using the
diversity summation procedure end both coherent and incoherent
'hoises are attenuated, an inverse transform is performed to
.convert_the data back to the original domain. The preferred
'_ihiferse transform is .the inverse Radon transform. However, if
'.an'f inverse Radon transform is used, a standard summation
.‘method'is required instead of a diversity summation method.
' o DESCRIPTION OF THE DRAWINGS
FIGﬁﬁE 1 is a flow dlagram illustrating the steps of the
__present in#ention.

FIGURE 2 is a flow diagram illustrating the steps of the
diversityuRadoh process. '

FIGURE 3 .is a flow diagram 1llustrating the steps
involved in the process of muting coherent noise.

FIGURE 4 is a flow diagram illustrating the steps

involved in the inverse Radon transform process.
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FIGURE 5 illustrates an example of a noisy seismic input
record.

FIGURE 6 1llustrates an expected output record after
attenuation of the coherent and incoherent noise in FIGURE 5
by the method of the present invention.

FIGURE 7a illustrates a series of records for each shot
for a particular reflective event.

FIGURE 7b illustrates the transformation of the slope of
the records shown in FIGURE 7a.

DESCRIPTION OF THE PREFPERRED EMBODIMENTS

Referring'nOW'to the drawings in general and to FIGURE 1
in particular, shown therein 1s the noise attenuation method
of the present invention. Generally, the noise attenuation
method of the present invention may be viewed as a three step
process; (i) the diversity Radon transform step 10, (i1i) the
data muting step 12, and (iil) the inverse Radon transform
step 14.

Seismic data, referred to in FIGURE 1 as "Input Seisnic
Section", is input to the diversity Radon transform process
10. Thisiprocess transforms the seilismic data, which 1s in a
‘first" domain, perferably a time~space domain, to a Radon-
transform domain. The Radon-transform domain may be time-
slope, time-quadratic curvature, or time-hyperbolic curvature.
The seléction criteria for the particular domain is well known
in the art and is generaliy dependent upon the specific

‘seismic data being processed. For purposes of description

herein, but not by way of limitation, the following discussion
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will assume a time-slope domalin 1is selected. During the
diversity Radon transformation, stacking (such as diversity
stacking) or diversity summation 1s used to attenuate the
incoherent noise while preserving the signal and the coherent
noise.
The transformed data passes to the data muting process
12. In this process, thetransform.domain.regiom;in'which.the
coherent noise exists 1s muted thus attenuating the coherent
noiée.
The muted data passes to the inverse Radon transform 14.
In this prbcess thé data is transformed from the time-slope
domain back to the time-distance domain using the inverse
Radon transform without c'liver'sity summation. In the final
~output seismic .sect.ion, coherent and incoherent noises are
significantly attenuated.
- Referring now to FIGURE 2 (the diversity Radon
. transformation'Step), seismic data 20, consisting of seisnic
tz"acés, are illustrated as a function of time and shot to
'redeiver distance. The seismic data consiSt of signal
componentﬂs : with‘ 'hYperbolic curvature, coherent noise
componénts with .linear slopes, and incoherent noise components
(FIGURE 5). From +these imput '.traces, scaler traces are
 cbmputed in biOck 21. The scaler traces S(t,Xx) are computed
as the reciprocal of an amplitude function of the traces
A(t,x)
' CS(t,x) = 1/(A(t,x) + c)

wherein t represents time and X represents a particular shot
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to receriver distance. Selecting the value of constant c¢ from
about 0.1% to about 10% and perferably 1% of the average value
of A(t,x) computed for all points ensures that the scaler does
not get too large when A(T,x) 1s small.

The amplitude function A(t,x) is typically a smooth time
function of the power of the trace at 1location x. Other
functions of the trace deflection méy also be used. The
smooth time function at x is typically obtained by computing
the power of the trace atévery‘time sample.and.then smoothing
that function. Expected scaler traces are shown 1n diagranm
22.

‘ Once the scaler traces are computed, the input data is
-'scaléd'bythe scaler traces on a point by'point basis in block
23 to produce scaled traces. Scaled traces are computed by
- multiplying the :i.‘nput data traces by the scaler traces.
ExpeCted scaled traces are shown in diagram 24. Both the
scaled traces andthe'scaler traces are now identically Radon
| tranSformedto produce output traces in the time-slope domain.
.‘I'he' Radon transformation of the scaled traces 24 and the
scaler.traces 22-OCCurs in blocks 25 and 27, respectively.

_ The Radon transformed trace for a given time slope p is
c_omputed by performing the following summation over all
_contributing traces:

' RT( % ,p).= Ex - D(* + px, x)
wherein the output trace 1is represented by RT( ¥ ,p), T
represents the time axis after transformation, p represents

slop, pX represents the time shift applied to the trace at x



for the particular slope p, and X represents the space
coordinate of the contributing trace.
Each trace 1i1s time~advanced by px and the traces summed

to produce the output trace RT( T ,p). The range of slopes p

must be sufficient to cover the range of slopes on the input
signal. In the example shown in Figure 2, (reference
numeral (s) 26, 28 and 30) the range of p’s sufficiéntly covers
the range required by the signal and the coherent noise. The

increment 4 p required to support all signals in the range of

slopes p is given by:

i

ap 2 AT/(N - 1)a X

where AT = time sample interval of data
AX = dlistance between traces
N = number of traces
The expected result of performing the Radon transform on the
scaled traces 24 and the scaler traces 22 are shown 1n
diagraméZG and 28 respectively.

In some instances, 1t 1is preferable to perform the
summation.in the Radon,transform, at a given time T , over a
lesser mi’mber of traces “than those present in the input
secfion. When the timemslope transform 1s used with events
that have curvature, the traces 1in the summation should be

restricted to .those.' in the vicinity of the common tangent with
an appropriate SIOpe. This condition can always be'satisfied
by restricting the number of traces to be processed. at each
stage.

In other instances, as are readily apprecliated by those
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skilled in the art, such as with a common depth point gather
of traces, the appropriate number of traces to be processed
may be calculated. This is so because with common depth point
traces in the time/offset domain, the signals have hyperbolic
curvature, with the shortest distance trace being close to the
.apex of the hyperbola. If an estimate of the curvature of the
hyperbola is known as a function of time, then at each time,
‘the aperture of traces that have signal sufficiently close to
the common tangent can be computed.
The output time-slope section is processed in block 29.

It is obtained by dividing the Radon transform of the scaled
traces 26 by the Radon transform of the scaler trace 28 on a
point by point basis. " The expected output, illustrating
- significant attenuaticn of incoherent noise, 1is shown in
“diagram 30. .
- Referring now to FIGURE 3, the second step of the present
in?ention is data muting. The input time-slope section (the
outwput time-slope section of FIGURE 2) is shown in diagram
31."The'signal components and the cohérent noise components
.are idéntified.
| .In_the.coherent noise muting process, the energy in the
're'gﬂion' of the domain occupied by coh,erent nolse 1is set to
.Zéro. Thefmuted time~slop domain result is shown in diagram
35. ' Both the coherent and incoherent noises have now been
attenuated.

' Referring now to FIGURE 4, the third step of the present

invention 1s the inverse Radon transform which converts the
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muted time-~-slope domain input data 41, back to preferably the
first domain and more preferably to a time~space domain 45.
The radon transform process performed in block 43 generates
the output data 45 (D(t,x)) from the input time~slope data 41
(RT(t,p)) according to the following relationship:
D(t,X) = %= RT(t-px, P)

wherein t represents output time, x represents the space
coordinate of the output trace, px represents the time shift
applied to the trace at p for a particular output location ¥,
and p represents slope. The summation 1s over all of the p
values.

A more detailled diagram of a noisy record identifying the
signal, coherent nolise and incoherent noise is shown in Figure
5 The expected attenuation of coherent and incoherent noises
after processing the record of FIGURE 5 according to the
method of the present invantion 1s shown in Filigure 6.

Referring now to FIGUREs 7a and 7b, the method of the
present_inVention may bé extended to include the processing of
multiple adjacent data records. Reflections from subsurface
phenomenahwill have linear or curved continuity, not only in
the'ahotwreceivar offset domain, but also from shot location
'to.shot 1ocation (FIGURE 7a). ¥or example, the local planar
character‘of'these reflection can be exploited by utilizing a
two dimensional diversity power Radon transform to transform
the data ihto the domain of shot slope and shot~receiver slope
(FIGURE 7b) . The use of the diversity summation process over

the input domains of shot-receiver distance and shot-shot
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distance will provide further attenuation of incoherent noise.
Coherent noise that is manifest as linear dipping phenomena in
the shot-receiver domaln and the shot-shot distance domain may
also be muted.

While the preferred embodiments of the present invention
have been described herein, changes or modifications in the
method may be made by an individual skilled in the art without

departing from the spirit and scope of the invention set forth

in the appended claims.
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The embodiment of the 1nvention 1n which an exclusive
property or privilege 1s claimed are deflined as follows:

1. A method of attenuating coherent and 1ncoherent

P
p—
prpe

noise in data in a first domailn comprising the steps of:

transforming the data using a diversity Radon

transform from the first domain to a Radon-transform

domain, wherein the transforming step further

P-

comprises the steps of:

(a) determlning scaler data;

(b)) multiplyving the data by tThe scaler data to
produce scaled data

(c) transforming the scaler data and the scaled

data 1nto the Radon transform domain; and

(d) dividing the transformed scaled data by the

transormed scaler data; and

atternuating the coherent and 1incoherent noise 1n data

in the Radon-transform domain.

2. The method of claim 1 wherein the first domaln 1S

further defined as a time-space domain.

3. The method of claim 1 further comprising the step

transforming the product of the second step of claim 1 back

to the first domailinr by using an 1nverse Radon transform.

4, The method o¢f c¢claim 1 in which The Radon-

transform domain 1s a time—-quadratic curvature domain.

H. The method of c¢laim 1 in which the Radon-

transform domain is a time-hyperbolic curvature domain.
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o. The method of c¢laim 1 in which the Radon-

transform domailn 1is a time-slop domain.

7. The methcd of claim 1 wherein the diversity Radon

transform is a power diversity Radon transform.

8 . The method of claim 1 wherein the diversity Radon

transform 1s a data amplitude diversity Radon transform.

9. The method of «<¢laim 1 wherein the step of

attenuating coherent noise comprises muting.

1)

10. The method of <c¢claim 1 wherein the step of

attenuating incoherent noise comprises diversity stacking.

11. The method of claim 1 wherein the diversity Radon
transform 1s applied 1in two dimensions using mnmultiple

adjacent data.

12. A method of attenuating coherent and 1ncoherent

noise in data in a first domain comprising the steps of:

transforming the data using a diversity Radon

transform from the first domain to a Radon—-transform

domain, wherein the transforming step further

comprises the steps of:

(a) determining scaler data;
(b) multiplying the data by the scaler data to

produce scaled data;
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(c) transforming the scaler data and the scaled

data into the Radon transform domain; and

(d)

dividing the transformed scaled data by the

transformed scaler data;

uating the coherent and 1incoherent nolse 1n data

e Radon-transform domain; and

forming the data of the attenuating step back to

irst domain.

claim 12 wherein the first domailn

The method ot

defined as a time-space domain.

The method of claim 12 whereln an 1nverse Radon-

is used 1n the third step.

claim 12 whereln the Radon-

The methnod Of

domain is a time-qguadratic curvature domaln.

The method of claim 12 whereiln the Radon-—

domain 1s a time-hyperbolic curvature domain.

17. The method o¢f c¢claim 12 wherein the Radon-
transform domaln 1s a time-slope domain.

18. The method of c¢laim 12 wherein the diversity
Radon transform 1s a power diversity Radon transtform.

19. The method of c¢laim 12 wherein the diversity
Radon transform 1is a data amplitude diversity Radon

transform.
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