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Overview:Alternative spectral decompositionalgorithms

Spectral decomposition methods can be divided into three classes: those that use quadratic
forms, those that use linear forms and those that use atom decomposition. Quadratic forms are

based onthe WignerVille distribution, which can be easily designedt lbose the phase
componensof the data and therefore cannot be used in reconstruction. Linear forms are based

on the short time Fourier transform (STFand include the S transform and the continuous

wavelet transform (or CWT) as in prograspec_cwt Programspectral_probeis a simple
crosscorrelation algorithm that cannot be used to reconstruct the daRrogram

spec_ max_entropyis a nonlinear implement&n of the short time Fourier transform. Atomic
RSO2YLIaAlA2y NBO2y Al NUzO isized(l KaS\(Byhr S wiaveletd), dza Ay
such as matching pursuit (prograspec_cmp and the HilbedHuang transform.

GComputation flow chart

While there ign generabnly one input file to programspec_evt, many output filescan easily fill

your disk drives. Detailed spectral analysis will typidadlgone about a reservoir or other zone

of interest, such that the input data volume may be danved. If the data have not previously
been spectrally whitened, it may be beneficial to reconstruct the spectrally balanced amplitude.
In either case, it is best to ask for spectrally balanced spectral aoemis and statistical
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measures; balancingill suppress the effect of the dominant frequency of the source wavelet,
leaving the tuning effects of the geology in place.

Speciral bandwidth Spectral slope and Spectrally kurtosis
and mesn frequency roughness and skewness

N
. Bandwidth
Fhase residue extended data

The spec_cwt workflow showing input and output volumes.

Figure 1.
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Output file naming convention

Programspec_cwiwill always generate the following output files:

Output file description

File name syntax

Complex wavelets

complex_cwt_waveletunique_project_name_suffid

Program log information

spec_cwtunique_project_name_sufting

information

Program error/completion

spec_cwtunique_project_name_suftierr

where the values in red are defined by the program GUI. The errors we anticipated will be written
to the *.err file and be displayed in a pagp window upon program termination. These@ss,

much of the input information, a description of intermediate variables, and any software-trace
back errors will be contained in the *.log file.

If the want peak attributes check box is selecgtspec _cwiwill also generate these output files:

Output file description

File name syntax

Peak spectral magnitude

peak _mag_cwtunique_project_name_suffid

Frequency at peak spectr
magnitude ("tuning
frequency")

peak freq_cwtunique_project_name_suffid

Phase at peak spectr
magnitude

peak phase_cwiunique_project _name_suffid

Peak magnitude measure
above the average(range
trimmed mean)  spectra
magnitude

peak _mag_above_ average cwhique_project_name_suffid

If the Want statistical attributesox is checked, you will obtain the following files:

Output file description

File name syntax

Rangetrimmed mean (average
spectral magnitude

rtm_mag_unique_project_name_suffid

Spectral magnitudsveighted
mean frequency

mean_freq_cwtunique_project_name_suffid

Slope of the magnituds
spectrum

slope_cwtunique_project_name_suffid

Roughness (deviation from
linear trend) of themagnitude
spectrum

roughness_cwtunique_project_name_suffid

Spectral bandwidth

Spectralbandwidth_cwt unique_project_name_suffid
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Spectrakffectivekurtosis effective_kurtosis_cwt unique_project_name_suffid

Spectral skewness skewness_cwt_nmique_project_name_suffikd

If the data are to be spectrally balanced, you will obtain the following files:

Output file description File name syntax
Reconstructed seismi
data (with or without

spectral balancing) d_recon_cwtunique_project_name_suffid
Average survey time
frequency spectrun] average_magnitude_spectrum_cwiigue_project_name_suff

before and after balancin¢ x.H
Average survey time

frequency scale applied i
balancing average_scale_spectrum_cwiigue_project_name_suffikd

Optionally, we can also output a spectral voice, magnitude, and/or phase volume for each
decomposition frequency. These files take no longer to generate but may increase i/o time and
fill up disk spce. In general, consider windowing the range of the output volumes. More modern
interpretation workstations allow the visualization of 4D volumes, which will be:

Output file description File name syntax

Spectral voice components spec_voice_4d_cwunique_project_name_suffid
Spectral magnitude components | spec_mag_4d_cwunique_project_name_suffid
Spectral phase components spec_phase_4d_cwunique_project_name_suffid

Other software systems, or a specifiterpretation workflow will more easily analyze the
spectral components as individual volumes, where the frequency value is appended to the file
name:

Output file description File name syntax
spec_voice_3d_cwunique_project_name_suffix_frequer
Spectral voice components | y.H

Spectral magnitudq spec_mag_3d_cwunique_project_name_suffix_frequent
components H
spec_phase_3d_cwuinique_project_name_suffix_freque
Spectral phase components | cy.H

If you invoke the bandwidth extension option, you can likewise examine spectral voice and ridge
components asingle4D volumes:
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Output file description

File name syntax

Bandwidth extension spectral voi
components

spec_voice_bwe_4d_cwiinique_project_name_suftid

Bandwidth extension spectral ridg
components

spec_ridge_bwe_4d_cwiinique_project_name_suffid

or as multiple3D volumes:

Output file description

File name syntax

Bandwidthextension spectral voic;
components

spec_voice_bwe_ 3d_cwiinique_project_name_suffix_f
equencyH

Bandwidth extension spectral ridg
components

spec_ridge_bwe_3d_cwiinique_project_name_suffix_fi
equencyH

The primary output of bandwidtrextension is the bandwidtextended seismic amplitude

volumes, along with other files that may be useful in better understanding the process used:

Output file description

File name syntax

Bandwidth extended seismic da
volume

d_bandwidth_extension_cwunique_project_name_suff
x.H

Residual (unmodelled) seismic deé
using wavelet transform maximur
modulus line bandwidth extension

d_residual_cwtunique_project_name_suffid

Bandwidth  extended  spectrd
voices spec_voice_bweunique_project_name_suffid
Complex wavelets used | . .
) . complex_bwe_forward_wavelet_cwiinique_project_na
bandwidth  extension  forwarc .
me_suffixH
transform -
Complex wavelets used | . . .
) . ) complex_bwe_inverse_wavelet_cwinique_project_nam
bandwidth  extension invers )
e_suffixH
transform -
Complex wavele_t magnlt_u d complex_bwe_forward_spectrum_cwinique_project_n
spectra used in  bandwidtl -
. ame_suffixH
extension forward transform -
Complex  wavelet  magnitud complex_bwe_inverse_spectrum_cwinique_project_na|
spectra used in bandwidth plex_bwe_ —3P —cwinique_project_

extension inverse transform

me_ suffixH

Attribute-AssistedSeismicProcessing andhterpretation 16 October 2023
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Finally, if you choose to generate the phase residues, there will be two additional files:

Output file description File name syntax
Volume containing the magnitudé
of any phase residues

Volume containing the frequency
any phase residues

phase_residue_mag_cwinique_project_name_suffid

phase_residue_freq_cwtinique_project_name_suffid

Invoking the spec_cwt GUI

To begin, click th&pectralAttributestab in theaaspi_util GUland select prograrmspec_cwt

x aaspi_util GUI - Post Stack Utilities (Release Date: 10_Decermber_2022) — O s
JJ File Single Trace Calculations | Spectral Attributes Geometric Attributes  Formation Attributes  Volumetric Classification  Data Conditioning  Help 3

Attribute Correlation Tools Displi  SPec_cmp g Toolbox Surface Utilities Well Log Utilities  Other Utilities Set AASPI Default Parameters|
SEGY to AASPI C s e AASPI to SEGY | _ 1=
format conversion | Compute spectral decomposition components and attributes Pl QC Plotting AASPI Workflows AASPI I
and spectral balance the data using a complex wavelet transforms
RXKY_CWL

| SEGY to AASPI| - Convert Poststat GY to AASPI format

amplitude_spectrum

2D SEG-Y Line rather than a 30 s Pandpass_filter

Programspec_cwtperforms spectral decomposition by usiagontinuous wavelet transform
method. The following window appears:
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X
Eile Help
Decompose the input seismic into time-frequency spectral components using the Continuous Wavelet Transform. =
Spectrally balance attributes and seismic amplitude data.
Generate statistical measures of the time-frequency spectra
I\ Compute phase residue attributes.
1 Seismic input [* H): Ijnuhnmesﬁ.frnarfzgzs.fproiect 5/GSE_AAPG/d_mig GSE AAPG_1.2-22H Browse
p Unique project name: IGSH
3 Suffix: In
l/ Verbose: r
Compensate spectra for dip? Do Mot Compensate for Dip
Inline dip {* H): | Browse
Crossline dip (* H): | Browse
Primary parameters I spatial operation window | vertical operation window | Parallelization parameters|
12 Spectral balancing parameters Reconstruction and phase residue parameters
Smoathing window (s) |u.5 CWT maother wavelat 0.260501
bandwidth {cyclesis)
Spectral balancing factor (%) |1 I—
0.5
Bluing exponent: In
Taper in Time (s) In 04 1
13 Ormsby filter applied to output I—
1
f1: (eycles/s) |.a Il—
f2: (cyclesss) |u '2—
f3: (cyclesss) IQO
fd: (cycles/s) 125
Output spectral component frequencies
Use equally or exponentially spaced frequencies? Use equally spaced frequencies | 4
Lowest output frequency, f_low (cycles/s): |1<:|
6 I\ I' Highest output frequency. f_high (cyclesis): 120
7 Frequency increment: [cycles/s) |:|
11 Spectral balance control
|
¥ spectrally balance output? [ Bandwidth extension output?
8 ‘Dutput spectral component volumes
[T want spectral mag cmpt? [ Want spectral phase cmpt? ™ Want spectral COS{phase) cmpt?
[T Want spectral voice cmpt? ™ Want spectral ridges?
9 > Output component file format:
 Multiple files - one per frequenicy componant
A single hypercube file - with frequency as axs 2
| 10 > Output attribute volumes defining the spectra
F Want peak attnbutes? FF Want spectral bandwidth and mean frequency? [~ Want spectral slope and roughness?
I Want spectral excess kurtosis and skewness? I~ Want phase residue attributes? I i
Save spec_cwt parameters for AASP| Geometric Attribute Workflow
{ch 2008-2022 AASPI for Linux - authors at Univ. Oklahoma, Univ. Alabama, Univ. Texas Permian Basin, and SISMO Execute spec_cwt

First, enter the (1) name of th&eismic Input (*.Hjle you wish to decompose, as well ag2a
Unique Project Namand (3) Suffixas you have done for other AASPI progralingou @) select

Use equally spaced frequenci#ise decomposition wilpenerate daa between §) fiow and )
frighat (7) increments of FAlternatively, click4) and choose a fixed number of frequencies per
octave.One can generat¢8) multiple spectralcomponentsas either (9) multiple 3D volumes
(one per frequency) or as a single 4Df(CDP no, Line_ng volume. More commonly, one will
generate some (10kimple spectral statistal measures of the spectrum where the peak
frequency, peak magnitude, peak phasegan frequency, spectral bandwidth, spectral slope,
roughness, excess kurtosiskewness, and phase residue are described in the theory sections
below.In almost all cases, you shoyltl) spectrally balance the data statistically remoe the
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waveletspectrum thereby better representinthe spectrum of thaunderlyingstratigraphy. (We
will return to spectral balancingndits (12)parameterdater in this documentation).

For prestack gathers, there will be a tiffrequency distribution for every traceesulting in 5D
output for input gathers of the formt,(h, CDP_no, Line_hor 6D output for input gathers of the
form @ = CDP_ré,Line_hwhereh is the offset bin and is the azimuth binFinally (13¥1

2, fzandfs define the corner frequencies of an Ormsby filter used in spectral balancing and data
reconstruction.

Attribute-AssistedSeismicProcessing andhterpretation 16 October 2023 Paged
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Theory: Gaussian analysis windows and their spectra

¢S2fAa ompyn0 RSTAYySa GKS O2yliAydzzdza ol @St Sa i)
Morlet wavelet,- m, centered about time&=0, which is simply a complex exponential of frequefacithin a
Gaussian temporal window using arizatbleJ :

yutf, @)= —exp(| 2 ) ex%e-— . 1)
Py b9

Teolis (1998) and others (including |mplementat|ons in Matlab) state thakefines the bandwidth of the

resulting spectrum. However, it is by no means a direct definition of the bandwidth as usedsigriabanalysig

community, in part becausesitinits are in seconds rather than in Hz, and in part because it defines a wig

thetimedomainratherthan inNi KS FTNBIjdzSyOé R2YIFAYy® ¢2 06SG3GSN RS

t2

g(t,s,)= J_ expae (03
where now we see that

=2 ¢ @3)
The Fourier transform of equation 2 is

2 2
G(f,s.)=ex , 4
where
-1 (%)
Si§ =50

Traditionally, the bandwidth islefined as the spectral distance between the two fadfver points of the
spectrum. Squaring equation 4 to obtain the power and setting this value to ¥; gives

G¥(fyp5 ) = expe-152 ok ©
B2 f é@ S? 85
wherefgz is the half bandwidth. Taking the natural loghm of both sides gives the half bandwidth ,as
=In(2)s?. @)
The full bandwidth is then
f,=2/In(2)s,. ®)
and
1 2p p
— = 2,0 = f = f 9
s, 1 2/In@2) * @) °
In this manner, the mother wavelet at frequenfayn equation 1 becomes
a /3
t, f., f expli 2 ex (10)
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Theory:Overviewof the continuous wavelet transform (CWT)

C2NXIff& AYGNRPRddZOSR 060& DNRaavYlyy |yR a2NXSi o6wm
finite energy concentrated in time and satisfies certain vestiablished conditions. A family of wavelet functio
can be obtained from a basi2 NJ & Y 2 ( K S Ng(t)centeredahduttiing = 0, by scaling it by a dilatio
factorsand shifting it by timeu:

Y (tus) = —y at - uo
\/_ MEES = (11)

Mallat (2009) uses the Fourier transform scaling property to show tha(fjf is the Fourier transform of the
wavelet- (t), then the Fourier transform of the same wavelet scaled,bywm(t/s), is given by 4| A (f) wheref
indicates the temporal frequency measulrin cyclegs (Hz) Therefore, if we compress the wavelet by increas
s, its spectrum will dilate, and the peak frequency will shift to a higher value. In contrast, if we dilate a w
by decreasing, its spetrum will compress, and the peak frequency will shift to a lower value. For this reg
by varying the scaling factsrsuch a wavelet family can represent broadband spectra. In addition, the sped
of each wavelet in the family maintains a constantiacébetween its peak frequency and the correspondi
bandwidth. Once a wavelet family is chosen, then the continuous wavelet trang¥urs)of a functiond(t) at
time u and scalesis defined as

+ o

D(u,9) = nd(ofy;ﬂ"é‘et— =y tus (12)

where the first superscript * indicates the complex conjugate and the second multiplicative * indic]
convolution.

Thus, the CWT algorithm can be implemented by simply convolving, in the time or frequency domain, the
trace with a reversed and scaled waveldt,u,9. Because the spectrum oft,u,s) resembles a bangass filter,
the CWT can also be interpreted as the application of a suite of filter banks to the originadl@athy order to
reconstruct the data, the values eghould be chosen to span the spectrum of the original seismic data.

In seismic exploration, we often model ze2oF F & S aSA&AYAO GNJI OS&a o6& 02y(
a Ricker waveteFor that reason, a Ricker wavelet centered about 1 Hz provides a good mother wavelet. A
common wavelet was proposed by Morlet et al. (1982), who used a complex sinusoid with fredque]
modulated by a Gaussian function with varianee

1 e|2pf(t u) e at u s

y(t,u,s)= exp 6 - (13)
St\/ 5 & =
Defining the scale in terms of th& frequency,s=1/f, and using equation 10 this becomes
_ P e p 2
t,u, f.)= f, expgi 2 u) exgp ——(f.f { u) - (14)
y (G, 1) =, 50 5 fa oxPl 2001, € ) g 2In(2)( of € u)

In the frequency domain, the Morlet wavelet represented by equation 14 is a-pasd filter centered atfjHz
with half-bandwidth offg2fiHz. Figure Al shows the real part of the Morlet wavelets and their spectra for
spectral decomposition and for bandwidth extension. In theory, the spectrum of the Morlet wavelet is nof
for zero frequency and cannot be used in the CWT. In practicest seismic data are missing the lows
frequencies, so the resulting small amount of aliasing can be tolerated when computing the CWT. It
important to compute a sufficiently dense CWT spectrum to allow a good inverse CWT reconstruction.
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Theory: Thedrward andinverse CWT

Amplitude
s
s
Amplitude

Amplitude

W e le e owoo

I
S | /S
oo I [/ J||’

|
-04 -02 00 02 04 -04 -0.2 00 02 04 -04 -02 00 02 04 -0.4 -0.2 00 02 04
Time(s) Timels) Time(s) Time(s)

0 - 50 - 100 150 200
Frequency (Hz)

Figure Al. (Top) A suite of four complex Morlet wavelets centered about 10, 20, 40, and 60 Hz with the real part
and the imaginary part in green. (Bottom) Their corresponding magnitude spectratdz (tdue), 20 Hz (green), 40 H
(red), and 60 Hz (cyan). By construction the bandwidth increases proportionately to the center frequency.

Since the Morlet wavelet is a complex function, the CWT spectral components are also complex. Figure A2 shows
of a seismic trace. The CWT magnitude representsthere rootof the energy that corredtes with the trace, while the
CWT phase represents the phase rotation between the seismic trace and the Morlet wavelet at each instant ¢
Goupillaud et al. (1984showed that the CWT preserves the signal energy and is invertible, such that the signal
reconstructed from the CWT coefficients as a convolution along the scales plus an integration along time,

d(t)=fr3D(u,s)%yM§é'T“ @s=mu3 ¥ (tuy 1s)

Perfect reconstruction is achieved for the continuous case, when, theoretidélyuandsare infinitely dense. In practice]
we need to sample sufficiently the CWT by the scalep allow a good inverse CWT reconstruction in equatién
(Goupillaudet al.,1984; Li and Ulrych, 199%)jgureA2d shows the CWT of a seismic trace and the corresponding inVv
CWT, or ICWT, reconstruction using equafidn Figure A2e shows the error in the reconstruction.

10 (a) (b) (c) (d) (g)

10 50 90 10 50 90
Frequency (Hz) Frequency (Hz)

Figure R. (a) Seismic tracand corresponding CWT(b) magnitude and (c) phase computed using a Morlet mother w
with center frequencyfe=1.0Hzand halfbandwidth fg2=0.265 Hz(c) CWT phaséd) TheinverseCWT ¢€) the error in

reconstruction.
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Theory: Thedrward andinverse CWTcontinued)

CWT wavelets: fb=0.27 CWT spectrum: fh= 0.27
=1 (Panel=1) (Panel=1)
Bl dda Y
>
; 3 P ’ P } 15
pEx F ’
E o] H
e i
12 T T 20 e 12 "
logiB(Frequency) log10(Frequency)
Bandwith extension wavelets: fb_bwe forward = 0.84 Bandwith extension spectrum: fc = 1.0, fb_bwe forward = 0.84
=1 (Panel=1) (Panel=1)
. — R 10 -
| F))
1 o5
as
g - o0 H a0
5
H
02 ¢
o 05
]
08
w g -
2 T4 o s 12 s 6 ) )
log10(Frequency) log10(Frequency)
Bandwith extension wavelets: fb_bwe_inverse= 2.65 Bandwith extension spectrum: fc = 1.0, fb_bwe_inverse = 2.65
=1 (Panel=1) (Panel=1)
’ ’ i5
g 05
.
EdrFrrrrrr— £
H
b 08
10
15
U‘B ’ (“B 12 14 ll»s |-ﬂ 20 12 14
logi0{Frequency) log10(Frequency)

Figure 2. (Left) Real paot the complex wavelets and (Right) their corresponding spectra. (Top row)
Narrowband wavelets used in the forward transform to generate spectral components, statistical
attributes, and in the inverse transform to perform spectral balancing. (Middle Bragdband wavelets
used in the forward transform for bandwidth extension. (Bottom row) Very broadband wavelets applit
to the spectral modulus maxima ridges in the inverse transform to perform bandwidth extension.

Examples of Morletvavelets

a4 RSAONAROSR Ay (KS 3aAN}Yeée (KS2NER o02EX GKS avzi
and a bandwidthfs. Other members of the wavelet family are scaled and shifted versions of the
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mother wavelet. Figure3-5 show representative wavelets constted from amoderate band,
narrow band, androad band mother wavelets. The choice of which wavelet to use depends on
the application. lder et al. (2004used narrow band wavelets in estimate spectral magnitude
discontinuities based on a Hoélder transfor@ingleton et al(2006 also used narrow band
waveletsin their Q estimation work.

a) b)

Morlet: Fb=1 Fc=1, Peak freqg=10 Hz <=> scale=0.1 Morlet: Fb=1 Fc=1, Peak freq=20 Hz <=> scale=0.05

Amplitude
Amplitude
o

086 04 -0.2 0.2 0.4 06
70 50
60
40
€ 50 3
£ 20 %
g g
g 3 £ 2
20
10 10
0 0
0 50 100 150 200 0 50 100 150 200
Frequency (Hz) Frequency (Hz)
Morlet: Fb=1 Fc=1, Peak freq=50 Hz <=> scale=0.02 Morlet: Fb=1 Fe=1, Peak freq=100 Hz <=> scale=0.01
5
3 4
2 3
g I L
= il Ea
3 0 ‘ v 3
£ E 0
< -1 <
2 ‘ b -2
3 -3
L
0.6 0.4 0.2 1] 0.2 0.4 06 0.6 0.4 0.2 1] 0.2 0.4 06
Time(s) Time(s)
35 ¢ 25 ¢
30 20
[} 25 [}
S 2 3 15
g 15 g 10
= =
10
5 5
0 0 -
0 50 100 150 200 0 50 100 150 200
Frequency (Hz) Frequency (Hz)

Figure3. A suite of Morlet wavelets plotted with center frequencies of (aH¥((b) 20 Hz, (c) 50
Hz, and (d) 100 Hin programspec_cwtthe default mother wavelet is defined witltenter
frequencyfc=1.0 Hz anch half-bandwidth fz»=0.265 Hz (variance ?>=1.00 $) giving rise to
moderate temporal and frequency resolution.

Attribute-AssistedSeismicProcessing andhterpretation 16 October 2023 Pagel4d



Spectral Attributes: Prograspec_cwt

Morlet: Fb=1.5 Fc=1, Peak freq=10 Hz <=> scale=0.1 Morlet: Fb=1.5 Fc=1, Peak freq=20 Hz <=> scale=0.05
m . . o
| 15
1
2 g 05
2 2
= = 0
E s s
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-1.5
L
06 04 -0.2 0.2 0.4 06
Time(s)
70 50
60
40
g E
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0 50 100 150 200 0 50 100 150 200
Frequency (Hz) Frequency (Hz)
Morlet: Fb=1.5 Fc=1, Peak freg=100 Hz <=> scale=0.01
Morlet: Fb=1.5 Fc=1, Peak freq=50 Hz <=> scale=0.02 4 [ T T
3 3
2 g ? r
g ‘ ' £
g | g0
= 0 S _
E LI' 1
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5L 086 0.4 0.2 4] 0.2 0.4 06
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=] ‘
. 25 ERy
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]
= 5
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0
0 50 100 150 200 Frequency (Hz)

Frequency (Hz)

Figured. A suite of Morlet wavelets plotted with center frequencies (aHi)(b) 20 Hz, (c) 50
Hz, and (d) 100 HZ he narrow band mother wavelet in this example is definedth center
frequencyf=1.0 Hz andhalf-bandwidthfg>=0.187Hz (variance ?=0.44 3), giving rise to dow
temporal resolution, buhigherfrequency resolution than those shown in Figure 3.
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Morlet: Fb=0.5 Fe=1, Peak freq=10 Hz <=> scale=0.1 Morlet: Fb=0.5 Fc=1, Peak freq=20 Hz <=> scale=0.05
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Figureb. A suite of Morlet wavelets plotted with center frequencies (aHi)(b) 20 Hz, (c) 50
Hz, and (d) 100 Hz. @broad band mother wavelet is defined wittenter frequencyf=1.0 Hz
and half-bandwidthfg,=0.398Hz (variance *=20 &%), giving rise tdiigher temporal resolution,
but lowerfrequency resolution than those shown in Figure 3.

Spectralmagnitude, phase, andvoices

Sectral decomposition generates a suite of spectral magnitude, phase, and voice component
at each timefrequency sample. Though not often used in seismic interpretation, the concept of
the spectral voice provides a particularly clear means of illustrating both the mechanics and the
value of spectral decomposition. The information content oftces is clearly understood when
one listens to a Mozart opera, wheeach of the Soprano, Alto, Baritone, and Base performers
often sing different words in harmonysigure6 shows a seismic trace, along with it time
frequency spectral magnitude, phase,davoice componentsA vertical slice through the 20 Hz
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spectral voice component is equivalent to applying a narrow passfilter centered about 20
Hz to the data.

X AASPL - Plot (temp_crop_icnzeNH) kel Sl SB)( ARSPL - Pt (remp.crop. Gaavocr IEE X AASP - lot temp.crop Sboeits) == =) S | X APt - ot (temp_crop. Mratsvr) el (5 P
Ele v ||| phe = e ||| Ere vep || || pie sep |
r r r
<< < TS 0> 0 sl B < < < TS > o> << < TS > 1] >iad il W< | <] < ST > [o>]0 i
rectral magnitude components ' spectral_phase_components spectral_phase_components spectral_voice_components
CDP number=74 (Panel=1) CDP number=74 (Panel=1) CDP number=74 (Panel=1) CDP number=74 (Panel=1)
= s — 26406 3 s S mm 1E408
" 150 150
° 26408 © ° @ TE+05
s S 3 b4
|
o 26406 100 . 10, - 56405
s s s S
= e 50 . bl = i 26405
€3 16406 €3 €3 €3
g H 0 H 0 H 1E-10
F2 1E+06 Fg F2 2
<0 50 26405
= TE« 06 = o Q]
5E405 ) 100 100 S
- ) | | o 7E+05
26405 150 150 =
o . 0E+00 o ' — a. Ty o u o 1E408
20 40 80 80 100120 20 40 60 80 100 120 20 40 80 80 100 120 20 40 60 80 100120
frequency (cycles/s ) frequency (cycles’s ) frequency (cycles's ) frequency (cycles/s )
(¢) 2008-2014 AASP! - The University of Okdahoma (<) 2008-2014 AASPT - The University of Okdahoma | () 2008-2014 AASP! - The Universtty of Okdahoma {c) 2008-2014 AASP! - The Unéversity of Oklahoma
e iblb Rt Al == - R

Figure6. A representative trace showing the seismic amplitude in wiggle display, and the time
frequency magnitude, phase, phase corrected for tway travel time, and voice components.
The output phase from prograspec_cwiis corrected for the tweway travel time (i.e. the phase

at each sample has been shifted42yft ) to better represent the phase of the reflectors rather
than the distance traveled Note the phase residues (discontinuities in phase) are readily
apparent in the corread image. The voice/t,f), is a simple function of the magnituda(t,f),

and phase, (t,f), given by(t,f)=m(t,f)coq. (t,f)]. The sum of the voices reconstructs the original
trace, d(t). Note the rapid variation in phase laterally with frequencyt=a0.8 s. Such rapid
changes require sampling with a fine frequency increm&r#Z Hz) in order to obtain accurate
estimates of the pase residue.

Displaying 4Dt(f,x,y) data volumes

To display 4D, 5D, or 6D spectral component hypercutreshe aaspi_utilmenu, clickDisplay
Tools > 4D spectral data viewer:

x aaspi_util GUI - Post Stack Utilities (Release Date: 10_Decemnber_2022) — O e

JJ File Single Trace Calculations Spectral Attributes Geometric Attributes Formation Attributes Volumetric Classification Data Conditioning Help

Attribute Correlation Tools | Display Tools Machine Learning Toolbox  Surface Utilities  Well Log Utilities  Other Utilities  Set AASPI Default Parameter:
| corender “

AASFPI to SEGY m

SEGY to AASPI T p—— — _ _
TR SRR ’ ;.ectral data viewer forr'r;a_t conversion AASPI QC Plotting AASPI Workflows AASPIPI

Plot 4D spectral volumes using aaspiprestack_\newerl
SEGY to AASPI - Convert Pc r SEGY to AASFI format
hisplot

2D SEG-Y Line rather than:  rgbh_cmy_plot

SEGY-format input file nam crossplot Browsel
(* segy.* sgy.* SEGY.*SG'  define_geobodies
SEGY header utilities: generate roses header contentl SEGY header utility |

graph

AASPI binary file datap

The following menu appears:
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K aaspi_prestack_data_viewer GUI (Release Date: 20 May 2018) - ] *
|| File Help

AASP| 4D, 5D, and 6D Data Viewer I =
| Plots 2D through 6D data velumes including offset, azimuth, and frequency gathers

AASPI Input Gathers (*.H): Ifouhome561marf2925jprojects;GSB_small;spec_\.roice_dd_cw‘t_GSB_smaII_O.H Browsel

Colorbar file: [black_white_gray.alut Browsel

Plot Title: ICWT spectral_voice_components

Axis 1 min Time: |1 2

Axis 1 max Time: |2.2

Axis 1 inc Time: |0.004

Axis 2 min Freguency: |5

Axis 2 max Frequency: IlDO

Axis 2 inc Freguency: |5

Axis 3 min CDP no.: |3500

Axis 3 max COP no.: |4500

Axis 3 inc CDP no. |1

Axis 4 min Line no.: |2?01

Axis 4 max Line no.: |2?01

Axis 4 inc Line no |2

Axis 5 min label5: |1

Axis 5 max label5: Il

Axis 5 inc label5: Il

Axis 6 min labels I]_

Axis 6 max label6: |1

Axis 6 inc labels: Il

Desired output axis 1: |T\me j

Desired output axis 2: ICDP no. j

Desired output axis 3: IFrequency j

Desired output axis 4: |Line no. j

Desired output axis 5: | -]

Desired output axis 6: I j 7
Gain panel: every —

Reverse x-axis? EI

Reverse y-axis? auto —

Want scale bar? ul

Wiaale plot instead of color imaae? [~

| (c) 2008-2018 AASPI for Linux - The University of Oklahoma Execute aaspi_prestack_data_viewer;

In this example, | will plot the spectral magnitude file caipdc voice 4d_cwt_GSB_small_Q.H
with the time axis running fastedpllowed by theCDP nothe frequency, and finally th#éhe Line
no. axes.
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CWT spectral_voice_components
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CWT spectral magnitude components
Frequency=20 Line no.=3201 (Panel=144)
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CWT spectral magnitude components
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CWT spectral_phase_components
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Figure 10. Spectral magnitude components for the same trace shown in the previous figure,
showing the effect of the bandwidth of the mother wavelet, for Hadindwidths (a)fs>=1.5Hz,

(b) fe2=1.0 hZ and (c)fs>=0.67 Hz. Note that the broader band wedets provide greater
temporal resolution, in (&) but less frequency resolution, with the magnitude varying smoothly
across the frequency axis. In contrast, the narrow band wavelets in (c) provide greater frequency
resolution, but less temporal resolutig with the magnitude varying more smoothly along the
vertical axis. For this reason the right most narrow band choice may be better suited for spectral
balancing andQ estimation, but not for interpretation of the spectral response of individual
reflectors.

Spectral balancing and spectral bluing GUI parameters

Programspec_cmmandspec_cwtare well suited for timevariant spectral balancing. At present,

the average spectrum is computed for the entire survey, and then a singlevameant spectral
balancing operator is applied to each trace. Trhgdrace spectral balancing (available in
program spectral_balancg can be dangerous, where notches in the spectra may not be
statistically averaged out, such that one can remove geologic features of interest. To invoke
spectral balancing and data reconstructiaeturn the GUI andelect the (11ajhe Spectrally
balance output?ption and define the (12apmoothing window(Knt), the (12b) theSpectral
balancing paramater " (entered as a percent), the (12tf)e Bluing exponent , andthe (12d)
Taper to be applied to the top and bottom of the input data to avoid Gibbs phenom&hase
parameters are defined in the theory section below.
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Primary parameters Spatial operation window l Vertical operation window'?araﬂelization parametersl

Spectral balancing parameters Reconstruction and phase residue parameters
323 Smoothing window (s) CWT mother wavelet 0.260501
bandwidth (cycles/s)
12b Spectral balancing factor (%) o . ,05—
12¢C Bluing exponent: :
1 Zd Taper in Time (s)

Ormsby filter applied to output
f1: (cycles/s)

f2: (cycles/s)

=3

11T
I

f3: (cycles/s)

—
N
o

fa: (cycles/s)
Output spectral component frequencies
Use equally or exponentially spaced frequencies? uUse equally spaced frequencies

Lowest output frequency, f_low (cycles/s): |10
Highest output frequency. f_high (cycles/s): 120

Frequency increment: (cycles/s) |s
Spectral balance control
11a IV Spectrally balance output? ™ Bandwidth extension output?

If the spectral balancing or spectral bluing options are chosen, the results are in the reconstructed
data filed_recon_unique_project_name_suffixJHneither of these two options are chosen, the
reconstructed data should look nearly identical to theuhgata so long as a sufficient range and
density of frequencies have been requested.
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Examplel: Spectral balancing of the Great SouBasin survey

Input Seismic Amplitude Data
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o
Average (t-f) Spectral Magm(ude for anr«. Survey Average (t-f) Spectral Magnitude Ior'Fﬁ['r‘?ur\c\ Average (t-f) Spectral l\lagm(ude for Fnllrc Survey 0
(1) Smoothed (2) Original, (3) B 1 (Panel=1Magnitude (1) Smoothed (2) Original, (s)a lanced=2 (Panel=2)Magnitude (1) Smoothed (2) Original, (3) Bal, nel=3Magnitude

Time
Time

Figure 15. (Left) The vertically smoothed average magnitude spectrum. The unsmoothed average
magnitude spectrum of th&SB_smadlurvey (Middle) before and (Right) after spectral balancing

dzaAy3a + FLFOU2NI 2F hlndnwm 6mM LISNOSyido®
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Theory:Spectralbalancing andspectralbluing

Flattened spectra are obtained by balancing the power. The power ofi'thieace is simply the spectra
magnitude squared:

P(t f)=a(t f). (16)
This spectral magnitude is averaged over all tra@ds m I XhE ¥arvey and @K+1sample vertical analysi

window to obtain the average power for each time slice

1 A
a ar(t + if). 17)

Pt f)=—o—
D= T8, &

The peak of the average power spectrum at time defined as
Pread) =MAX gP, (1 f) . (18)

With these definitions and a prewhitening valuehof).01 (1%) the flattened magnitude spectrum is compuf]
as

[y
=
N

Prear(t)
Pavg (t' f ) +ta I:)peak( t)

flat é
a(t,f)=¢ a(t f). (19)
e

[(eZe ]

Traditionally, the goal of seismic processing was to produce a flat spectrum. However, Neep (2007) ang
odAt G 2y SFENIASNI aO2t2NBR AYOSNEAZ2YE $2N)] (KL $
asf where 0.0 < < 0.4. The more general spectral bluing filter is then

1

=
N

Prea()
Pavg (t’ f ) +ta I:>peak( t)

blue — é, b
a] (t,f)_g f2a (t, f) (20)

[(eZe ]

Statistical measures of the spectra

If time and disk space permit, the interpreter should animate through all the magnitude and
phase spectral components, using pattern recognition to identify depositional, diagenetic, or
structural patterns of interest. Although such animation is possiliierwrestricted to one or two
geologic formations, for very large 3D surveys there are too many volumes to use as a data
scoping tool. The second approach is to corender three key components using RGB, using
commercial software or AASPI prograiorender. Modern interpretation software allows the
interpreter to interactively adjust components to determine an optimum combination.

Ly FEGOGSNYFGAGS G2 O02t2NJ of SYyRAYy3I A& G2 02 YLz
(1979) instantaneous attribugeprovide a measure of the average frequency and bandwidth for
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isolated Morlet or Ricker wavelets. If the power spectrum is Gaussian with a meaaraf
standard deviation , the average frequency and the peak frequency are botthe bandwidth

is 2, the skewness is 0, and the kurtosis is 0. However, almost all seismic data have been
spectrally balanced in the processing shop prior to loading onto the interpretation wtiddsta
Further spectral balancing can be applied using AASPI progpats cwt spec_cmp and
spectral_balanceto minimize the effect of the source wavelet, such that the Gaussian
approximation is inappropriate. For that reason, Zhang et al. (2008) prooseite of statistical
measures based on the histogram of the spectrum at each voxel which we modify here.
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Theory: Statisticameasuresof the spectra (peak frequency, peak magnitudeand
bandwidth)

The peak spectral frequency and pesgectral magnitude

The mode is one of the simplest statistical measures and can often be directly related-bethtoning (Figure
A3), where the tuning thickness in tweay traveltime,Twning= 1/(2*f peay). If the spectrum atldiscrete frequency
sampes, the peak frequendyeakis defined as

Foeax =0ufj #D6 _+0:6 .. w7

where

. e el [’

Jpeak = MIN \:,AF\;G 8Ea( f peaQ H' (22)

and where b1, b2, and bs are interpolation weights obtained by fitting a parabola through the vall
Jpeakd? "~ I peak” andfj pealt 1"

The same parabola provides the magnitude at the peak frequency:
a'peakl a( fpeal) :Cld 1; —)+ Czd Tpeag+ CSQ jf +l' (22)

The spectral bandwidth

peak peak

In physical acoustics, the bandwidth is defined as the frequency distance between the lowest and highe
magnitude frequency components

W2) @2)
bt fhigh 'flow )

a( f<1’2>) L MIN g% a( f

where

low peak)
,and (23)

@/2)) 1 é,}
a(1%?) MAX & a( o) -
The mearspectralmagnitudeand the mean spectral frequency
The mearspectralmagnitude is simply

1.
amean1 —a a( fj) (24)
J 7
andmean frequency is
J
a a(ff,
j=1
fean - ‘J— (25)
a a(f)
j=1

The pealspectral magnitude above the mean

Stronger events will have a stronger peak magnitude. To better estimate how strongly an event is tuned

compute the peak spectral magnitude above the mean:

a 1
“heak_above_mean

o ~
@ peak & me

Attribute-AssistedSeismicProcessing andhterpretation 16 October 2023 Page28



Spectral Attributes: Prograspec_cwt

Theory: Statisticameasuresof the spectra éffective kurtosis and skewness)

Spectral kurtosiand effective kurtosis

Kurtosis is computed from the fourth moment of the spectra

3 4
a @( f]) fj - fmean H
k1 =

> 27)

el | 2 u
‘[a @'(f]) fj - fmean Ql;l
I =t y
In statistics, @hin-tailed platykurtic distribution has truncated or shorter tails than a Gaussian, with valug
k<3. A mediurtailed mesokurtic distribution has similar tails to a Gaussian distribution which has a value g
Finally, a thickailed leptokurtic distibution has longer tails than a Gaussian and has values oFde>8is
reason, a more useful measure is the effective kurtosis

o 4
a @( fj)fj - fmean H

kgt k 3 == - 3, (28)

eJ . 2 U
‘|,a @( fj)fj - fmean Hl;l
ii= y

where a Gaussian distribution hastF n >~  Hailed platyKurtic distribution hasker<0, and a thickailed
leptokurtic distribution hasker>0.

Spectral skewness

Skewness is computed from the third moment of the spectra and measures whether the distribut
asymmetric about thenean value:

g 3
a () - frea @
j=1

Sl

e 2 ?le - )
‘|, a %9( f]) fj . fmean ﬂl}
y

I j=1

In statistics, a distribution with s=0 (such as a Gaussian distribution) is symmetric about the mean. Distri
that are skewed towards higher values have s>0, whereas distributions that are skewedls lower values
have s< 0.
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Spectral response of common impedance changes
Spectral response ofdascrete jump in imgdance

If the impedance in a shallower layeiZisand the impedance in a deeper layesthe reflection
coefficient is

_Z Zm 4 o
t f 30
R(Y) = 7 (30)

wherel have added the last term to show thttere is no change in frequency. The change in
phase is 0° foR(t)>0 and 180° foR(t)<O0.

Seismic response of a thin bed embedded in a constant impedance matrix

For a thin bed of constant impedanZeand thicknes3 embedded in a matrix of impedane,
the reflected wave has the form

Z,- 4 T e4 -2 %
u(t) = ex i0f— : 31
()= : Z pg ip 2 Wz w2, exp gd— \ (31)
aAy 3 9dszNDa T2 Ny dzf |
exp(g)= cos g+ sin, (32)
such that
exp(ig)- exp(-i g 2 sin , (33
equation 3 becomes
_ Zle e T u rZ Zl

ex S+ f— 2 ex — 2 sin 34
AIIowmtho approach zero gives
- . z, Z, -7
I|Tr_n!)t u(t) —Ilg_ut Zz+212 isin(pfT) =32 d 'ID—+Zl (35)

such that spectral response of a thin bed increasei8'a3here is also a 90° phase change.
Seismic response of a thin bed embedded imamasing impedance matrix

[ SG§Qa y2¢ |aadzyS GKS alyS 3IS2YSGNE a (KS
Z, embedded layeP, and lower mediunZs, whereZs- Z=2-z. [ Zj{i.e. the change in

impedance is the same giving rise to nearly titei reflection coefficients(t). In this case, the
reflected Wavefield has the form

u® =r)§ expg +20f gz g § 2 )cos(B . (36)
Letting Tapproach zeraives
lim R() =2r(1) %fo, (37)

such that there is no spectral change with frequency and a phase change of either d&Q@j>0r
and 180° foR(t)<0.

Attribute-AssistedSeismicProcessing andhterpretation 16 October 2023 Page30



Spectral Attributes: Prograspec_cwt

Spectraresponse of a linear increaee decreasén impedance

If the impedance increases linearly within a layer and has the form
Z(h=a +h, 41)
wheret denotes the tweway travel time, then the reflection coefficient has the form
R() = Z(t+at/2) -Z(t #12) _ b

Z(t+at/2) Z(t -tl2) 2
For an incident wave of the form exi{ & the reflection response to such a linear increase in impedance

(42)

e : b _exp( 2 o)

t) = t ft 2t Y td =—F——, 43
u(®) =a Rexp(ip ft) i, exp( 24t ) a4 b (43)
Or at time t=0, the reflection coefficient from the ramp is

()——'b (@)

4 ff

such that thespectral response decreases vitequency a$? with a +90° phase shift depending on the sign
ofi.

Thus, for a simple ramp, the reflection response acts as a simple integration, increasing the low frequeng
content and rotating the response B90°depending on the sign of.
{SAaAaYAO NBalLRyaS 2F | FAYAGS NIYL 2F (KAOlySaa

For aramp of finite thickreda = ¢S ySSR (2 I 002dzyd F2NJ G2 SyRLI
about the origint:O:

u(t) = FL “expipit) o _M

14
o 12 )
b é e T o Og_b .
=———iexpd pf — rexp i ,lf— i g=—— sin(f@
T E 8P 4 s Ui

[ SGQa FaadzyS (GKFd GKS @I f dzS 20p and oSom bithel@uRmre defhed
by
Z(- O/2) & bT/ID Z, (47a)
and
Z(+D/2) & BTIR Z, (47b)
such that
b:ﬁ_ (484)

DT
and

_L,+2, i

2
Inserting equation8a and8b into equation6 and aIIowintho approach zero gives
_ e b o Z,-Z
limit u(t) =limit sin[pf O] =—— pf (49)
DT -0 o 0g2 pf 2 az, +Z1

which is the correct reflection coefficient for a dlscrqmenp in impedance.
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Theory: Statisticameasuresof the spectra ogarithmicslope and roughness)

For very thin Type | reflectivity layering, the first tuning peak occurs beyond the vdia e
balanced spectrum, such that the spectral magnitude increases linearly befiwardfs. For linear impedance
gradients that in certain cases may be@sated with upward fining and upward coarsening sedimentation, 1
spectrum varies inversely with the frequency betwdeandfs. A simple jump in impedance gives no change i
the spectrum betweeriz andfs. These end members can be measured by computing the slope of the logari
of the magnitude spectrum against the logarithm of the frequency. The logarithmic slope is closely related
Hélder (also called the Lipshitz) exponent described by Li ard (2004) Definingj2 andjs as the indices of the
discrete frequencie® andfs, wesimplyminimize the error;:

ej:(mlog f+ c)-logga( f)

wherem is the unknown logarithmic slope amds en unknownconstant. To do so, we define the weighted
normal equations

WAX =Wb &Y

where the matrix

A :gog(sz) log(f,..) - log(f,) %1 (51)
é 1 1 1 l;

the unknown vector
x=[m (jT : (52)

and the righthand side is

b={logga(f,) glog a@.) g logga(f,)}g- (53

In general, the data will have been spectrally balanced, with the average spectrum of the denaed as
a(t, f)at timet. In order to make the spectrum flattgbut noisier) than provided by spectral balanciwge

redefine the values of( f;) to be a( f, )/?i( t f ) . Because we have less confidence in these rescaled va

we weight them by a digonal matrix

w :?a(t, f,) if k=] (54)
10 itk . |

ik
The standard weighted leasguares solution is to form the normal equations by multiplying both side
equation50 by the transpose ofVA which isATWT

ATWTWAXx =A W Wb . (55)
Inverting the (now square 2x2) matrix gives
x=(A"WWA)A W Wb . (56)

Spectral roughness

The error between this linear estimate and the measured spectral ratios is given by

e= W[AXx b], (57)
Providing an estimate abughness ohow well the linear model fits the data:
I -
b"W Wb

which will range in value betweeh(a very poor fit) and (a perfect fi).
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Example2: Statistical Measures of thepectra(Great South Basin survey)

peak magnitude above average magnitude
Time=1.48 (Panel=8)

peak magnitude
Time=1.48 (Panel=8)

s s
c c
o o
o [=]
o o
2, ST - < = sl 2
3600 3400 3200 3000 3800 3600 3400 3200 3000 2800 2600
Line no. Line no.
frequency at peak magnitude ( cycles/s phase at peak magnitude (degrees)
Time=1.44 (Panel=7)
s s
c c
o o
=] [=]
o o
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Line no.
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CWT mean frequency (cycles/s )

Moan frequency (cycies's)
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Line no.

CWT spectral bandwidth (cycles/s )

Time=1.44 (Panel=13) Bandwiath (cycles's)

CWT spectral excess kurtosis
Time=1.4 (Panel=11)
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CWT spectral skewness
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Corendered frequency at peak magnitude ( cycles/s ) peak magnitude Input Seismic Amplitude Dat:
(Panel=1)

Time

CDP no.

Corendered phase at peak magnitude (degrees) peak magnitude Input Seismic Amplitude Data
Line no.=3201 (Panel=36)

Time

dered spectral (percentile-trimmed) bandwidth ( cycles/s ) peak magnitude Input Seismic Amplitud

Line n0.=3201 (Panel=36)
~ 100

Time

4000
CDP no.

Figure 13. Representative vertical slices obtained when selecting \Want peak
attributes and Want spectral bandwidth and mean frequenoptions for the
GSB_small survein this case corendered with seismic amplitude using a binary-black
white color bar using AASPI progranrender. (Top) Peak frequency plotted against
polychromatic frequency color bar corendered with peak magnitude plotted agair
monochrome gray dor bar. (Middle) Peak phase plotted against a polychrom:
cyclic color bar corendered with peak magnitude plotted against a monochrome
color bar (Bottom) Bandwidth plotted against a polychromatic frequency color
corendered with peak magnitudaotted against a monochrome gray color bar.

Attribute -AssistedSeismicProcessing andhterpretation 16 October 2023 Page35



Spectral Attributes: Prograspec_cwt

CWT spectral slope
Time=1.44 (Panel=7) Spectral Slope

CWT spectral roughness

00 2800

Corendered CW'T spectral slope CWT spectral roughness Corendered CWT spectral slope CW'T spectral roughness Input Seismic Amplitude Data
Time=1.44 (Panel7) Specta Slope Line n0.=2501 (Panel=1) Spectral Slope
N— - — A 20

CAIdzZNBE mMnd 6¢2LJ0 ¢AYS afA0Sa GKNRdAAK (K¢
g2t dzySad b2GS GKIG Ay Y20 FTNBBIE YERSET A\
KAIK @I f dzS&d 26F[ NEeIIMK[ySRi v / 2NBYRSNBR f 23
I Rdz £ LRNBRBMDBEIOBStyf 22 2NDFND FyR aLISO0
' Y2Y2O0KNR2YS aANI& O2f 2 NN NJysRA 2RI NSy aZ8i
NAIKGO ! OSNIAOFE aft A0S aKz2égAy3d O2NBYRSI
aSAaYAO FYLX AGdzZRS® ! NBlFa GKFEG FNB ImNre |
[ hDOFNBIU Y2RSt o

Limiting the zone of application

There are two reasons to limit the zone of application. The first is simply to limit the amount of
output when requesting multiple spectral components by limiting the time window of
application. The second is for parameter testing, such as the percentagectral balancing or
bluing to use. There are two tabs that control the amount of outpttte first defines theSpatial
Operation Windovwhile the second defines thEemporal Operation Windawlhe definition of

the spatial operation window is similao tmany other AASPI applications. In this example, the
input is a stacked 3D migrated data volume, such that are three @tase, CDP no., and Line
no.
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Primary parameters :_Spatial Operation Window | Temporal Operation Window| Parallelization parameters
Min CDP no |950
Max CDP no.: |2950
Min Line no.: |3550
Max Line no.; |44?0
Min - |1
Max |1
Min - |1
Max |1

Number of traces in memory |1000
on master for synchronization:
Maximum memory on master in Gbytes: |2

If the input is a suite of prestagkigrated gathers, the grayedut boxes provide a means of
limiting the range of azimuths and offsets processeuinplydefine the range of CDPs and lines
that you desire to process.

Primary parameters ] Spatial Operation Window Temporal Operation Window] Parallelization parameters

Help - Horizon Definition

Fixed time window?: o
Compute about and between two horizons?:

Compute about a single flattened horizon?:

Start Time in s: |1 5
End Time in s: |2 5
[-01
[0
Choose horizon type: |gridded (e.g. EarthVision) -
Number of header lines to skip: |o
Total number of columns: |5
Column number of line_no: |1
Column number of cdp_no: |2
Column number of |5

time or depth picks:

znull value (indicates missing pick) |-999999

Vertical axis of picked surface?

Vertical Units of ms

Picked Horizons

In this first example, we click tHéixed time window®dutton, which grays out all of the other
boxes except thétart time in sand End time in @reas. This option is common to many other
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AASPI programs, where the default is the complete range of the input data volume to be
analyzed.

If we click the Computebmut and between two horizonsutton, the previous two options are
grayed out.

Primary parameters ] Spatial Operation Window Temporal Operation Window] Parallelization parameters ]

Help - Horizon Definition

Fixed time window?: (‘
Compute about and between two horizons?: &

Compute about a single flattened horizon?:

o
[3.152
Input shallower horizon filename |.fouhomesﬁjmarf29251projectsﬂ'uw3df20ne27Upper Browse
(Choose horizon type below:) View horizon file| Convert DOS to Unix

Window start wrt shallower horizon in s |-D 1
(vertical axis positive down)

Input deeper horizon filename |/ouhomes6/marf2925/projects/Tui3d/Zone2_Lower] Browse
(Choose horizon type below:) View horizon file| Convert DOS to Unix

Window start wrt deeper horizon in s |0_1
(vertical axis positive down)

Choose horizon type: ‘gridded (eg Ear‘th\ﬂsion)j
Number of header lines to skip: ‘g
Total number of columns: ‘5
Column number of line_no: ‘1
Column number of cdp_no: ‘2
Column number of ‘5

time or depth picks

znull value (indicates missing pick): ‘.999999

Vertical axis of picked surface? o
ertical axis of picked surface e T

Vertical Units of ms -
Picked Horizons:

We are now prompted to add an upper and lower horizon file nashevell as aelativestart and

end time to those two horizonsAt present, there are two horizon formats supported, a gridded

6ta Ay EX & O2yidNRf B3IPlihe/raap) EariNYisian| fgral, saéd aR ST A Y
interpolated format (such as from Kingdom Suite and SeisX where each trace has a corresponding
picked time). More formats are possible, but you will need to send us a definition of the format.
Selecting theComputeabout a single flattened horizdsutton requires only a single horizon and

a window of relative start and end times about it. As you can see below,"tHe#zon is set to

be equivalent to the (previously upper) single horizon and is grayed out:
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Primary parameters | spatial operation Window Temporal Operation windowl Parallelization parameters

Help - Horizen Definition

Fixed time window?: e
Compute about and between two horizons?:

Compute about a single flattened horizon?: &

Start Time in s: Io

End Time in s: |3 152

Input single horizon filename IfcuhomesﬁfmaerQ25fprojectsfl’ui3d;‘20ne2_Upper Bruw&el

(Choose horizon type below:) View horizon ﬁlel Convert DOS to Unix

Window start wrt the single horizon in s I.o_l
(vertical axis positive down)

Mo second horzon needed I;ouhomesﬁ,fmarfzg25,fpr0|'ects,-'Fui3d,,‘ZoneZ_Upper Browsel
(Choose honizon type below:) Wiew horizon filel Conyert DOS to) Uik

Window start wrt the single horizon in s |0_1
(vertical axis positive down)

Choose horizon type: Igrldded (e.g. Ear‘th\f\smn)j
Number of header lines to skip: |n
Total number of columns: |5
Column number of line_no: |1
Column number of cdp_no: |2
Column number of |5

time or depth picks

znull value (indicates missing pick): I.gggggg

) . ) a
Vertical axis of picked surface? Positive Down |
ms hd

Vertical Units of
Picked Horizons:

More detailed discussion on thEemporal Operation Windotab can be found under its own
Helpg Horizon Definitiortab.

The output computed between two fixed time levels is easy to undertand. In this example, |
constructed the spectrally balanced output tall between 1.5 s and 2.5 s:

CWT reconstructed data. pc_fnorm= 1.00 fb= 0.26

(Panel=1) Amplitude

8.0E+06
6.0E+06
4.0E+06
2.0E+06

4.7E-10

Time

-2.0E+06

-4.0E+06

-6.0E+06

-8.0E+06

Figure 14.
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The output of thenexttwo optionswill be different.
Generatingoutput about andbetweentwo horizons
In the example below, | chose the upper and lower horizons to be the same, thereby computing

data about a single horizon butithout flattening. The output data window is defined to be that
of minimum and maximum of the two padded horizons:

CWT reconstructed data. pc_fnorm= 1.00 fb= 0.26
(Panel=1) Amplitude

6.0E+06
4.0E+086
2.0E+06
4.7E-10
-2.0E+06
-4.0E+06
-6.0E+06

Time
21510 WBONIEINBESNTS

Figure 15.
Generatingflattened output

The appearance and use of flattened spectral components and spectrally balanced seismic data
is easy to understand but quite complicated to compute. Specifically, the AASPI developers
believe that the use of spectral componenhing effects as an estimate of relative bed thickness
should only be done on spectrally balanced data. If the data are not spectrally balanced, any
reflector tuning effect will be overprinted by the ndfat shape of the effective seismic source
wavelet Because a picked horizon may have significant structural releif, thisviamant spectral
balancing should be applied to the data before flattening. The algoritterefore involveswo

steps. First, the spectra are computed on the unflattened datanmporal range that spans the
padded horizon. Second, themiter input datavolume isflattened, the spectra computeth the

target area and the scale corresponding to unflattened location is applied to the results.
Flattening the entire data window implily provides sufficient data padding such that the results

at the top and bottom of the output window are as accurate as at the center of the window.

The flattend, spectrally balanced, and reconstructed flattened seismic amplitude data along line
4000 of the Tui3D survey looks like this:

CWT reconstructed data. pc_fnorm= 1.00 fb= 0.26

Amplitude

1000 1250 1500 1750 2000 2250 2500 2750

Time

where the vertical axis ranges betweed.100 s and +0.100 s. Three representative spectral
components along this same line look like this:
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CWT spectral magnitude components
Frequency=25 (Panel=1)

T
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Time
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CWT spectral magnitude components
Frequency=50 (Panel=2)
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CWT spectral magnitude components
Frequency=75 (Panel=3)
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Figure 15Vertical slices through three flattened subvolumes.

A representative time slice0.080 s (above) the picked horizon throutite three flattened
spectral components of the Tui3D survey looks like this

CWT spectral magnitude components CWT spectral magnitude components CWT spectral magnitude components
Frequency=25 Time=-0.06 (Panel=31) Frequency=50 Time=-0.06 (Panel=32) Frequency=75 Time=-0.06 (Panel=33)

B

45000

CDP no.
CDP no.

Y

> it i Yt S, 3 o st L <
4400 4300 4200 4100 4000 3900 3800 3700

i oot M - ¢
4400 4300 4200 4100 4000 3900 3800 3700 4400 4300 4200 4100 4000 3900 3800 3700

Line no. Line no. Line no.

Figure 16Time slices through three flattened esgtral subvolumes.
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Bandwidth extension

The AASPI implementation of bandwik SEGSyaAizy A& ol %8022y al f
concept of approximating the seismic response by convolving a wavelet with the maximum
magnitude locations of the ridges the CWT magnitude spectrum.

Theory: Bandwidth extension based on Waelet Transform Maximum Magnitude Line
(WTMML)

Unlike spectral balancing whose objective is to equalize the contribution of each measured spectral com
thereby improving resolutionbandwidth extension generates spectral components that fall above and b
those of the measured data. The creation of these extended components is +basked], with the most commor]
model being that of piecewise smoothlarying impedancewhose interfaes are represented by a suite (
RAaAONBGS NBFtEtSOGA2y S@Syiliad {dzOK adall NES &aLA] S
the underlying model of maximum entropy and other advanced deconvolution algorithms. Portniaguin
Castagng2005) and Smith et al. (2008) show the interpretive value of bandwidth extension; howevér,
implementation details are proprietary. Here we implement a similar algorithm described by Matos and M
(2011) based on work by Mallat and Zhong (1998bwhowed that the original signal can be approximat
reconstructed using a multiscale edge representatiBpecifically the bulk of the seismic response can
represented by the phase, 6 (addfnagnitude (or modulust,f) of the complex spectraldges at each spectra
component,

D(t. f;)=at,. f)expg € .f;). (59

where

t(f,) = ARG{ MAX ga(t, f,) Jg or (60
J K(j)

dih° & ab. fy (t -u. f. &), (61)
71 k %

where the bandwidtHg, is the same as used in the forward transform. Mallat and Zhong (1992) called the
maximaa(tf)or Ari dgeso the wavelet transform maxi mu
approximation given by equatid@1i are achieved by iterating on the rasil and by interpolating the input
seismic data, thereby decreasing the temporal sample interval between skrBgledwidth extension is then
obtained by replacing the wavelgty jtfg) viith waveletsy ( jtfe”°f% having broadebandwidth.in our
implementation, we use percentage of the maximum magnitude of each trace to provide a threshold,

B+ EMAX g8, T) (62)

WTMML values greater thaaainwill be used in the reconstructionvhile those less thaaminwill be discarded.
The WTMML data using the forward CWT will be subtracted from the original data, forming a WTMML re

The major weakness of bandwidth extension is the underlying sparse spike model. Smi{R@2&)l teach that
one should validate such a model by generating synthetic well ties with the original and bandwidth ext
data. Improved correlation of the synthetic from the bandwidth extended data indicate the underlying mo
valid and the bandwith extended data can be used; conversely, decreased correlation indicates the undeg
model is invalid and the bandwidth extended data should be rejected.
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Bandwidth extension GUI parameters
To implement bandwidth extension (11b) place a checkmark in front dB#melwidth extension
output?option. A popup menu appears warning that the interpolated component results may

be unreasonnably large and fill up your disk.
Warning

= Bandwidth extension requires dense spectral sampling up to Nyquist
Avoid outputting individual spectral magnitude, phase, or voice components.

If desired, modify the éfault spectral bandwidths for the (14a) forward and (14b) inverse CWT
bandwidth extension transforms. In general, you will want to first (14c) interpolate the input
seismic data to a finer sampling interval. Such interpolation results in more accurapeitaiman

of the wavelet transform maximum modulus lines (WTMMLS) as well as a necessary sampling
rate to support the extrapolated higher frequency components. Be forwarned that the cost of
computation increases with the amount of interpolation. Values of 2 are usually sufficient.
Internal to the software, the actual values of the WTMMLSs are interpolated to fractional sample
values.The reconstructior{14d)ridge thresholdamin is controlled by the value ¢fin equation

62 expressed as a percentage. Finally, enter the (14e) number of desired iterations. If your test
volume is small, you may wish to examine the (15) WTdjpctral ridgess well as some of the
spectral magnitude and phase components.

Primary parameters I Spatial operation window |Verti:al operation window] Parallelization paramelem]

Spectral balancing parameters Reconstruction and phase residue parameters

Smoothing window (s) 05 CWT mother wavelet IU 26501
i bandwidth (cycles/s)
Spectral balancing factor (%) 1 Bandwidth extension wavelet IO 5
Bluing exponent: 0 forward transform bandwidth (cycles/s)
: ,_ Bandwidth extension wavelet Il
Taper in Time (s) 0.04 inverse transform bandwidth (cycles/s)
Ormsby filter applied 1o output Interpolation factor |2
2 I i |

fl: (cycles/s) 2 Reconstruction ndge_threshold (Percent): 1
f2: I

lcycles/s) 4 Maximum number of iterations : |2
f3: (eycles/s) 124
f4: (cycles/s) 125

Output spectral component frequencies
Use equally or exponentially spaced frequencies? Use exponentially spaced frequencies

Lowest output frequency, f_low (cycles/s): 5
Highest output frequency. f_high (cycles/s): 124
Frequencies per octave: 5

Spel:lr al balance control

[ Spectrally balance output? = Bandwidth extension outpLit?| m

Qutput spectral component volumes
[T Want spectral mag cmpt? [~ Want spectral phase c ectral COS(phase) cmpt?
™ Want spectral voice cmpt? [~ Want spectral ridges? 15

£
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CWT 4d spectral ridges WTMML voices bw=0.5 Hz WTMML voices bw=1.0 Hz WTMML voices bw=2.0 Hz
CDP n0.=3600 (Panel=11) CDP n0.=3600 (Panel=11) CDP n0.=3600 (Panel=11) CDP no.=3600 (Panel=11)

[ 6000 [ 8000 [ 6000

1000

- 4000 [~ 4000 - 4000

2000 2000 2000

Time
>
3
]
mme
o
Time
o
Time

-2000 -2000 -2000

-4000 -4000

-4000

-6000 -6000

-8000

By o By o
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Figue 16. (a) Magnitude of the wavelet transform maximum magnitude lines (or ridges) for a
representative trace. There is also a phase for each ridge. (b) The same WTMML ridges convolved
with a family of wavelets with a mother wavelet bandwidth f0.5Hzis used in the forward
transform. Ridge magnitude and phases used in (a) and (b) but now reconstructed and there by
extended using mother wavelet bandwidth dfc)fe=1.0 Hz, and (d) ofz=2.0 Hz.
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Spectral Attributes: Prograspec_cwt

CWT d_residual (unmodeled) data 2 iterations
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