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INDENTIFYING INVALID SEISMIC DATA

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] Implementations of various technologies described herein generally relate to
seismic data processing. In particular, various technologies described herein relate to a
method for correcting invalid seismic data acquired by problematic seismic sensors.

Description of the Related Art

[0002] Seismic surveying is a method for determining the structure of subterranean
formations in the earth. Seismic surveying typically utilizes seismic energy sources
which generate seismic waves and seismic sensors which detect seismic waves. Both

the sources and sensors may be strategically repositioned to cover the survey area.

[0003] The seismic energy sources may propagate seismic waves into the
formations in the earth, where a portion of the waves reflects from interfaces between
subterranean formations. The seismic sensors detect the reflected seismic waves and
convert the reflected waves into representative electrical signals. The signals are
typically transmitted by electrical, optical, radio or other means to devices which record
the signals. Through analysis of the recorded signals (or traces), the shape, position

and composition of the subterranean formations can be determined.

[0004] The seismic sensors may be disposed on a conventional seismic streamer.

A conventional seismic streamer is typically several kilometers in length and consists of

thousands of seismic sensors. During a seismic survey, some of the seismic sensors

may fail or may be more sensitive to noise than other seismic sensors along the

streamer. In order to accurately process all of the seismic data acquired from all of the

seismic sensors in a seismic survey, the seismic data acquired by the failed seismic
1
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sensors and noise-sensitive seismic sensors may be muted and interpolated before the
seismic data is analyzed. However, due to the large number of seismic sensors, it is
difficult to identify the seismic data that have been acquired by the failed or noise-

sensitive seismic sensors.

SUMMARY OF THE INVENTION

[0005] Described herein are implementations of various technologies of a method
for correcting invalid seismic data acquired by problematic seismic sensors. In one
implementation, the method may include: (1) receiving seismic data acquired by an i™
seismic sensor of a plurality of seismic sensors; and (2) determining an i"™ value to
represent an i™ power spectral density curve that corresponds to the seismic data. The
method may then repeat steps (1)-(2) for each seismic sensor. After repeating steps
(1)-(2) for each seismic sensor, the method may include generating an expected value
curve based on the i" value for each power spectral density curve. The method may
then compare each i"™ value to the expected value curve and identify invalid seismic
sensors based on the comparison. After identifying the invalid seismic sensors, the
method may process the seismic data without seismic data acquired by the invalid
seismic sensors to determine one or more locations of hydrocarbon deposits in

subterranean geological formations.

[0006] The claimed subject matter is not limited to implementations that solve any or
all of the noted disadvantages. Further, the summary section is provided to introduce a
selection of concepts in a simplified form that are further described below in the detailed
description section. The summary section is not intended to identify key features or
essential features of the claimed subject matter, nor is it intended to be used to limit the

scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Implementations of various technologies will hereafter be described with
reference to the accompanying drawings. It should be understood, however, that the
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accompanying drawings illustrate only the various implementations described herein
and are not meant to limit the scope of various technologies described herein.

[0008] Figure 1 illustrates a schematic diagram of a marine-based seismic
acquisition system in accordance with implementations of various techniques described

herein.

[0009] Figure 2 illustrates a Root Mean Square (RMS) plot of seismic data in
accordance with prior art techniques for identifying invalid seismic data.

[0010] Figure 3 illustrates a flow diagram of a method for correcting invalid seismic
data acquired by problematic seismic sensors in accordance with implementations of
various techniques described herein.

[0011] Figure 4 illustrates a Power Spectral Density (PSD) analysis of seismic data

in accordance with implementations of various techniques described herein.

[0012] Figure 5 illustrates a computer network into which implementations of various

technologies described herein may be implemented.

DETAILED DESCRIPTION

[0013] The discussion below is directed to certain specific implementations. It is to
be understood that the discussion below is only for the purpose of enabling a person
with ordinary skill in the art to make and use any subject matter defined now or later by
the patent “claims” found in any issued patent herein.

[0014] The following paragraphs provide a brief summary of various technologies
and techniques directed at correcting invalid seismic data acquired by problematic

seismic sensors in accordance with one or more implementations described herein.

[0015] In one implementation, a computer application may generate a power
spectral density (PSD) curve based on seismic data acquired by each seismic sensor in
a seismic survey. The PSD curve may be generated by calculating the PSD of the
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seismic data acquired by each seismic sensor at a plurality of frequencies in a pre-
selected frequency band.

[0016] After generating each PSD curve, the computer application may represent
each PSD curve with a single value. For example, the computer application may
determine a maximum PSD value for each PSD curve. The computer application may
use each maximum PSD value to generate a collection of maximum PSD values that
corresponds to the maximum PSD values of all of the seismic sensors. The computer
application may then apply an outlier filter to the collection of maximum PSD values to
remove the outlier values from the collection. Outlier values may include data that have
extreme maximum values as compared to a relative distribution of the collection of

maximum PSD values.

[0017] After applying the outlier filter, the computer application may apply a spatial
smoothing filter to the filtered collection of maximum PSD values to create an expected
maximum PSD value curve for the seismic sensors in the seismic survey. Using the
expected maximum PSD value curve, the computer application may determine
threshold curves. For instance, the upper threshold may be calculated by multiplying
the expected maximum PSD value curve by a predefined constant A (e.g., A=10).
Similarly, the lower threshold may be calculated by multiplying the expected maximum
PSD value curve by a predefined constant B (e.g., B=0.1). If the maximum PSD value
of a PSD curve is greater than the upper threshold, then the seismic sensor that
corresponds to the maximum PSD value may be characterized as noisy. If, however,
the maximum PSD value of a PSD curve is less than the lower threshold, then the
seismic sensor that corresponds to the maximum PSD value may be characterized as
weak or dead.

[0018] Various techniques for correcting invalid seismic data acquired by
problematic seismic sensors will now be described in more detail with reference to

Figures 1-5 in the following paragraphs.
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[0019] Figure 1 illustrates a schematic diagram of a marine-based seismic
acquisition system 10 in accordance with implementations of various techniques
described herein. In system 10, survey vessel 20 tows one or more seismic streamers
30 (one streamer 30 being depicted in Figure 1) behind the vessel 20. In one
implementation, streamers 30 may be arranged in a spread in which multiple streamers
30 are towed in approximately the same plane at the same depth. In another
implementation, the streamers may be towed at multiple depths, such as in an

over/under configuration.

[0020] Seismic streamers 30 may be several thousand meters long and may contain
various support cables, as well as wiring and/or circuitry that may be used to facilitate
communication along the streamers 30. In general, each streamer 30 may include a
primary cable where seismic sensors 58 that record seismic signals may be mounted.
In one implementation, seismic sensors 58 may include particle motion sensors
capable of detecting at least one component of a particle motion associated with
acoustic signals that are proximate to the sensor. Examples of particle motions include
one or more components of a particle displacement, one or more components (i.e.,
inline (x), crossline (y) and vertical (z) components (see axes 59)) of a particle velocity
and one or more components of a particle acceleration. In another implementation,
seismic sensors 58 may include a hydrophone or any other type of sensor that acquires

pressure data.

[0021] Marine-based seismic data acquisition system 10 may also include one or
more seismic sources 40, such as air guns and the like. In one implementation, seismic
sources 40 may be coupled to, or towed by, the survey vessel 20. Alternatively,
seismic sources 40 may operate independently of the survey vessel 20 in that the

sources 40 may be coupled to other vessels or buoys.

[0022] A particular seismic source 40 may be part of an array of seismic source

elements (such as air guns, for example) that may be arranged in strings (gun strings,
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for example) of the array. Regardless of the particular composition of the seismic

sources, the sources may be fired in a particular time sequence during the survey.

[0023] As seismic streamers 30 are towed behind the survey vessel 20, acoustic
signals 42, often referred to as “shots,” may be produced by seismic sources 40 and
are directed down through a water column 44 into strata 62 and 68 beneath a water
bottom surface 24. Acoustic signals 42 may be reflected from the various subterranean
geological formations, such as geological formation 65 depicted in Figure 1.

[0024] The incident acoustic signals 42 that are generated by seismic sources 40
produce corresponding reflected acoustic signals, or pressure waves 60, which may be
sensed by seismic sensors 58. In one implementation, pressure waves received and
sensed by seismic sensors 58 may include “up going” pressure waves that propagate
to the sensors 58 without reflection, as well as “down going” pressure waves that are
produced by reflections of the pressure waves 60 from air-water boundary 31 .

[0025] Seismic sensors 58 generate signals, called “traces,” which indicate the
acquired measurements of the pressure wavefield and particle motion. The traces (i.e.,
seismic data) may be recorded and processed by signal processing unit 23 deployed
on the survey vessel 20.

[0026] The goal of the seismic acquisition is to build up an image of a survey area
for purposes of identifying subterranean geological formations, such as the exemplary
geological formation 65. Subsequent analysis of the image may reveal probable
locations of hydrocarbon deposits in subterranean geological formations. In one
implementation, portions of the analysis of the image may be performed on the seismic
survey vessel 20, such as by the signal processing unit 23.

[0027] Although Figure 1 illustrates a marine-based seismic acquisition system, in
other implementations, the methods described herein may also be performed on a land-

based seismic acquisition system.
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[0028] Figure 2 illustrates a Root Mean Square (RMS) plot 200 of seismic data in
accordance with prior art techniques (i.e., RMS analysis) for identifying invalid seismic
data. As mentioned above, some seismic data acquired by sensors 58 may not be
valid seismic data because the sensors that acquired the invalid seismic data may have
failed or may have been more sensitive to noise than other seismic sensors. A
common tool used to identify the failed or noise-sensitive sensors involves determining
the root-mean-square (RMS) value of the seismic data acquired by each seismic
sensor over a time window (i.e., from time sample n, to time sample ny) as shown in

equation 1 below.

RMS{p, )= ———Z% [, (maTi]? Equation 1
4 W/ TELFL R=mmg =0 &
[0029] In order to identify the failed or noise-sensitive sensors, the RMS value for

the seismic data acquired by a particular seismic sensor may be compared with the
RMS value for the seismic data acquired by its neighboring seismic sensors. If the
RMS value for the seismic data of the particular sensor is too large as compared to the
RMS values for the seismic data of the neighboring seismic sensors, the particular
sensor may be noise sensitive. If the RMS value for the seismic data of the particular
sensor is too small as compared to the RMS values for the seismic data of the
neighboring seismic sensors the particular seismic sensor may be dead or weak (i.e.,
failed).

[0030] When the RMS tool is applied to pressure sensors (e.g., hydrophones), the
RMS tool may be somewhat useful in identifying the some noise-sensitive sensors
and/or dead/weak sensors in the seismic system. However, the RMS tool does not
work well with seismic data acquired by particle motion sensors. For instance, particle
motion sensors may indirectly measure the displacement of a streamer by measuring
changes in particle velocity or particle acceleration caused by the displacement. The
streamer may be displaced due to seismic signals from seismic sources, tugging by the
vessel and the like. The changes in particle velocity or particle acceleration tend to be

7
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very strong at lower ends of the seismic spectrum where ambient noise, seismic
interference noise and electronic noise may be prevalent. As such, by performing an
RMS analysis on the seismic data acquired by particle motion sensors, the RMS
analysis may only indicate the particle motion sensor’s sensitivity to cable displacement
rather than the particle motion sensor’s sensitivity to other types of noise such as high

electronic noise.

[0031] Figure 2 provides an example graph of the RMS values of the seismic data
acquired by 80 consecutive particle motion sensors in a seismic survey. Of the 80
particle motion sensors, it is known that one of the particle motion sensors is dead and
two of the particle motion sensors are extremely sensitive to high electronic noise. By
analyzing the RMS plot 200, the dead particle motion sensor is easily identified as
sensor #60 because the RMS value 210 of the seismic data acquired by sensor #60 is
zero. However, the RMS plot 200 does not indicate which of the particle motion

sensors are extremely sensitive to high electronic noise level.

[0032] Generally, the RMS tool is restricted to analyzing seismic data in the time
domain and does not discriminate the seismic data with respect to frequency.
Consequently, due to the spectral characteristics of the particle motion data, the RMS
plot 200 cannot indicate which of the particle motion sensors are extremely sensitive to
high electronic noise level. In fact, since the RMS analysis tool effectively calculates
the average of the seismic data, the RMS tool's calculations may mask the frequency
dependent noise with sources or time dependent noise.

[0033] Figure 3 illustrates a flow diagram of a method for correcting invalid seismic
data acquired by problematic seismic sensors in accordance with implementations of
various techniques described herein. In one implementation, method 300 may be
performed by a computer application. It should be understood that while method 300
indicates a particular order of execution of operations, in some implementations, certain

portions of the operations might be executed in a different order.
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[0034] At step 310, the computer application may receive seismic data acquired by a
first (i.e., i=1) seismic sensor in a seismic survey. In one implementation, the seismic
sensor may be a particle motion sensor in a marine-based seismic acquisition system
as described above. However, in other implementations, the seismic sensor may be
any type of seismic sensor that may be used in a land-based or marine-based seismic
acquisition system. If the seismic sensors are particle motion sensors, method 300
may be performed independently for each component (i.e., x, y and z components) of
the seismic data.

[0035] At step 320, the computer application may generate a power spectral density
(PSD) curve for the seismic data acquired by the first seismic sensor. In one
implementation, the computer application may generate the PSD curve by applying a
PSD function to the seismic data. The PSD function is a real valued positive function of
frequency that describes the average power of a stochastic or deterministic signal per

frequency. The power spectral density of a signal z, () (i.e., seismic data) is defined

as the Fourier transform of its autocorrelation function:
PSD, (f)= .[Rm (0)e " dr Equation 2

where g, 3 represents the value of the autocorrelation function at lag « and ¥,

represents the frequency.

[0036] Equation 2 above illustrates how the power spectral density of a signal may
be measured in an infinite time window. However, various methods may be used to
estimate the power spectral density of a signal measured in a finite time window. The
methods can be generally classified as parametric and non parametric methods. The
parametric methods model the PSD of the signal with a small number of parameters
and attempt to estimate these parameters by using the input data. Some examples of
parametric models include auto-regressive (AR), moving average (MA), and auto-
regressive moving-average (ARMA) models.

9
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[0037] Alternatively, the PSD of the signal can be estimated by using non-parametric
methods which do not make any assumption about the shape of the spectrum. For
instance, parametric methods may assume that the spectrum contains a certain
number of peaks and/or nulls. Examples of non-parametric methods include the
periodogram, Welch’'s method and Thompson’s multitaper method. Welch’s method is
based on splitting the time signal into overlapping time segments, tapering each time
segment with a window function, and computing the ensemble average of the
periodogram of the individual segments. Mathematically, Welch’s method is computed

as:

> PSD, (f)

PSD, (f) :”:1T Equation 3

where PSD, . (f) is the periodogram of the tapered time segment z, (1) and N is the

number of time segments. The periodogram estimate of the PSD is computed as
magnitude square of Fourier transform of the tapered signal:

2
L2

[ W)z, (e dt

1

PSD, .(f)= Equation 4

T

n

where ¢, t , denote the start and end of the »-th segment; 7, is the duration of the » -

th time segment and w(z) is a tapering function.

[0038] In one implementation, the computer application may generate the PSD
curve by applying the PSD function to the seismic data at various frequencies in a
predetermined frequency band. The various frequencies may include predetermined
frequency intervals within the predetermined frequency band. In one implementation,
the predetermined intervals may be inversely proportional to the window size of the
PSD function.

10
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[0039] The predetermined frequency band may be determined based on the
expected acoustic response of the sensor being evaluated. The expected acoustic
response of the sensor may depend on the sensor’s type, the sensor’s design and the
design of the streamer that carries the sensor. The sensor types may be different
particle motion sensors such as geophones, accelerometers, pressure sensors and the
like. The sensor design may indicate the components used in the sensor. For
instance, an accelerometer built using component ‘A’ may have a different
characteristic/response as compared to an accelerometer built using component ‘B’.
Similarly, the same accelerometer may have a different response if it is used in a
streamer of design X’ than if it is used in a streamer of design Y’. As such, the
predetermined frequency band may be based on empirical knowledge of the
performance of the sensor being evaluated as used in the particular seismic streamer.
Listed below are a few examples of how the predetermined frequency band may be

selected.

[0040] In one implementation, in order to identify sensors that have failed or are no
longer working correctly, the predetermined frequency band may be a high frequency
band where noise due to seismic sources (e.g., vibrations) won't interfere with the
sensor's readings. Noise due to seismic sources won't interfere with the sensor’s
readings in a high frequency band because this type of noise is typically strongest at
low to mid frequencies. In one implementation, the upper limit of the high frequency
band may be 80% of the Nyquist frequency. The upper limit of the high frequency band
may then be used to determine the range of the high frequency band. For instance, if
the upper limit of the high frequency band is 200 Hz, the predetermined frequency band
may be 170-190 Hz (i.e., 85%-95% of the upper limit). The frequencies between 190
and 200 Hz may be omitted from the predetermined frequency band to stay away from
the cut-off frequency of the anti-aliasing filter, which is typically at 80% of the Nyquist,
i.e., 200Hz.

[0041] In another implementation, in order to analyze the orientation of the sensors,
the predetermined frequency band may be close to 0 Hz.

11
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[0042] In yet another implementation, in order to identify sensors that are sensitive
to high electronic noise, the predetermined frequency band may be a high frequency
band because high electronic noise may be most prevalent in higher frequencies.

[0043] In yet another implementation, in order to identify sensors that have poor
sensitivity to seismic data, the predetermined frequency band may include frequencies
where the sensors are expected to acquire strong signals (e.g., frequency where
upgoing and downgoing wavefields have constructive interference, i.e., pressure

notch).

[0044] In yet another implementation, in order to identify sensors that that are
subject to high energy localized noise, the frequency band may include lower
frequencies because the level of the vibration noise will be sensitive to this type of
perturbations. In one implementation, the lower frequency band may be determined
based on the type of noise or signal energy being detected as a function of frequency.
The type of noise or signal energy and its relationship to frequency may be estimated
based on empirical data or known characteristics of the same type of noise or signal

energy.

[0045] In yet another implementation, for particle motion sensors, a PSD curve may
be generated for each component (i.e., x, y and z components) of the seismic data. In
this case, different frequency bands may be evaluated for each component. For
example, higher frequencies (e.g., 170-190Hz) may be evaluated for the seismic data
that correspond to the y and z components, and lower frequencies (e.g., 0-4Hz) may be

evaluated for the seismic data that correspond to the x component.

[0046] After generating the PSD curve at various frequencies in the predetermined

frequency band, at step 330, the computer application may determine a maximum PSD

value of the PSD curve. The computer application may determine the maximum PSD

value of the PSD curve in order to characterize the PSD curve into a single value.

Although step 330 is described with the computer application determining the maximum

PSD value of the PSD curve, in other implementations the computer application may
12
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characterize the PSD curve as a single value by examining other characteristics about
the PSD curve. For example, the computer application may determine the median or
minimum value of the PSD curve as opposed to the maximum value of the PSD curve.
In another example, the computer application may perform a quantile statistics analysis
to characterize the PSD curve as a single value. The quantile statistics analysis may
provide a PSD sample value k such that a certain percentage of the PSD curve values
is smaller than k. One representative PSD value may then be extracted with respect to
the PSD sample value k and the certain percentage.

[0047] At step 340, the computer application may determine whether seismic data
acquired by another seismic sensor in the seismic survey is available. If seismic data
acquired by another seismic sensor in the seismic survey is available, the computer
application may repeat steps 310-330 for the seismic data acquired by the
corresponding seismic sensor. In this manner, the computer application may repeat
steps 310-330 until a maximum PSD value is determined for the seismic data acquired
by each seismic sensor in the seismic survey. After repeating steps 310-330 for the
seismic data acquired by each seismic sensor, the computer application may plot each
maximum PSD value (i.e., collection of maximum PSD values) on a graph as illustrated
by reference 410 in Figure 4. The collection of maximum PSD values illustrated in
Figure 4 consist of the maximum PSD values of 80 consecutive particle motion
sensors. In one implementation, the computer application may store the collection of
maximum PSD values in a memory storage device and proceed to step 350.

[0048] At step 350, the computer application may apply an outlier filter to the
collection of maximum PSD values. The outlier filter may remove certain maximum
PSD values from the collection of maximum PSD values based on how much they
deviate from a relative distribution of the maximum PSD values in the collection of
maximum PSD values. In one implementation, the outlier filter may be a median filter
that replaces each maximum PSD value with the median of the maximum PSD values

around it. In another implementation, the outlier filter may be an «-trimmed mean filter.

13
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[0049] At step 360, the computer application may apply a smoothing filter to the
outlier filtered collection of maximum PSD values determined at step 350. The
smoothing filter may be configured to create an expected maximum PSD value curve
for each seismic sensor in the seismic survey. The expected maximum PSD value
curve for maximum PSD values (reference 410) in Figure 4 is illustrated by curve 420.
In one implementation, the smoothing filter may be a spatial smoothing filter.

[0050] At step 370, the computer application may generate threshold curves based
on expected maximum value curve. In one implementation, the computer application
may generate an upper threshold curve by multiplying the expected maximum value
curve by a predefined constant (i.e., A) such that the predefined constant A is greater
than 1 (e.g., 1.1, 1.2, 1.3). Predefined constant A may be a constant value based on an
analysis of typical particle motion data. In one implementation, predefined constant A
may be defined such that the maximum PSD values are fit according to a typical
distribution of maximum PSD values for seismic sensors. The upper threshold curve is
illustrated in Figure 4 with curve 430.

[0051] The computer application may generate a lower threshold curve by
multiplying the expected maximum value curve by a different predefined constant (i.e.,
B) such that the predefined constant B is less than 1 (e.g., 0.7, 0.8, 0.9). Like
predefined constant A, predefined constant B may be a constant value based on an
analysis of typical particle motion data. In one implementation, predefined constant B
may also be defined such that the maximum PSD values are fit according to a typical
distribution of maximum PSD values for seismic sensors. The lower threshold curve is

illustrated in Figure 4 with curve 440.

[0052] At step 380, the computer application may determine whether seismic data
acquired by each seismic sensor is noisy or dead/weak (i.e., invalid). In one
implementation, the computer application may compare the maximum PSD value 410
that corresponds to each seismic sensor to the upper and lower threshold curves (430,
440) to determine whether seismic data acquired by each seismic sensor is noisy or

14
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dead/weak. If a maximum PSD value is greater than the upper threshold, then the
seismic sensor that corresponds to that maximum PSD value may be characterized as
noisy. For example, the maximum PSD value that corresponds to sensor 12 (i.e.,
4104,) and the maximum PSD value that corresponds to sensor 78 (i.e., 41075) exceed
the upper threshold curve 430. In this case, the computer application may determine
that the seismic data acquired by sensor 12 and sensor 78 have very high electronic

noise and are therefore invalid.

[0053] If a maximum PSD value is less than the lower threshold, then the seismic
data that corresponds to that maximum PSD value may be characterized as dead or
weak. For example, the maximum PSD value that corresponds to sensor 60 (i.e.,
410¢0) is less than the lower threshold curve 440. In this case, the computer application
may determine that sensor 60 is dead or weak, and therefore its corresponding seismic
data, invalid.

[0054] Referring back to example described above, for particle motion sensors, the
computer application may evaluate each component of the seismic data to determine
whether the seismic data is invalid. In this case, the computer application may identify
invalid seismic sensors when the maximum PSD value for one of the components lies

outside the upper or lower threshold curves.

[0055] After identifying the invalid seismic sensors, the computer application may
mute the seismic data that corresponds to the identified sensors and interpolate new
seismic data to replace the muted seismic data. The new seismic data may be
interpolated based on the seismic data acquired by valid seismic sensors that are near
or adjacent to the invalid seismic sensors. In this manner, the computer application
may correct for the invalid seismic data in the seismic data received at step 310. The
computer application may then process the seismic data to determine the shape,

position and composition of the subterranean formations in the earth.

Mathematical Example
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[0056] Described below is some of the mathematics that enables method 300. It
should be understood that the example described below is provided to help describe
one implementation of method 300 and is not intended to limit the use of method 300.

[0057] At step 320, to compute the PSD of the acquired data at a frequency

band[fl,fQ], the continuous time data may be represented as z_(t,ch), where ¢ is time

and ch is the sensor channel index. The uniformly spaced time samples of the data

may be represented as = {nat chln = 1,2, K, & Here atis the sampling interval and

N is the number of time samples in a shot.

[0058] Typically, the PSD may be computed at a discrete set of frequencies

f=1.5K ,fQ (i.e., predetermined frequency intervals) in the frequency band [fl,fQ]

(i.e., predetermined frequency band). For instance, for y and z components of particle
motion sensors, the PSD may be computed at frequency band [170, 190 ]Hz and at

Q = 5 distinct frequencies: 170Hz, 175Hz, 180Hz, 185Hz, and 190Hz. When the PSD

is to be computed at the higher end of the spectrum, it is advisable to estimate the PSD
from a difference signal to avoid the side-lobes of the strong low frequency noise mask
the spectrum of the weaker high frequency noise. A variable 4 may represent the
difference operator to be used. For instance, d = 2 corresponds to second difference,
d=1 corresponds to first difference, and 4 = 0 corresponds to no difference.
Typically, when the PSD is computed at high frequencies, d = 1, and when the PSD is
computed at lower frequencies, 4= 0. Mathematically, the difference signal is
computed as follows:

. &
Tqindt, o) = z {nadt oh), d=a
“ ; - . 3 £ N v N
g bnAtcl) = 5 indf ah) — o {{n— )AL ol d=1
- Y — = K T PR A+ o= i Y Y oA = 3
Taeinit el = o (nstch) =2z {{n— DMt ek} + 2 [{n—3atch)d =2

The difference signal may be split into L-sample non-overlapping segments;
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zmds(t;ch,s)

zmd(t + sL,ch)
1,2K,L
s = 1,2,K,NS

~
Il

and each segment z _ (t;ch,s) into L / L_-sample non-overlapping segments:

z JAchs,ry=z  (t+rL /L ;ch,s)
t=12K,L
r=12K L,
[0059] In one implementation, the length of a segment is L = 256, the total number

of segments is &5 = [[{wt — d}7L]}, where the operator {{ 11 gives the integer part of its
argument; the number of sub-segments is L =8, and the length of a sub-segment is

L/ L =32 samples.

[0060] The PSD of each segment may then be averaged using the Periodogram

method (or Welch’s method with overlapping set to 0).

.
Yo i {E—1kat

E"J, E: ’“1 wis ﬁi“m_;-,{‘ﬁﬁf: .5 oh)e

#

-“b L.:.' E

[0061] The variable w(n) denotes a window function which is used to taper the sub-

segment. In this implementation, the window is chosen as the Hamming window. The
denominator of the PSD expression is a scaling factor to have the correct physical unit,

e.g., mg’ / Hz when the z  is the measured accelerometer data with unit g .

[0062] In one implementation, the PSD of the noise only portion of the shot may be

computed. As such, the PSD of the noise only portion of the shot may be estimated by

computing the N -percentile of the computed PSDs of the N segments. For instance,

if the shot is long enough such that the noise only portion of the shot is 25% percent or
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longer of the whole shot, then N can be chosen as 25. ltis to be noted that the 25-th

percentile is known as the first quartile and the 50-th percentile is known as the median.

[0063] The N, -percentile may be computed by sorting the PSD values for each
segment from smallest to the largest, and then picking a value PSD_ (f :ch) such that

N, percent of the segments have a PSD value PSD_, (f :s,ch) below the picked value.

[0064] At step 330, a maximum PSD value may be determined for each channel.

The maximum value of the PSD in the frequency band [f,, f,]1 may be computed as:
MPSD(ch) = max([PSD(f ;ch), PSD(f,;ch),K ,PSD(f, ;ch)])

As such, one maximum PSD (MPSD) value may be acquired per channel.

[0065] At steps 350-360, the expected value attribute for each
channelEPSD(ch)may be estimated. In one implementation, the expected value

attribute may be computed in two steps. First, a 7-point median filter is applied on
MPSD values over each channel to remove outliers. Second, a weighted average of
the median filtered MPSD values is computed by using a 13-point FIR filter.

[0066] At steps 370-380, two conditions may be tested to identify weak and noisy
traces. If the following condition is true, then the corresponding trace from the channel
ch is characterized as noisy:

MPSD(ch) > A * EPSD(ch)

Alternatively, if the following condition holds, then the corresponding trace from the
channel ch is characterized as weak:

MPSD(ch) < B * EPSD(ch)

18
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A and B are predetermined constants used to determine two threshold values which
can be chosen as A =10 and B =0.1 for y and z components.

[0067] Figure 5 illustrates a computer network 500, into which implementations of
various technologies described herein may be implemented. In one implementation,
various techniques for correcting invalid seismic data acquired by problematic seismic
sensors as described in Figure 3 may be performed using the computer network 500.
The computer network 500 may include a system computer 530, which may be
implemented as any conventional personal computer or server. However, it should be
understood that implementations of various technologies described herein may be
practiced in other computer system configurations, including hypertext transfer protocol
(HTTP) servers, hand-held devices, multiprocessor systems, microprocessor-based or
programmable consumer electronics, network PCs, minicomputers, mainframe
computers, high-performance clusters of computers, co-processing-based systems
(GPUs, FPGASs) and the like.

[0068] The system computer 530 is in communication with disk storage devices 529,
531, and 533, which may be external hard disk storage devices. It is contemplated that
disk storage devices 529, 531, and 533 are conventional hard disk drives, and as such,
will be implemented by way of a local area network or by remote access. Of course,
while disk storage devices 529, 531, and 533 are illustrated as separate devices, a
single disk storage device may be used to store any and all of the program instructions,

measurement data, and results as desired.

[0069] In one implementation, seismic data from hydrophones are stored in disk
storage device 531. The system computer 530 may retrieve the appropriate data from
the disk storage device 531 to process seismic data according to program instructions
that correspond to the implementations of various technologies described herein. The
program instructions may be written in a computer programming language, such as

C++, Java and the like. The program instructions may be stored in a computer-

19



WO 2012/071233 PCT/US2011/061100

readable memory, such as program disk storage device 533. Such computer-readable

media may include computer storage media and communication media.

[0070] Computer storage media may include volatile and non-volatile, and
removable and non-removable media implemented in any method or technology for
storage of information, such as computer-readable instructions, data structures,
program modules or other data. Computer storage media may further include RAM,
ROM, erasable programmable read-only memory (EPROM), electrically erasable
programmable read-only memory (EEPROM), flash memory or other solid state
memory technology, CD-ROM, digital versatile disks (DVD), or other optical storage,
magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage
devices, or any other medium which can be used to store the desired information and
which can be accessed by the computing system 500.

[0071] Communication media may embody computer readable instructions, data
structures or other program modules. By way of example, and not limitation,
communication media may include wired media such as a wired network or direct-wired
connection, and wireless media such as acoustic, RF, infrared and other wireless
media. Combinations of the any of the above may also be included within the scope of

computer readable media.

[0072] In one implementation, the system computer 530 may present output
primarily onto graphics display 527. The system computer 530 may store the results of
the methods described above on disk storage 529, for later use and further analysis.
The keyboard 526, the pointing device (e.g., a mouse, trackball, or the like) 525 and the
printer 528 may be provided with the system computer 530 to enable interactive
operation.

[0073] The system computer 530 may be located at a data center remote from the

survey region. The system computer 530 is in communication with sensors such as

particle motion sensors or hydrophones (either directly or via a recording unit, not

shown), to receive signals indicative of the reflected seismic energy. After conventional
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formatting and other initial processing, these signals may be stored by the system
computer 530 as digital data in the disk storage 531 for subsequent retrieval and
processing in the manner described above. In one implementation, these signals and
data may be sent to the system computer 530 directly from sensors, such as particle
motion sensors, geophones, hydrophones and the like. When receiving data directly
from the sensors, the system computer 530 may be described as part of an in-field data
processing system. In another implementation, the system computer 530 may process
seismic data already stored in the disk storage 531. When processing data stored in
the disk storage 531, the system computer 530 may be described as part of a remote
data processing center, separate from data acquisition. The system computer 530 may
be configured to process data as part of the in-field data processing system, the remote
data processing system or a combination thereof.

[0074] While Figure 5 illustrates the disk storage 531 as directly connected to the
system computer 530, it is also contemplated that the disk storage device 531 may be
accessible through a local area network or by remote access. Furthermore, while disk
storage devices 529, 531 are illustrated as separate devices for storing input seismic
data and analysis results, the disk storage devices 529, 531 may be implemented
within a single disk drive (either together with or separately from program disk storage
device 533), or in any other conventional manner as will be fully understood by one of
skill in the art having reference to this specification.

[0075] While the foregoing is directed to implementations of various technologies
described herein, other and further implementations may be devised without departing
from the basic scope thereof, which may be determined by the claims that follow.
Although the subject matter has been described in language specific to structural
features and/or methodological acts, it is to be understood that the subject matter
defined in the appended claims is not necessarily limited to the specific features or acts
described above. Rather, the specific features and acts described above are disclosed

as example forms of implementing the claims.
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What Is Claimed Is:

1. A method for processing seismic data, comprising:

(a) receiving seismic data acquired by an i seismic sensor of a plurality of
seismic sensors;

(b)  determining an i value to represent an i"™ power spectral density curve
that corresponds to the seismic data;

(c) repeating steps (a) — (b) for each seismic sensor;

(d) generating an expected value curve based on the i value for each power
spectral density curve;

(e)  comparing each i" value to the expected value curve;

(f) identifying invalid seismic sensors based on the comparison; and

(9) processing the seismic data without seismic data acquired by the invalid
seismic sensors to determine one or more locations of hydrocarbon deposits in

subterranean geological formations.

2. The method of claim 1, wherein the plurality of seismic sensors comprise particle

motion sensors.

3. The method of claim 1, wherein the plurality of seismic sensors comprise
hydrophone sensors.

4. The method of claim 1, further comprising generating the i value for each power
spectral density curve.

5. The method of claim 4, wherein the i power spectral density curve is generated

by applying a power spectral density function to the seismic data acquired by the i

seismic sensor at one or more frequencies in a predetermined frequency band.
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6. The method of claim 4, wherein each frequency is separated by a predetermined
interval that is inversely proportional to a window size of the power spectral density

function.

7. The method of claim 4, wherein the predetermined frequency band is based on
an expected acoustic response of the plurality of seismic sensors, a design of the
plurality of seismic sensors, a design of a streamer that carries the plurality of seismic

sensors, or combinations thereof.

8. The method of claim 4, wherein the predetermined frequency band is a high
frequency band for identifying one or more seismic sensors that have failed or are

sensitive to high electronic noise.

9. The method of claim 4, wherein the predetermined frequency band is a low
frequency band for identifying one or more seismic sensors that are subject to high

energy localized noise.

10.  The method of claim 9, wherein the low frequency band is determined based on
empirical data that indicates a plurality of frequencies where the high energy localized

noise is located.

11.  The method of claim 4, wherein the predetermined frequency band correspond
to one or more frequencies wherein the i seismic sensor is expected to acquire
seismic signals where upgoing and downgoing wavefields have constructive
interference.

12.  The method of claim 1, wherein the i" value is a maximum PSD value, a

minimum PSD value or a median PSD value.

13.  The method of claim 1, wherein the i" value is determined by performing a
quantile statistics analysis on the i power spectral density curve.

23



WO 2012/071233 PCT/US2011/061100

14.  The method of claim 1, wherein generating the expected value curve comprises:
applying an outlier filter to a collection of i values that correspond to the
plurality of seismic sensors; and
applying a smoothing filter to the collection.

15.  The method of claim 14, wherein applying the outlier filter comprises removing
one or more i" values from the collection that deviate more than a predetermined

amount from a relative distribution of the collection.

16. The method of claim 14, wherein the outlier filter is a median filter or an «-

trimmed mean filter.
17.  The method of claim 14, wherein the smoothing filter is a spatial smoothing filter.

18.  The method of claim 1, wherein identifying the invalid seismic sensors comprise:
determining an upper threshold curve;
determining a lower threshold curve; and
determining that the i" seismic sensor is invalid if the i value exceeds the upper
threshold curve or falls below the lower threshold curve.

19.  The method of claim 18, wherein the upper threshold curve is determined by

multiplying the expected value curve by a predefined constant greater than 1.

20. The method of claim 18, wherein the lower threshold curve is determined curve
by multiplying the expected value curve by a predefined constant less than 1.

21.  The method of claim 18, wherein the i seismic sensor is considered as noisy if

the i" value exceeds the upper threshold curve.
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22.

The method of claim 18, wherein the i seismic sensor is considered as dead or

weak if the i" value falls below the lower threshold curve.

23.

The method of claim 1, further comprising:
muting the seismic data acquired by the invalid seismic sensors;
creating a new set of seismic data based on a subset of the seismic data that

have i values between the upper threshold curve and the lower threshold curve; and

24.

replacing the muted seismic data with the new set of seismic data.

A computer system, comprising:
a processor; and
a memory comprising program instructions executable by the processor to:

(a) receive seismic data acquired by an i seismic sensor of a plurality
of seismic sensors;

(b)  determine an i value to represent an i"™ power spectral density
curve that corresponds to the seismic data;

(c) repeat steps (a) — (b) for each seismic sensor;

(d) generate an expected value curve based on the i" value for each
power spectral density curve;

(e)  compare each i" value to the expected value curve;

(f) identify invalid seismic sensors based on the comparison; and

(9) process the seismic data without seismic data acquired by the
invalid seismic sensors to determine one or more locations of hydrocarbon

deposits in subterranean geological formations.
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