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1.0 Introduction

1.1 What is BSDSolver™?

BSDSolver' is a program that facilitates the implementationtte# Principle Phase Decomposition
PPD " technique [1], [2] & [3]. It uses a seismic decohution algorithm, which allows for the
estimation of the source wave and reflection series

Seismic deconvolution is one of the most widelyeegshed and implemented seismic signal
processing tools. The primary goal of seismic dgotution is to remove the characteristics of the
source wave from the recorded seismic time sepethat one is ideally left with only the reflection
coefficients. These coefficients identify and qufgnthe impedance mismatches between different
geological layers, which are of great interesti®geophysicist.

A very challenging and yet common seismic decorvmhuproblem is where the source wave is
unknown and has the potential for time variatiorhis is referred to as blind seismic deconvolution
(BSD): the situation where we have one known (mesmkseismogram with additive noise) and two
unknowns (source wave and reflection coefficientd)PD" is designed to solve blind seismic
deconvolution problems.

BSDSolver includes the following features:
Configurable for either geophones or accelerometers
Extensive frequency spectrum analysis.
Bandpass, high pass, low pass, and notch frequiigitsl filters.
Vertical seismic profile display with trend linetiesation.
Display of peak particle accelerations, velocites displacements.
Implementation of the PPbtechnique for source wave and reflection serigmasion.
Implementation of the water level technique forleetion series estimation based on an
inputted PPD estimated source wave.
Extensive chart editing, plotting, and exportingdtions.

1.2 Organization of user’'s manual

The purpose of this manual is to instruct useB®DSolver' in the use of the program by explaining
the mathematical background and the program sueictaking the user step by step through the
program menus, and specifying the use of interagraphics and 1/O routines.
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2.0 PPD™ Mathematical Background

PPD" is an analysis technique that facilitates blingsié deconvolution allowing for the estimation
of the source wave and reflection series. In seisgy, the most important seismic model is, in
general terms, written as [1]

Z(t) = S(t)* n(t) + v(t) (1)
where

z(t) : the measured seismogram.
S(t): the seismic wave which is a superposition ofreand instrument responses.
(t): the reflectivity of the earth which consistsaif primary reflections as well as all surface and
internal multiples.
v(t): the additive noise, generally taken to be whith\a Gaussian pdf.
* . denotes the convolution operation.

A fundamental task for the seismologist is to eatarthe impedance as a function of the depth fiem t
recorded seismogram. A commonly adopted simple einad applied seismology is that of a
horizontally layered, one dimensional earth, reférto as the Goupillaud layered medium [1]. Here
the impedance of thidh layer is defined as

e =V, (2)

where ( andv, are the density and velocity in th#h layer, respectively. The relationship betwegen
and , the reflection coefficient (assuming only primaeylection) of thekth layer, is

m = €+~ E (3)
€t 6
Rearranging (3) gives
1+ k 1+m (4)
ek+1 = ek —,r’z = 91 !
1-m =1 1- m

Therefore, it is required to estimate the reflattseries, in order to determing.. This means that in
extracting the reflection series the source wavstrfitst be estimated and then deconvolved from the
recorded seismogram.

An alternative mathematical representation of #wrded time serieg(t), defined in (1) is given as
2(t) = m)S(t- £)dt +v(t) (5)
The discrete representation of (5) is given as
“ 6
()= mi)Sk- (i-D)+v(k), k=12 N (6)
i=1

where N is the length of the time series.

BSDSolver User's Manual ©Baziw Consulting Engineers Ltd 2
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The primary goal of seismic deconvolution is to cethe characteristics of the source wave from the
recorded seismic time series, so that one is iéedt with only the reflection coefficients. Thes
coefficients identify and quantify the impedancesmatches between different geological layers that
are of great interest to the geophysicist. A v@mgllenging and yet common seismic deconvolution
problem is where the source wave is unknown. Thigeferred to as blind seismic deconvolution
(BSD): the situation where we have one known (mesmkseismogram with additive noise) and two
unknowns (source wave and reflection coefficients).

In the PPD’ algorithm an innovative model of the source wavatilized. This source wave model is

referred to as the amplitude modulated sinusoid $\M],[2] and [3]. The AMS is demonstrated to be
a highly robust and accurate approximation for manglytical representations of seismic source
waves, such as the exponentially decaying cyclicef@am, the mixed-phase Berlage wave, the zero-
phase Ricker wave, and the zero-phase Klauder waveddition, the AMS wave has proven to be
very accurate in modeling seismic data acquirethduyrassive seismic monitoring and vertical seismic
profiling.

The mathematical representation of the AMS souraeews given as

%, (t) = X, (t)sin[ut +/ ] (7)

where x;(t) is an approximation to the seismic source wagé) is the seismic wave's amplitude
modulating term (AMT), is the dominant frequency of the wave, and the corresponding phase.

Amini and Howie [4] and [5] utilized a finite diffence program (FLAC) to model downhole seismic
source waves. Figure 1 illustrates the simulatedce wave generated by Amini and Howie obtained
by personal communication. This source wave wagigged by assuming a uniform halfspace with an
in-situ shear wave velocity of 180 m/s and a samgpinterval of 0.02 ms. Superimposed upon this
finite difference source wave is a scaled 140 husbdid with zero crossing at 10.3 ms as well as an
exponential decay peaking at 15 ms and decayiag ekponential rate of 0.8/ms.

. ﬂ /i\ N

tOffset

Amplitude [m/s2]

T R T = R =
Mnm M wmba = 0o ;=

T T T T T T T
=1 10 15 20 25 30 35
Time [ms]

o

Finite Difference Source Wave Exponential Decay 140 Hz Sinusoid I

Figure 1. Finite difference source wave with supgrosed 140 Hz sinusoid and exponential decay
with rate 0.8/ms.
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The three parameters that define the AMS sourcewan then be described as follows:

: the source wave’s dominant frequency
torrset  the offset time from the arrival time of the soeirwave tp) to the start of the sinusoidal
component. This parameter is inherently relatetthéophase due to the fact that the arrival
time of the source wavdy] is readily obtained from the seismogram.
h: the exponential decay rate of the source wave.

Before implementation of the PPalgorithm there are three main parameters that brispecified:
1) The maximum possible length of the source wayg,).
2) The maximum number of possible overlapping sewaves Nmay).
3) The minimum time separation between the retbactioefficients RTqin).

Parameteil o« defines the maximum possible length of the sowaee from the initial start until 95
% of the signal has decayed. This parameter i&alplto exceed®.5T whereT is the corresponding
period of the dominant frequency of the source waee, T = 1/f wheref = /2 ). For example, the
finite difference source wave of Amini and Howietlmed in Figure 1 has an approximate source wave
time length ofL.5T.

ParameteNmax defines the maximum number of reflection coefiitgewithin the source wave time
span. Nmax does not reflect the total number of reflectioefticients within the seismogram, but the
maximum number of reflection coefficients which caside within the time duration of the source
wave. This concept is illustrated in Figure 2 véharsource wave is superimposed upon a series of
reflection coefficients. As is illustrated in Figu2, there are a total of 15 reflection coeffitsewithin

the seismogram that covers a 110 ms time span. sdhece wave shown in Figure 2 has a time
duration of approximately 32 ms (from 10 to 42 ragjfl only 5 reflection coefficients reside within
that time span. Since it is very unlikely thatrtnare more reflection coefficients in a source eydkie
default value ofNaxis set at 5.

Amplitude
0 o
Ll

-1 L B e e e LI B ey

-
a 10 20 aa 40 aa ali] 70 aa an 100 110
Time [ms]

| ----- Source Wave — Reflection Cuefﬁcients|

Figure 2: lllustrating the concept behind paramet@ax and Nnax
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ParameteR Ty, allows for constraining of the PPDalgorithm solution space. For example, the
reflection coefficientRy R;, R, Rs,.. Ry must arrive subsequently later within the timeiese(i.e.,
t1<to<ts..,tn) based upon the physics of reflection seismologgrameteR T, allows the investigator
to set the minimum allowable time separation betwdee reflection coefficients. The maximum
resolution (i.e., minimunRTmin specification) capability of the PPbalgorithm is dependent upon the
input parameter values such as the user speciftedingnt frequency analysis window and the
properties of the additive measurement noise. Ryg, parameter defaults to 3ms due to the fact that
it is unlikely that the reflection coefficients widube time separated less than 3ms [1] and to eeduc
computational requirements for smaller spaced ctfle coefficients. As expected, with smaller
values of parameteiBnax andNmax and a larger value Ty, it will take less time for the program to
process the seismic data.

The PPD" program is designed to process two closely spae&iograms simultaneously utilizing
multi-threading and making use of standard duaé-qmocessor technology. This is done so that the
solution space for estimating the source wavedsided. For example, in a typical downhole seismic
investigation, the receivers are offset by 1 m.isThm offset is equivalent to a 10 ms source time
offset for a medium velocity of 100 m/s. It is te®re very likely that two source waves offsetlify

ms are identical. By processing two seismic traiesiltaneously, the PPbalgorithm determines the
top source wave estimates where the weighted Rff& elice between the estimated seismograms and
the true seismograms over time wind@source wave arrival time) tig +Tnaxare minimized. The
weight of the cost function is then defined as &hsolute sum difference between the source wave
parameters (i.e.,, tofses h, and the time locatiol of the maximum peak of the source wave):

Weight: abs( 1:1 - fz) + abS(Tll - TZ/) + abs(l‘h - hz) + abqtoffseﬂ - toffseQ) (8)

The minimum and maximum source wave attenuationegbre automatically estimated within the
PPD " algorithm based on the user specified miniméimg)(and maximumff,,) dominant frequency
window of the source.

Minimum attenuation value:
The exponential decay is defined Hs= X,e X |f the amplitude of the AMT has decayed to
0.05 (5%) of the maximum valuAMTuax , then 005=¢e "™ or hDt=3. Since it can be
assumed that the maximum source length.5§ 2nd that it will take at least 0.25T to reach

AMTuax fromty (as is the case with every sine wave), the timméhe source wave to decay to
5% of AMTyax is therefore at most25T. This means that

hin =3/ 2251, =1.333f 5
if fmin = 50 Hzthenhp, = 66.665/se®r 0.066665/ms

! Although a default value fdR T, of 3ms values have been specified, it is the tigarof BCE Itd. to explore and
quantified this issue further.

BSDSolver User's Manual ©Baziw Consulting Engineers Ltd 5
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Maximum attenuation value:
Based on analytical source wave representationsnanterous real data examples it can be

assumed that the time for the source wave to dec®Po of AMTyax is at leas®.5T. This
means that

hmax = 3/ 0'Srmin = 6fmax
if fnax= 60 Hzthenhy.x= 360/secor 0.36/ms

BSDSolver User's Manual ©Baziw Consulting Engineers Ltd 6
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3.0 Main Menu

The main menu dBSDSolver, as illustrated in Figure 3, has four options:
File
Seismic Signal Analysis
Utilities
Help

The desired submenu is chosen either by movingnibiese over the desired option and pressing the
left hand mouse button, by pressing function <FIf»the keyboard and selecting the desired
highlighted option, or by pressing the correspogdirenu item letter on the keyboard.

The seismograms processed byBRD" program are required to be in ASCII format witle gample
rate (in ms) and depth at which the trace was aeduin m) in the header, followed by the time asgri
data. For example, the following excerpt from angardBSDSolver file has the sampling rate
specified as 0.05 ms, followed by the depth of Sviich is subsequently followed by the time series
data:

0.05

5

-6.34584242695294E-0003

-9.79220908943435E-0003

-1.32385757519157E-0002

-1.71980495395148E-0002

M BsDSolver FEX

File Seismic Signal Analysis  Ukilities  Help

S
ALV

'1-|""'|""'|"' T T
0 10 20 5 5 100 110 120
Time [ms]

Amplitude
o

| Source Wave —— Seismogram =— Reflection Coeﬁicientsl

Figure 3:Main Menu in BSDSolver™
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4.0 Seismic Signal Analysis

As is illustrated in Figure 4 th®eismic Menu Analysimenu option allows the user to carry out either a
Blind Seismic Deconvolution (BSD) for source wavel aeflection series estimation or implement the
water level technique (WLT) for reflection seriestimation based upon an inputtB®D" estimated
source wave. Selection of Main Menu option Filege® will also result in the initiation of BSD

analysis.

M BSDSolver

Utilities  Help

05/

O A

=]

E AR /\ /\ A\

=3 |

£ N

< |

—0.5:

-1 T L DL B B L L B AL B LI BRI AL BB AL
0 20 30 40 a0 a0 70 a0 a0 100 110 120

Time [ms]

Source Wave

—— Seismogram

= Reflaction Coefficients I

Figure 4: Seismic Signal Analysis software options

. Blind Seismic Deconvo lution

4.1 Blind Seismic Deconvolution

Selecting software option Blind  Seismic
Deconvolutionopens the user interface as shov
in Figure 5. As previously outlined in Sectio
2.1, thePPD™ algorithm is designed to proces
two closely spaced seismograms simultaneou
utilizing multi-threading and making use @
standard dual-core processor technology. Thi
done to reduce the solution space for estimat
the source wave.

Specify Seismic Time Series and Filter Parameters

Seizmogram 1: M8
$ Seizmogram 2 MNAA

Fimimum B eflection Cosfficent Time Offset [ms]:  [E [w Set RO to b aximum

s

td aximumn Cost Function Length [nIT]):

Source Wave Parameters

B andwidth: Minimum [Hz]: (40

Max Length [R(T]]: |2.5 Max Peak [n(T]: |1.2

First Break Specification

b aximum [Hz]:

E

M aximum R elative Ratio: 0.9 *  In Phaze " Out of Phase
\/ Begin Proceszing | x Abort | jI'L LCloze

[ 0% ]

b ‘,'.11

'
rat .’y‘\* Ilp;"“ “'N.'.;f\. [
-
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4.1.1 Specifying Seismic Time Series and Filter Par ameters

Input Seismic Time 1 Series @@
The seismogram files are inputted K Look i [£3 Mot Dta = ek E2-

; B e ; ; 5 2] Berl : [2] secandssi .
selecting buttorE, which opens the file| 5  Gemzoe Jemema
i n put d | al og W| ndOW S hown in F|g ure 6 | MyRecent | [Z] firstSeismogram 2.5T Depth Smvar 10 TCO_0L.bxt  [Z] secondSeismogram 2.5T Dept

) Dk E1 firstSeismogram 2,57 Depth Sm var 10 TCO_1.txt E1 secondSeismogram 2,57 Dept

th|s W|ndOW the user |S |nstructed to |np 9 [Z] FirstSeismogram 2.5T Depth Sm Var 20 TC 0_01.bxt

[Z] firstSeismogram Depth 2.5T Sm.bxt

the two seismograms to be processed. If| °*® Eresaresn

|1=_‘1 resull bzt

user desires to process only one seismogrf = ; S

[Z] resulzswz kxt

then the same file should be selected twicg ™™™ & euaswee

[Z] resulaswz kxt

. G e
The PPD " algorithm requires that thq ™™ & sonscsmomanzst oesth tmoncise.e
seismograms are preprocessed so that| @J) >
signal-to-noise ratio of the user specifi§ "pew™ o [ e ]

seismograms is increased and ideally that s Cppe--8
measurement noise is removed Withorigure 6: File input dialog box
distorting the seismogram containing on

Overlapping source waves M Filter Parameter Specification g@@

] Hatch Filter ] Low Pass Filter ] High Pass Filer ]

User interface buttofé allows the user to| |~ Enabed

select a range of digital frequency filtefS tiohPass Frequency (Hz)|20
(bandpass, notch, low pass, and high pags). _
Figure 7 illustrates the user interface whigh = =" ewenes fek 240
appears when buttdE is selected.

U

v

The appropriate filter is selected by openil
the tab for that particular filter, checking th
Enabledcheck box and entering the following data:

for theBandpass FiltetheHigh Pass FrequencgndLow Pass Frequency

for theNotch FiltertheNotch Frequency

for theLow Pass FiltettheLow Pass Frequency

for theHigh Pass FiltetheHigh Pass Frequency
Once the desired digital frequency filters havenberabled and corresponding parameters specified
the user selects butt@lied to save the entered data.

Figure 7: Filter Parameter Specification user interface

In addition the following must be done:
Enter the Minimum Reflection Coefficient Time Qffse
Enter the Maximum Cost Function Length (MCLF)
Set RO to Maximum

TheMinimum Reflection Coefficient Time Offsepresents thR Ty, parameter previously described in
Section 2.0 and, as mentioned before, its defalltevis 3ms

BSDSolver User's Manual ©Baziw Consulting Engineers Ltd 9
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The MCFL denotes the length of the time window length fdiiali the error residual cost function (i.e.
the RMS difference between the estimated seismogwainthe true seismogram over time windgw
(source wave arrival time) t+MCFL (as shown in Figure 8) is calculated. It is spedifas a
multiple of T whereT is the corresponding period of the dominant freqyeof the source wave (.4,

= 1/f wheref = /2 ) and its default value .5T. TheMCFL should never be smaller thapax due

to the fact that we are estimating the completeécwave which has a maximum possible time length
of Tmax However, theMCFL can exceedlma if the number of reflection coefficients withineh
seismogram is less than or equalNig., i.€. in case of a so-called sparse reflectiomeser Such a
sparse reflection series would be encounteredX¥amele when carrying out a vertical seismic profile
within a remediation site containing stone colum#slarger value of th&CFL also allow for more
time series information to be taken into accounemminimizing the cost function within tHePD™
algorithm and thus provided greater accuracy anduamess in the source wave and reflection series
estimation.

Amplitude

Figure 8: PPD™ cost function time window

Unless a residual wave is analyzed, the first angivsource wave has typically the largest amplitude
The user can specify this priori within thePPD™ algorithm by setting RO (reflection coefficient of
first arriving source wave) to the maximum valuehe reflection series within time lengtih(source
wave arrival time) tao+tMCFL. This is implemented by enabling check ®&t RO to Maximum
(default setting).

4.1.2 Specifying Source Wave Parameters
As outlined in Figure 5, the Source Wave Parameggsired for user input are

Bandwidth

Maximum possible length of the source wavgJT

Maximum possible time location of the maximum péake source wave {Ja)
Maximum Relative Ratio (MRR)

First Break Specification (FBS)

BSDSolver User's Manual ©Baziw Consulting Engineers Ltd 10
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These input parameters allow the user to prowdpriori information of the source wave to be
estimated. InpuBandwidthrepresents the source wave dominant frequencyomindThe user is
required to specify thdMinimum (f,n) and Maximum (fnay dominant frequencies of the frequency
window. It should be noted that the larger thersewave bandwidth the greater time is required to
process the seismograms. Source wave input paeesraeiMax Length Max PeakMaximum Relative
RatioandFirst Break Specificatioare illustrated in Figure 9.

0.6
0.4

0.2
0

-0.2

-0.4

Amplitude

-0.6

087

e Ut U SO S S S S S —

e
0 ] 10 20 28 a0 35 40 45 a0
Time [ms]

Figure 9: Source wave input parameters
TheMaximum Possible Leng(finay is specified as a multiple dfand the default setting &55T.

Parametellnaxdenotes the maximum possible time location of tieeimum peak of the source wave
from tp as is shown in Figure 9. i specified as a multiple daf and the default setting 2T. It
should be noted that seismic source waves are aginmam phase (i.e. energy concentrated at end of
source wave); therefore, it would not be expeched the source wave would peak near the end of its
time window.

The parameteMaximum Relative RatifMRR ) is illustrated in Figure 8. ThEIRR parameter allows
the user to specify a minimal decay of the souragemvhen moving from the maximum ped¥ (n
Figure 9) to the next peak{ in Figure 9) at &.5T time offset. It is expected that the source wave
decays from the maximum peak and paramBtBR allows the investigator to specify a minimum
decay ratia priori. TheMRRparameter default value is set to 0.9.

TheFirst Break SpecificatiofFBS has twopossible settings:
In Phase
Out of Phase

As previously illustrated in Figure iggsetiS the offset time from the arrival time of theusce wave
(to) when the sinusoidal component commences. Thesauave at timéy andty + togsetiS In Phasaf

the amplitude values at timésandty + tosset have the same sign (i.e., + or -) as shown in réidu
The source wave at tintg andty + tosset IS Out of Phasef the amplitude values at timég andty +

torsethave different signs.

BSDSolver User's Manual ©Baziw Consulting Engineers Ltd 11
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The standard procedure in selecting the FBS ofiidn first select two closely spaced seismograms o
even the same seismogram twice, to process thertoatetermine the output RMS error residual after
processing the data file with the Phaseoption set. Next process the same data fileiniy option
Out of Phaseand determine once again the RMS error outpuie FBSresult which gives the lowest
RMS error residual is then selected when procesgiagemaining seismic data generated from the
same source mechanism and captured at that site.

When implementing th®PD™ algorithm it is important that the seismogram &asinambiguous first
break or source wave arrival timg)(as illustrated in Figure 9. The source wavevatrtime is
determined automatically by initially normalizinget portion of the seismogram to be processed as
shown in Figure 9 and then identifying the refeeerione ¢p1) when the source wave exceeds
amplitude 0.1. The first break or source wavevatriime (o) is then obtained by moving back in time
from to , until the first zero crossing is reached.

Once theSeismic Time and Filter Parameteasd theSource Wave Parametenave been specified the
user selects push butt&egin Processing

4.1.3 Blind Seismic Deconvolution Implementation

The implementation of th®PD" algorithm is demonstrated by considering the asislypf two
challenging synthetic seismograms. The seismogeamshallenging due to the fact that there are fiv
closely spaced reflection coefficients with dipoles high measurement noise environment. The firs
seismogram was generated by convolving the Berhagee illustrated in Figure 10 with the reflection
coefficients outlined in Figure 11 to give the auttplustrated in Figure 12. The second seismogisam
generated by convolving the Berlage wave of Figufrewith the reflection series illustrated in Figure
13. The resulting seismogram is shown in Figure Tdble | outlines the reflection series paranseter
of arrival time and amplitude for seismograms 1 and

28
24
20
16
12

g

4 /\
E ) s

-4
E
12
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-28
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Figure 10: Berlage wave with superimposed 55 Hasiid
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Figure 11: Seismogram 1 reflection coefficients
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Figure 12: The output after convolving Berlage wave ofufggl0 with reflection
coefficients illustrated in Figure 11.
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Figure 13: Seismogram 2 reflection coefficients.
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Figure 14: The output after convolving Berlage wave ofurggl0 with reflection
coefficients illustrated in Figure 13
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TABLE |
REFLECTION SERIESPARAMETERS
Seismogram 1 Seismogram 2
Reflection Coefficients Reflection Coefficients
Time [ms] | Amplitude | Time [ms] Amplitude
10 1.0 10 0.8
16 0.55 17 0.45
22 -0.625 25 -0.6
39 -0.5 42 -0.46
45 0.35 49 0.3

As is evident from Figures 11 and 13 and Tablkd,reflection series for seismograms 1 and 2 ane ve
similar, which would be the case where we have roiab seismic traces from two relatively closely
spaced receivers. Although there are minor variatibetween the reflection series of seismograms 1
and 2, the resulting seismograms have signific#fegrdnces as illustrated in Figures 12 and 14. To
these synthetic seismograms a Gauss-Markov measntermise was added with a variance and time
constant set to 10 unfts® and 0.01 ms respectively, and the outcome is shiowigures 15 and 16.

I

Amplitude [m/s2]
; ‘ o

T T T T T T T T T T T T T T T T T T T T T T T
a 5 10 14 20 25 30 38 40 45 a0 a5 B0 Ba 7o 75 &0 =) 80 a5 100 105 110 11a 120
Time [ms]

Figure 15: Seismogram of Figure 12 with additiveuSs:Markov measurement noise.
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Figure 16: Seismogram of Figure14 with additive Gauss-Markeasurement noise.

These seismograms are stored in data filstSeismogram 2.5T Depth 5m Var 10 TC 0_Ohbd
secondSeismogram 2.5T Depth 6m Var 10 TC 0_Qfesgpectively, and pre-processed with a 200 Hz
low-pass zero phase digital filter as illustratedrigure 17.

The filtered seismograms are then fed intoRR® ™ algorithm with parametefg;n, fmax andRTni, set
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to 45 Hz, 60Hz, and 3 ms, respectively. In additithre

/ Bandpass Filter | Match Fiter {L &1 High Pass Fiter |
parameter$MCFL, Tmax Tmax andMRRare set to 2.5, 2.5
1.2 and 0.9, respectively. The FSB parameter igcsbt | # enabes
PhaseandSet RO to Maximuns enabled. The parametq vLowPass Frequency (Hz): [200
settings are illustrated in Figure 18.

v

These settings were selected for the followingoeas
- The source bandwidth specification of 45 Hz to 60
was based upon experience and the frequency spe

'&}g‘ure 17: Specifying a 200 Low Pass

of the seismogram utilizingBSDSolver option ter
Utilities->View Seismogranas outlined in Section 5.2 [ A =)
and Flgures 35 and 36. . Specify Seismic Time Series and Filter Parameters

Tmax Was Set tO the defa‘UIt Value Of 25T due to tlme fE Seigmogram 1: CMOBSAESDSalverh2 BT Data\Data\Moisy D atahfirstS eizmo
that We have nm prlorl Informatlon On the tlme ﬁ Seizmogram 2: CMOBSAESDSaolverh 25T Data\Data\Moisy DatahzecondSei
length of the source wave and source waves do < >
general exceed time lengths of 2.5T. :“;r;i"t;ff[gt‘;[“’mm“ fmsk E P et Al Masdnu
MCFL was set to the default value of 25T duetotff |

fact that there is no reason to assume that wWe | swwin Mnmmie: [0 Maimmie: [so

dealing with a sparse reflection series. MatLongh [n(Tll [25  MawPeak il [12

T'max Was set to 1.2T based upon experience and Fist Break Spesiication

fact the source waves tend to be minimum and mix| "mnfeese 05 [ E nfrase ol
phase.

ParameteMRRis set to the default value of 0.9 due t| [Lesnpocesina]  Xawen | i coo
the fact that we would expect some decay movif = :
from the maximum peak to the next peak. ,,,I;._v|r,-,,4r,«,‘w,\.-.,_..

Figure 18: BSDSolver Parameter

Once the input parameters have been specifiedéugn Setfings

Processingoush button is selected.

The output from thé®PD™ algorithm is shown in Figure 19. The top chartFigure 19 shows the
normalized estimated source wave, normalized ettuneeflection series and normalized estimated
seismogram (from time spdg to to-+MCFL) for the low pass filtered data file shown in Rigul5.
Also illustrated is the normalized true low padtefed seismogram and the error residual between th
estimated seismogram (calculated by convolving ébémated reflection series with the estimated
source wave) and the true filtered and normalizeidnsogram between time span time spato
to+tMCFL. It should be noted that in the top chart disgley first break valug& and subsequent first
arriving reflection coefficient are set arbitrari#y a reference of time 10 ms. In the bottom cbért
Figure 19 the estimated reflection series and ssgsam have shifted to the trugvalue.
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Displayed in the top panel above the top chartigue 19 is the estimated source wave dominant
frequency DF[Hz]: 56.1), attenuation i{[1/ms]: 0.1054 and RMS error residual between the true
seismogram and estimated seismogr&N$ Error: 0.00433p Selecting buttoZl5 within the top
panel located above the top chart will result im thart editing user interface illustrated in Feao.

Section 6.0 outlines the chart formatting, editimgl printing capabilities of ti@SDSolver program.
The user can enable and disable the display ofs&redeseries by checking and un-checking the
appropriate check box, respectively. For examplgure 21 illustrates only the seismogram error
residual time series within the top chart. Useeriiace button S andB®4 allow for the removal

and display of all the time series, respectively.

M pPD Results

#| v R e R A oF 21561 h(1msl 01054 RMS Eror 0004335 -1.055/-0.415

o
M e
N

, Amplitude
—_

[}
n
TR BT Tl N i

g 10 18 20 28 30 35 40 45 a0
Time [ms]

-----------------------------------------------------------------------------------------------------------------

________________________________________________________________________________________________________________________

Amplitude

0 10 20 30 40 &0 BO 70 B8O S0 100 110 120 130 140 150 160 170 180 190 200 210
Time [ms]

Figure 19: BSDSolver algorithm output after processing the noisy seigrams illustrated in Figures
15 and 16 with a 200 Hz low pass filter applied
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% Editing chtPlt2f

Chart WSEI’\ES I Data 1 Toals 1 Export] Print ]

Series IGeneraI} Azis ] Titles ] Legend I Panel I Paglng] Walls ] 30 ]

— Estimated Reflection Coefficients
g% W — Seismogram Processed
g% W — Estimated Seismogram
g% W — Seismogram Error Residual Tde...
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Figure 20: BSDSolver program chart editing, formatting and printing useterface

M PPD Results
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Figure 21: Display of seismogram error residual éirseries
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The bottom chart illustrated in Figures 19 and 2&imilar to that of the top chart, but in thisease
complete seismogram is displayed unnormalized drel dstimated seismogram (calculated by
convolving the estimated reflection series with éisémated source wave) is derived over the complet
length of the recorded seismogram. The estimatadce wave and reflection series have been scaled
by the windowed seismogram normalization factor deyecting buttorBE®. The scaling of the
estimated source wave and reflection series canndene by selecting buttd# as is shown in
Figure 22. The user should note that the signg @f/the reflection coefficients are assigned base
upon the estimated first break sign of the estichat@urce wave. For example, the estimated source
wave of Figure 19 has a negative first break resplin a negative sign for the first reflection
coefficient.

The estimated source wave, estimated reflectioreseand residual seismogram can be saved by
selecting the appropriate radio butt@W RC and SR respectively) and pressing buttsH==. The
user is then instructed to specify the file name dinectory as is illustrated in Figure 23.

The source wave estimate illustrated in Figuresad® 21 is then utilized to deconvolve the source
wave from the seismogram by implementing the whdeel technique (WLT) so that the complete
reflection series is obtained. The implementabbhe WLT is a fast and simple approach if there i
minimal source wave variation within the seismogralf) however, significant source wave variation
did occur within the seismogram then a recur$N&D" approach could be utilized. In that case the
PPD" algorithm is applied recursively to the residugismnogram until the total seismogram has been
processed and the complete reflection seriesimasd.

B PPD Results =13

#| v R R R AN oF (o 51 h(1/ms) 01054 RMS Enor 0004335 Time [ms]: -13.108
1 - - . : 2 5 5 , : 5
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Time [ms]
Figure 22: Normalized estimated source wave anlgcgbn series
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Figure 23: Saving the estimated source wave, réflecseries, and residual seismogram

The user can reprocess the previously outlined skettavith a largeMCFL value setting if they have
some insight into the testing environment. Forneple, Figure 24 illustrates a downhole seismic
testing (DST) investigation within a remediatiotesivhere there are stone columns present. In this
situation it would not be expected that there wdagdmnore than 3 (direct wave and two reflections) t
4 overlapping source waves.

If the user does not have insight into the seisiesting environment a larg@CFL value setting can
be specified if there is a short duration seismegend based upon results like those outlined in
Figures 19, 21 and 22. In these figures it is evidhat the last reflection coefficient occurshest end

of the seismograms and we are processing relatsledyt duration seismogram; therefore, applying a
largerMCFL value makes intuitive sense.

The major advantage of increasing MEFL value is that more accurate results are obtainedalthe
fact that a greater portion of the seismogram ibzetl when calculating the cost function. The
disadvantage is that significantly greater proggstime is required.

The previously estimated seismograms had a soenggH andVICFL specified a®.5T which equates

to an approximate duration (for an estimated 5@lbininant frequency (i.eT,=1/f 18 m3 of 45 ms

If we increase th#/CFL value to a slightly larger value of7Z, the new cost function length is then
approximately 49ms The seismograms shown in Figures 15 and l6emrm@cessed for this value and
the results for test case outlined in Figure 15shi@wvn in Figure 25. As is shown in the top cludirt
Figure 25, a slightly greater portion of the seignamn (, + 2.7T = 59 ms) was utilized when
minimizing the cost function compared to the resullustrated in Figures 1%(+ 2.5T = 55 ms).
However, the estimated source wave and refleceoies shown in Figure 25 are very similar to those
given in Figures 19, indicating that this increas® CFL had minimal impact on the analysis outcome.
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Figure 24. lllustration of overlapping source wawelen conducting a SCPT investigation within a
remediation site containing stone columns.
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Figure 25. BSDSolver algorithm output after processing the noisy seigrams illustrated in Figures
15 and 16 with a 200 Hz low pass filter applied @alCFL parameter setting of 2.7T.
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4.2 Water Level Technique

As previously outlined, it is recommended thattiser implement the WLT on tH&PD" source wave
estimates. The implementation of the WLT is a sl simple approach if there is minimal source
wave variation within the seismogram.

4.2.1 WLT Theoretical Background

A standard frequency domain methodology in estingathe reflection seriegn, is the water level

technique (WLT) [2]. If the measurement noise tenngl) is ignored, then the Z transform of (1) is
given as

2(t)=S(t)* n(t) 0 Z(z)= H2)Y (2) 9)

whereY (z) denotes the Z transform of the reflection series

The WLT can be described by considering (9), regmésg the Z transform by the Fourier transform
(i.e.,z = ") and rearranging terms as follows:

Z(w)
S(w)
whereY ()denotes the Fourier transform of the reflectionesern(t). Theoretically, for a known
source wave, one could simply implement (10) arldutateY (). The reflection seriegy , is then

estimated by taking the inverse Fourier transfofmY@w ). Unfortunately, due to inaccuracies in the

specification of the source wave, the bandlimitature of the source wave and additive measurement
noise, the implementation of (10) is highly unseashd inaccurate.

Y (w)= (10)

To mitigate that, (10) is modified by multiplyindh@é numerator and denominator by the complex
conjugate ofS() (denoted asS*(n)) and then by introducing an additive scalar vatoethe
denominator which is referred to as thiater level(D. Implementation of these two modifications to
(10) gives

V()= 20" (w)__Z(w )" (w) (11)
S(w)s* (w)+D  Pg(w)+D

wherePg( w) denotes the power spectrum of the source wave ¢the. Fourier transform of the
autocorrelation o5(t). In general terms, the setting of the water llése trial and error approach.
AsD® 0, the resulting estimated reflection coefficienggp@ach Dirac delta functions. When
D>>P(w) the resulting estimated reflection coefficientcdrae significantly bandlimited and the
result converges to the Fourier transform of tlessfcorrelation between the recorded seismogram and
the source wave (i.eZ(w S* (wn)).
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4.2.1 WLT Implementation =TT T— LER

Specify Data Files and WLT Filter Parameters

The main user interface for the WLT is show
in Figure 26. The first step in implementing tk [
WLT is to specify the source wave ar
seismogram file by selectindE®&. When
button ERE is selected the file input use
interface is displayed (see Figure 6) where |
user is requested to input the source wave / Bein Pracessing| 11 ciose
first and then the seismogram file. As outling I
in Figure 24, the WLT parameters required f | .
user input are *"-"“»-r""”*'*f’“ B
Figure 26: WLT main user interface

WLT Scalar: |0.0002 v itwtomatic Frequency Filter Specificatiort

v ' Mormalize Input/Dutput

WLT Scalar
Automatic Frequency Filter Specification
Normalize Input/Output

The WLT Scalarcorresponds to theater level(WL) Din (11). In theBSDSolver program the user
specifiedWLT Scalarvalue is scaled by the maximum power of the seisaragprior to inputting into
(11). The default value of the WL is 0.0002. Bngral terms, the setting of the WL is a trial ancr
approach and depends upon the measurement noileales the accuracy of the estimated source
wave. A higher WL value is required if the seismarg to be processed has increasing measurement
noise and decreasing source wave accuracy.

The estimated reflection coefficient amplitudes laighly affected by the value of the WL and whether
a frequency filter had been applied to the seismumgprior to implementing the WLT. A higher WL
value and application of a frequency filter (e200 Hz Low Pass) will result in a significant dexse

in the resolution of the reflection series. Thasults in a more bell shaped reflection seriesr{gnis
spread out) whereby the peak values are reducedbderergy spreading. In other words, a high WL
value has the same effect as a frequency filteo@shing and spreading of energy of the reflection
series).

As previously stated, aB® ,@he resulting estimated reflection coefficienppm@ach Dirac delta
functions and if measurement noise is presentédfection series become significantly indiscernible
(e.g., white noise). WherD>>P(w) the resulting estimated reflection coefficientscdiae

significantly bandlimited and the result converdesthe Fourier transform of the cross-correlation
between the recorded seismogram and the source(wave(w }S* (1w)).

If a check is placed within checkbokutomatic Frequency Filter Specificatidhen the currently
configured frequency filter(s) is/are applied au&dically on the user specified seismogram prior to
deconvolving the source wave. If theitomatic Frequency Filter Specificatios disabled then the
digital frequency filter user interface appearse(sgection 4.1.1 and Figure 7) when tBegin
Processingoutton is pressed.
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Implementation (i.e., placing check in checkboxWfT option Normalize Input/Outputvill result in

the source and seismogram in (11) being normalizied to the implementation of (11). The estimated
reflection series will also be normalized. Thighe recommended configuration due to the fact that
there can be significant energy leakage of theecatin series as previously described where th& pea
amplitudes of the estimated reflection coefficiesuts considerably reduced; therefore, it makestgrea
sense to normalized the reflection series.

Specifying the estimated source wave illustrateBigures 19, 21 and 22 and seismogram shown in
Figure 16 with a 200 Hz low pass filter resultshe WLT output illustrated in Figure 27.

. Water Level Technigue

# Reflection Coefficents ¢ Residual Seismoaranm E 33.013 / 1.0550
= Source Wave Lilized and Estimated Reflection Coefficients

Amplitude

0 20 40 60 g0 10 120 140 160 180 20
Time [ms]
Seismogram

Amplitude

80 100 120 140 160 180 200
Time [ms]

Figure 27: WLT output

The top chart of Figure 27 shows the estimated abred reflection series and inputted and
normalized source wave. The estimated and norswilieflection series is very similar in shape tt th
shown in Figure 13 but there is significant enelegkage where we have a bell shaped series. The
bottom chart in Figure 27 illustrates the inputssismogram which has been filtered with a 200 Hz

low pas filter.
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The WLT technique can initially be implemented uraitime index,t*, is identified where the
reflection coefficients change shape (signifyingrse wave time variance [1]). TERPD™ algorithm

can then be re-applied at time ind&xby moving the cursor in the top chart and thersgirgy the
middle mouse button or <ctrl> + left mouse buttor<otrl> + right mouse button. The selected time
index can be cleared by double clicking the lefus®button. For example, the time index at 35ms is
selected in Figure 28. Pressing bu will result in applying the WLT algorithm from=0tot =

t* with the inputted source wave and subsequentlyidgrthe residual seismogram as is illustrated in
Figure 29. ThéPD" algorithm can then be applied to the residuahseggam.

M water Level Technique

{* Reflection Coefficents Residual Seismoaram E 35.014 7 -0.3173
5] Source Wave Utilized and Estimated Reflection Coefficients

Amplitude

140 160

10 120

Time [ms]

Amplitude

60 80 100 120 140 160 180 200
Time [ms]

Figure 28: Selecting the reference time within WeT algorithm so that the resdiual seismogram is
derived
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. Water Level Technique
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Figure 29: Residual seismogram illustrated as fietetseries in bottom chart

user is then instructed to specify the file name dinectory as was illustrated in Figure 23.
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5.0 Utilities

As illustrated in Figure 30, thdtilities menu option consists of the following sub-menus:

Sensor Type
to specify the sensor used to record the seisnie (@a., accelerometer or geophone)

View Seismogram
to view a seismogram file and its correspondingjdency spectrum so that the appropriate
type of digital frequency filters can be ascertdine

VSP
to display Vertical Seismic Profiles (VSPs) andresponding trend lines for downhole seismic

investigations.

M BsDsolver
File  Seismic Signal Analysis REETES Help
E Sensor Type L
B wiew Seismogram
0.5
@O A
= i
= !
=
j= 0_
E ]
<C i
-0.51
— T T T

0 10 20 30 40 a0 &0 70 80 a0 100 110 120
Time [ms]

—— Source Wave —— Seismogram — Reflection Cueﬂ'lcientsl

Figure 30: Utilities software options

5.1 Sensor Type

The Sensor Typalialogue box is illustrated in Figure 31. The uselects either arccelerometer
(output proportional to particle acceleration) @eophone(output proportional to particle velocity).
The user should specify the type of data to begesed prior to proceeding with the analysis options

provided.

B seismic Sensor Specification EI@|E|

Senzar Type Specificatior

" Geophone

Figure 31: Sensor Type dialog box
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5.2 View Seismogram

The View Seismogramoftware option allows the user to analyze a seisiie on an individual basis.
Analysis features consists of filtering the seistnace, overlaying the unfiltered trace onto thierfed
trace, displaying the smoothed Fourier transforneitifer the unfiltered or filtered seismic timeissr
and applying an exponential decay. The user isglyoencouraged to implement tMeew Seismic
software option so that the appropriate source vimrelwidth (i.e.fnin andfmay) and frequency filters
can be selected prior to implementing BSD and th&.W

Upon selecting th&iew Seismograroption a file input dialog box appears (e.g., F&g8) where the
user is requested to specify the seismic file tw@ss. Figure 32 illustrates the graphical outghuth
appears once the appropriate seismic file has bekatted. At the top of Figure 32 there are the
checkboxes oFilter, OverlayandFFT as well as the numeric values of the time and andd at the
current location of the graphical crosshair. Ié thilter check box is selected the user interface
illustrated in Figure 7 appears.

. Seismic Data g@@|
@ ™ Fiter I Oveday [ FFT 19.377 / 2,550

A[t) = Alt) ehltto)  herets to. to = initial decay time and h = decay factor

Initial Decay Time [ms]: |2.0 Decay Factor [1/ms]: |05 [v Front End Decay ﬂ g

Data File: CUJOBSPPDANVEWUltichannel 201 002 _ST Data\DatatMoisy Data'secondSeismogram 2.5T Depth Bm War 10 TC 0_01 txt

Amplitude [mis2]

L L B B L B L B B L L B B
a0 100 110 120 130 140 150 160 170 180 190 200
Time [ms]

Figure 32: Main graphical interface in View Seismag software option

Figure 33 illustrates the graphical results affgecifying a low pass filter of 200 Hz. The useryma
then overlay the unfiltered seismic trace onto filttered trace by selecting checkb@®wverlay as
illustrated in Figure 34. The smoothed Fast Foufransform (FFT) of either the unfiltered or fiiel
seismic trace is derived and displayed by seleatimeckboxFFT. The frequency spectrum of the
filtered trace is displayed if the checkbBiter is selected along with tHeFT checkbox. Otherwise
the unfiltered seismic trace’s frequency spectrendisplayed. Figure 35 illustrates the frequency
spectrum of the unfiltered data file illustratedFigure 32. Figure 36 shows the dominant frequency
window (45Hz to 60Hz) for the frequency spectrutasirated in Figure 35. This portion of the
frequency spectrum was selected by pressing tine mguse button and panning left to right with the
mouse. The user can zoom out to the original dysplapressing the right mouse button and panning
right to left with the mouse.
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B facilitates the user to read in a new data fiutton ElEZ
allows the user to re-filter the seismogram by spldiying theFilter Parameter Specificatiomiser
interface shown in Figure 7. Buttort®= and EEREfacilitate the user in saving the currently
configured chart settings and loading previouslyfigured chart settings, respectively.

Selection of user interface butt

N

' Seismic Data |Z”E|r5__<|

B[ b e ¢~

Al)' = Alt) ehltto)  Lherets to, to = initial decay time and h = decay factor
Initial Decay Time [ms]: |20 Decay Factor [1/ms]: |05 v Front End Decay ﬂ @

Drata File: C:AJOBSPPD-WEMuttichannel 201002 _5T Data'DataiiMoizy Datalsecond Seismogram 2.5T Depth Gm Yar 10 TC 0_01 £

[~ Oveday [~ FFT 87.980 / -33.200

Amplitude [mis2]

0 Mm 20 30 40 &0 6O YO 8O0 &0 100 110 120 130 140 150 180 170 180 180 200
Time [ms]

Figure 33: Filtered seismic trace in View Seisnmisoftware option View Seismogram

. Seismic Data

®| w Fie v

Al = Afr) ehlttol  herers to, to = initial decay time and h = decay factor
Initial Decay Time [ms]: {2.0 Decay Factor (1/ms]: (05 [w Front End Decay ﬂ @

Drata File: COJOBSPPD-AAEWUltichannel 201002 _ST Data'DataiMoisy DatalsecondSeismogram 2.5T Depth Gm War 10 TC 0_01 =t

I~ FFT 94.003 / -32.700

Amplitude [mis2]

Time [ms]

Figure 34: Overlaying unfiltered seismic trace ofiitered seismic trace illustrated in Figure 31

BSDSolver User's Manual ©Baziw Consulting Engineers Ltd 29
COMMERCIALLY CONFIDENTIAL



BCE, Ltd. BSDSolver

. Seismic Data |Z”E|D__<|

2 % B B & roFe

At) = A[Y) ehlttel  herets to, to = initial decay time and h = decay factor
Initial Decay Time [ms]: (2.0 Decay Factor [1/ms]: |05 v Front End Decay ﬂ@

Drata File: COWJCOBSPRD-ANEMultichannel 201002 _5T Data'DataiMoisy Data'secondSeizmogram 2.5T Depth Gm Yar 10 TC 0_01 txt
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Figure 35: Display of spectrum of seismic time egillustrated in Figure 30

. Seismic Data

@ W Fiter [~ Overday
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Initial Decay Time (ms): 2.0 Decay Factor [1/ms) |05 | Front End Decay ﬂ @
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Figure 36. Dominant frequency window (45Hz to 60tz frequency spectrum shown in Figure 35.
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When implementing th®PD™ algorithm it is important that the seismogram &asinambiguous first
break or source wave arrival timg)( The Signal Decayoption inView Seismogramecilitates the
user in defining clear first breaks when they do exist due to excessive measurement noise. The
technique implemented to do this relies upon th@iegtion of an exponential decay that is applied t
the selected time series data after a user spedifree (the so-callethitial Time Delay) The option
therefore requires that the user specifies thisal Time Delay(ms) and theDecay Factor(1/ms),
which has a default value of 0.5/ms. As Decay Factoris increased, there is a sharper decay of the
time series data at the specified time index.t i§ idesired to decay from the start of the tracéhe
Initial Delay Timethen check bo¥ront End Decaynust be checked. This is most likely the case as
the purpose of signal decay is to clearly defireefitst break when it is not apparent.

Figures 37 and 38 illustrate a filtered (200 Hz Ipass) seismogram data where there is a poorly
defined first break. Th8ignal Decayption was implemented on the seismogram withrfi@l Time
Delayset to 13 ms and tHeecay Factorto the default value of 0.5/ms. Thatial Time Delayof 13

ms was selected due to the fact that the seismogpears to have a smooth decay until this time
reference. Figure 39 illustrates the output aftpplging signal decay by pressing bu 4.
Selecting buttol# undoes the previously applied signal decay antbbh&g== facilitates the user in
saving the filtered and front end decayed seismmogia further processing with the BSD and WLT
software options.

. Seismic Data g@@l
@ ¥ Fitst [~ Overlay [~ FFT 20,603 / -26.300
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Figure 37: Seismogram with poorly defined firstdke
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. Seismic Data
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Figure 38: Time window magnification of first bres#xown in Figure 34
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Figure 39: Seismogram with front end decay applied
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5.3 VSP

TheVSPsoftware option allows the user
to plot filtered seismic traces or
estimated reflection series in a two
dimensional vertical seismic profile
display. The VSP display provides a
Depth vs Timeplot where the user can
specify interval velocity trend lines for
preliminary velocity estimation. In
addition, the wuser can display
acceleration, velocity or displacement
particle motions along with the peak
particle accelerations, velocities or
displacements, respectively.

When the user selectsSP the file input o .

dialog box illustrated in Figure 40 Figure 40: File input dialog box

appears. The user can input multiple

seismic files in this dialog box (ie., <SHIFT> +ftlemnouse click or <CTRL> + left mouse click). Aft
specifying the files to be displayed, thdter Parameter Specificatiomser interface (i.e., Figure 7)
appears facilitating the user applying the digftalquency filters to the selected seismic datasfile
Once the seismic data files and frequency filteesspecified, a VSP appears as is illustrated gurei
41.

The magnifying glass icons shown in Figure 41 altbe user to scale the seismic amplitudes in 10%
increments. The legend can be added and remowggdtfre display by checking and un-checking the
Legendcheck box, respectively. The buttdliled and B4 allow the user to automatically display
and remove all the inputted data files from thereal chart, respectively.

The user can display acceleration, velocity or ldisgment profiles by pressing the right mouse lutto
and selecting the desired particle motion as shiomigure 41. When the traces are not normalized,
the peak particle accelerations (PPA), velocitleB\() or displacements (PPD) are displayed. In this
mode, the seismic amplitudes are scaled relativieetanaximum amplitude within the seismic profile.
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Figure 41: Filtered (30 to 100 Hz bandpass) seistrace profile with peak particle
accelerations (PPA) displayed

The trend lines illustrated in Figure 42 are spediby pressing the middle mouse button (or <shift>
right mouse button or <shift> + left mouse buttda)identify individual points of interest. The
BSDSolver program then automatically draws a line between ghints specified and provides a
velocity estimateé Pressing options <Ctrl> + left mouse button @tré> + right mouse button will
delete the previously specified trend line. Doutileking the middle mouse button will delete dlet
specified trend lines.

*To obtain accurate interval arrival times utilizing the trend line specification, it is mandatory thatthe
investigator select the appropriate time index athe exact depth of the probe from which the seismidata was
recorded. Alternatively, if check boxEnable Closest Deptis enabled theBSDSolver™software relates back to the
closest data depth when specifying trend lines.
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Figure 42: Filtered (30 to 100Hz bandpass) seismic traa#ile illustrating trend
lines with corresponding interval velocity estinste
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6.0 Chart Formatting, Exporting, and Printing

The graphical edit button (e.g., Figures 19, 20, & 22) allows for chart fattmg, printing, and
exporting. Figure 43 illustrates the graphicaérfdce that appears when this button is selectbithw
allows for extensive modification of the display#ata and chart attributes. In addition the databz
printed by selecting therint tab, which brings up th€hart Printing Dialogue Boxas shown in Figure

44. Finally, this utility has an extensive eledimHelp function, which is accessed though thedpH
button at the bottom left of the screen.

Figure 43: Chart Editing Dialogue Box

Figure 44: Chart Printing Dialogue Box
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7.0 Help Menu

The main menu shown in Figure 1 includddedp option that includes the following:

About - provides software version information BSDSolver .

User’s Manual - will output theBSDSolver" user’s manual in a default pdf browser.

Appendix 1 — will output the paper entitled “Incorporation leérative Forward Modeling into
the Principle Phase Decomposition Algorithm for diate Source Wave and Reflection Series
Estimation” in a default pdf browser.

Appendix 2 — will output the paper entitled “Implementatiorf the Principle Phase
Decomposition Algorithm” in a default pdf browser.

Appendix 3 — will output the paper entitled “Principle Phd3ecomposition - A New Concept
in Blind Seismic Deconvolution” in a default pdfduser.

BSDSolver User's Manual ©Baziw Consulting Engineers Ltd 37
COMMERCIALLY CONFIDENTIAL



BCE, Ltd. BSDSolver

References

1. Baziw, E., “Incorporation of Iterative ForwahModeling into the Principle Phase Decomposition
Algorithm for Accurate Source Wave and Reflecticri€s Estimation”. to be published in the IEEE
Transactions on Geosci. Remote Sensing, 2010.

2. Baziw, E., "Implementation of the Principle BédDecomposition Algorithm”, IEEE Transactions
on Geoscience and Remote Sensing (TGRS), vol. d56Nop. 1775-1785, June. 2007.

3. Baziw, E. and Ulrych, T.J., "Principle Phase @waposition - A New Concept in Blind Seismic
Deconvolution”, IEEE Transactions on Geoscience Rathote Sensing (TGRS), vol. 44, No. 8, pp.
2271-2281, Aug. 2006.

4. Amini, A. and J.A. Howie, T.J., “Numerical sinatilon of downhole seismic cone signals”, Canadian
Geotechnical Journal, vol. 42(2), pp. 574-586, 2200

5. E. Baziw, “State-space seismic cone minimumavexeé deconvolution”, In Proceedings of the 2nd
International Conference on Geotechnical Site Ghariation (ISC-2), vol. 1, pp. 835-843, Porto,
Portugal: Millpress Science Publishers, 2004.

BSDSolver User's Manual ©Baziw Consulting Engineers Ltd 38
COMMERCIALLY CONFIDENTIAL



