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ABSTRACT

Recently, an iterative stack algorithm has been
introduced by Naess (1979, 1981, 1982). The objective of
this paper is to appraise its performance. It was checked
in CDP-stack and in velocity analysis; both proved this is
a powerful noise suppression tool.

After realizing its effectiveness, investigations
were made to see its compatibility to other noise
suppression tools. It seems non-compatible with the
diversity stack or f-k filtering; which, should be avoided
when the iterative stack is used.

Wiener deconvolution could not achieve its goal when
executed after the iterative stack. Which infers, when
possible, linear processes should precede non-linear
processes,

Muting and manual editing will still benefit the
iterative stack. In real data, a proper number of
iterations should be carefully chosen to get the best

enhanced signal.

iii



T-2914

TABLE OF CONTENTS

ABSTRACT e eeceosooscescsocssvssssccsssossscsccsocssscsnsncocse iii:
TABLE OF CONTENTSccececcccsoscscecccscsosscssesosscossssesss iV
LIST OF ILLUSTRATIONS.ceecceocoscosccsoscscsscssssssscsscse Vi
ACKNOWLEDGEMENTS e ceeccescroccosossscosscscsssssosossscsssse 1X
1. INTRODUCTION,ceoeooossoscsoscscscssvsssccscscsssosssscssse
2. ALGORITHMS REVIEW...................................

2.1 Straight StaCKeeeeeeseesseocesscscscscssccssncns

2.2 Weighted StaCk......'.'0'................0...".

0 = W W

2.3 Stack after Coherence PiCKkiNgeseecceoccccscsccsss

2.4 Stack after Maximum Likelihood Filtering or
Optimum Deconvolution FilterinNgeececececccocccccesse 9

2.5 Median StaCk.....'Q'........................OO.. 12
2.6 Iterative StaCkQ..'.........'................... 12

3. SYNTHETIC EXAMPLES OF THE USE OF THE ITERATIVE
AIJGORITHM....'....'......'........'.....l........’.. 19

3.1 Naess' Model - Example of iterative StacKkeseseeo. 19
3.2 Naess' Model with Background Noise Involved..... 25
3.3 Example of Single Trace PrOCESSeececescccsccsccss 29
3.4 Example of Velocity AnalysSiSe.ececceccecccccoscecsee 33
3.5 A Discussion with More Realistic Modelling Work. 40
4., COMPARISON WITH THE OTHER ALGORITHMS.:eeccccocccceoes 44

4.1 Comparison between the Straight, Weighted, and
Iterative Stack in Suppressing Random Noise..... 44

4.2 Comparison between the Iterative Stack and the

iy



T-2914

5.
6.
7.

Velocity Filter in Suppressing Surface
Travelling Noise and MultipleSeececccccccccccoocos

4.3 Comparison between the Iterative Stack and
Wiener Deconvolution in Suppressing
Periodic_Noise.....0...00......'..’.0...........

CONCLUSIONSQQO.l......0..0.....0..Q...O...O..OIQ.Q..

REFERmCESOQCOIOOOQCOOOO...0000O...0.0..OO.....O..'.

APPENDICES...'..0.0....0.'...!..‘..Q.Q.O..Q.........

APPENDIX A: MAIN PROGRAMS . cccecccccccscocccscsccsccoce

APPENDIX B: SUBRwTINES.0....0.0......0.0......OC...

APPENDIX C: 0utput of Program 'GRAY'oooooococooooooo

57

69
87
92
94
94
108
141



T-2914

LIST OF ILLUSTRATIONS

Figure Page

2-1 Iterative algorithm illustrated by 10 random

numbers......'............0.....‘........0'.... 16

2-2 Iterative algorithm illustrated by 10 positive
random numbers...'.'................Q.‘........ 17

3-1 A 3-layer model and its parameterSeecccccecceses 20
3-2 CDP-gather generated from the 3-layer model.... 21
3-3 CDO-gather of figqure 3-2 after NMO correction.. 23
3-4 Result of iterative stack from figure 3-3..000.. 24

3-5 CDP-gather generated from 3-layer model with
baCkground noise involved.ecececoecccccsccsccescece 26

3-6 CDP-gather of figure 3-5 after NMO correction.. 27
3-7 Result of iterative stack from figure 3-6.c.c¢.. 28
3-8 Result of single trace pProCeSSescecccccccccccee 32
3-9 A 4-layer model and its parameterSececcccccecsee 34
3-10 CDP-gather generated from the 4-layer model.... 35
3-11 Conventional constant velocity stack (CVS).eees 37
3-12 Iterative CVS-analysis after 2 iterations...... 38
3-13 Iterative CVS-analysis after 4 iterationS.eee.. 39

3-14 12-fold CDP-gather generated from the 3-layer
mOdel by GRAY suite.......'00..0.00......'..O.. 42

4-1 Stack from different stacking algorithms with
Very high S/N rati-o.'...........00..........0.. 46

4-2 . Stack from different stacking algorithms with
high S/N ratio..............'.....I............ 47

vi



T-2914

Figure Page

4-3 Stack from different stacking algorithms with
moderate S/N ratio...........O.Q...O.'O......Q. 48

4-4 Stack from different stacking algorithms with
1OW S/N ratlo.Q...Q......O.....-........0..0..' 49

4-5 Stack from different stacking algorithms with
poor S/N ratlo.....0...'...0...........0......0 50

4-6 Stack from different stacking algorithms with
moderate S/N ratio but varied signal scaleee.e. 51

4-7 Stack from different stacking algorithms with
moderate S/N ratio but varied signal scaleceee.. 52

4-8 Stack from different stacking algorithms with
moderate S/N ratio but varied signal scale..... 53

4-9 Stepout/bandpass relation in f-k domain for
CDP-gather traces with sampling rate of 2 ms... 59

4-10 Modelling traces generated from figure 3-1 with
horizontally travelling noise added, already
NMO corrected.......000.0.00000..0..0...0...0.. 60

4-11 Reject zone in f-k domain, upper: Mask for
figure 4-12; lower: Mask for figure 4-13..c000.. 62

4-12 Comparison of the f-k filtering result by
a-half plane zero-out (left) and the 5-
iteration ot the iterative stack (right)e.ceeeee 63

4-13 Comparison of the f-k filtering result by 45
degree zero-out (left) and the 5-iteration
of the iterative stack (right)eeeecesceccsceccess. 64

4-14 Left shows the result of iterative process
applied to the output of f-k filtering
(half plane zero-out), right picture is the
result of direct iterative stacKkeeeecceccecesess 67

vii



T-2914

Figure Page
4-15 Left shows the result of iterative process

applied to the output of f-k filtering

(45 degree zero-out), right picture is the

result of direct iterative stacKkeseeescesoceeee 68

4-16 12-fold CDP gather generated from the model ;
in figure 3-1 with ghost addedececcesccccoccees 72

4-17 Stacks by iterative process on the
modelling CDP-gather of fiqure 4-16.cececccceeee 74

4-18 The result of Wiener process on figure 4-17.,... 75
4-19 The result of Wiener process on figure 4-17

with Wiener operator designed against the

second reflectiONeccecccescccsceccccscocsccocce 77
4-20 Iteration after mutinNgecescocecocsccsccccscccee 79

4-21 The result of Wiener process on figure 4-20.... 80

4-22 The final iterative stacks made by single-
trace-processing plus a muting functioNeseeseess 81

4-23 The result of Wiener process on figure 4-22,... 82
4-24 The result of predictive decon on figure 4-22.. 83
4-25 PreStaCk deghOSting resultoc.oooooo.oo"...o..o 85

4-26 The final section after iterative process on
figure 4-25.0.'00..'0.l..0......0...0.......0.. 86

Table

3-1 The rays generated by GRAY suite from the
receiver $#9 of the 3-1ayer Mod€lecescecccccccsse 43

viii



T-2914

ACKNOWLEDGMENTS

I would like to express my sincere thanks to my
thesis advisor Dr. F. A. Hadsell who has provided helpful
suggestions throughout this work, and to Mr. F. H. Ngian
and Dr., W. A, Schneider who guided me through graduate

studies as my committee members.,

For financial support in form of a grant during the
year of 1979, I am thankful to the National Science
Council, Republic of China. For support in form of a
graduate research assistantship from 1983 to present
through the Geophysics Department of Colorado School of

Mines, I am grateful.

My thanks also goes to my wife Kwaydong, who has
given me moral support when I needed it. Last, but not
least, I would like to thank my fellow Geophysics graduate
students who offered constructive criticism and

encour agement,

ix



T-2914 1

1. INTRODUCTION

A stack is a composite record made by mixing traces
from different records. Examples in seismic exploration are
ground mixing, instrument mixing, vertical stacking, uphole
stacking, common depth point (CDP) stacking, commom offset
stacking, coherency filtering, diversity stacking,
migrating by summation method, etc. (Sheriff 1982). The
purpose of "stacking" is to enhance the signal-to-noise
ratio in the final stacked trace.

The stacking algorithms commonly used in the above
processes can be classified into five categories: straight
summation, weighted summation, summation after coherency
measure, summation after optimum filtering, and non-linear
stacking methods. We have a brief review of these
algorithms in the next chapter.

Recently, a non-linear iterative stacking algorithm
has been introduced and described by Naess (1979). The
algorithm has been shown to be adaptable to CDP stack and
velocity analysis (Naess and Bruland 1981, and Naess 1982),
The primary objective of this paper is to check the
performance of the iterative stack in these applications,
and to find way to put the iterative stack into routine

seismic data processing procedures (All computer
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programming work of this paper is assembled in

Appendices).
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2. ALGORITHMS REVIEW

A quick review of stacking algorithms will be shown
below in this order: straight stack, weighted stack, stack
after coherency picking, stack after maximum likelihood
processing, stack after optimum decon filtering, median

selection, and iterative stacking.

2.1 Straight Stack

The same weight is attached to each sample entering '
the straight stack. The process of straight stack of CDP
NMO-corrected data has been well known since Mayne (1962).
The enchancement of the S/N ratio by straight summation was
an intuitive end result to him at that time. Robinson
(1970) gave a quantitative argument that Vvn is the
improvement of the S/N rms amplitude ratio for the straight
summation from n traces if all traces have identical S/N
ratios and identical signal amplitudes.

Straight stack is still the simplest version
accepted as standard routine processing for seismic data.

The disadvantagé is that small but consistent signals may

easily be overruled by a few large noise pulses.
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2,2 Weighted Stack

S/N ratio will decrease with increased offset beyond
some minimum offset. George et al (1968) suggested that a
calculated factor based on offset distance should be
multiplied with each trace before stacking.

Statistically optimum stacking was first proposed by
Robinson (1970), a theory for weighting seismic records in
the stacking process was developed from a statistical
model, in accord with that model, a seismic record is
described by its signal scale and its S/N energy ratio.

The following statistical properties are imposed on
the signal and noise components within a simple seismic
window by the model:

1) the signal is identical (except the scale) and
correlated on all traces,

2) the noise on any given trace has zero mean and is not
correlated to the noise on any other trace;'and\

3) the S/N ratio is reasonably constant for each individual
trace over the time extent of the window.

The mathmatical expression for the jth Saﬁple of the
ith seismic trace in a gather consisting of I CDP traces is

tij=a; (s +n;), 1i=1,2,...,I

j=1,2’;oo’J (1)
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Where a; is the signal amplitude factor or scale
(arbitrarily, @, =1), s; is the signal component, n is the
noise component, and J is the number of discrete samples per
trace. The signal energy and the noise and total energies

respectively for the ith trace are defined as follows:

J 2 J 2 J 2
s= 2 (s;) , N= Z(n;) , T;= Z(tj;) (2)
j:1 j:] i=’

The unique S/N energy ratio r for the ith trace is

def ined as

> (3)

The objective of the optimum stack is to determine a
weighting factor w, to be applied to the corresponding ith
trace such that the S/N ratio of the trace resulting from
the weighted stack will be maximized.,

The optimum stack for I traces is achieved by a
logical extention of the two-fold weight stack: (see
Robinson 1970, equations 4 to 17)

(t/(’) )optimum = Tt 2,’-1—.1- ti; (4)
i=

a;

where ¢ is a normalization factor, Stated in words, the
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optimum stack is effected by first equalizing the signal
scale on each trace, then weighting the resulting traces
with their respective signal-to-noise energy ratios, and
finally, stacking and normalizing these traces.

To implement the optimum stack, we should know the
scale and S/N ratio for each trace in the stack. We cannot
determine these values in practice. The statistical
estimations are based on the simple trace-cross-product

sums def ined as

J
Xmn = E tm; tnj (m,n=1,2,...,I) (5)

Robinson (1970, equations 21 to 24) demonstrates
that the best approximations to the trace scale and the S/N

ratio for trace n in I traces are:

- 1 Xnk
&n (I-2) = X4k + where k#n

1 1
tn = (I-1) = XmmXnn (6)

xmn
The computation ot these is very time-consuming. If we
assume all S/N ratios are approximately equal (Robinson
1970, scheme IV), then approximately,

; 05 (7)
) , n=1,2,...,I

Wy OC

xnn
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This is a mucn simpler weighting function which merely
effects a normalization of each seismic trace on its total
energy. These weights are used in what is called the
diversity stack. |

In routine processing, bad traces are first deleted
by manual editing . This gives bad traces a zero weighted
value and assures that the S/N ratio of each trace falls in
an acceptable range. The traces are then stacked by
diversity stack. This simple combined process has been
phenomenally consistent at achieving a notable improvement

in the stack (Ngian, 1983).
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2.3 Stack after Coherence Picking

Coherency stack combines data which satisfy certain
trace-to-trace coherence criteria, Many coherence measures
were reviewed by Neidell and Taner(1971). The commom
objectives of coherency measure include signal prediction,
detection of shifts, and extraction of common signal. Signal
in the channels can be measured, enhanced, shaped, or even
ignored after the use of some coherence measure., It is too
broad a subject for discussion here.

The coherency measure used in stack is largely
dependent on the coherency criteria used. Coherence picking
may be better than the manual editing in some sense, and the
result of the coherent stack might be slightly better than

that of a routine weighted process.
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2.4 Stack after Maximum Likelihood Filtering or Optimum

Deconvolution Filtering

Optimum stacking filters and their performance in
suppressing uncorrelated noise has been investigated by
White(1977). He defined the "optimum stack filtering" in
terms of two processes; the "maximum likelihood process”
which minimizes the output noise power under the
restriction of no signal distortion, the "Wiener
deconvolution process" which minimizes the mean square
deviation ot the output from some arbitrarily selected
"desired" output.

The basic principles ot maximum likelihood
processing are still contained in the theory for the
weighted stack, and the maximum likelihood weights W for

the trace i ot I CDP traces are obtained by:

w. = ! . rj (8)
1 ai 2 I',
where a is the signal scale and is the S/N power

ratio (see White 1977, equations 1-7).
Allowing for this leads to the case of optimum
stacking filters, the above equation must be valid at every

frequency in the signal
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_ ri (f)
wi(f)= a; 'Erj(f) (9)

=1 .
Thus if, say, 17 frequencies between zero and the Nyquist
frequency are allowed for the definition of the stack
filters, the S/N ratios at these 17 frequencies must be
evaluated to obtain the weights w, (f) from the above
equation. The frequency response w; (f) can then be Fourier
transformed to produce a' 33 point stacking filter for trace
ie

White (1977) concluded that optimumly filtered stack
is only slightly better than the straight stack. The
improvement or S/N ratio of the straight stack will usually
be at least eighty per cent of that of an optimumly
filtered stack. Moreover, the straight stack suppression of
uncorrelated noise is best at low S/N ratios where it is
most needed.

The multichannel Wiener filtering, on the other
hand, actually requires only single channel operations.
According to Green, Kelly and Levin(1966), ﬁiener
multichannel filtering is essentially equivalent to the
application ot a single channel Wiener filter to the output
of a maximum likelihood process. The later is more
computationally effective than the former.

In fact, no matter whether one applies the maximum
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likelihood filtering or the multichannel Wiener filtering,
the improvement of the output will be restricted by the
design parameters which must be obtained from the seismic
data itself, and the best result is at most the desired
trace (Ngian, 1983). This might be the reason the optimum
stacking filters have not been widely used in the routine

seismic data processing.
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2.5 Median Stack

The median stack algorithm is to select only one
"median-value" instead of combining all data, In the
selection process, all data contributing to the stack are
line-up in an order from high to low, and the one located
in the middle will be chosen as the representative value
(Ngian 1983).,

This method is not linear and tends to change the
frequency content in an unwanted manner (Naess 1979). It
might be able to suppress the noise when a few large noise
bursts overrule the small consistent signals. However, the
iterative algorithm introduced in the next section will do

a better job for the same price.

2.6 Iterative Stack

This algorithm has been first introduced and
described by Naess(1979). The algorithm is expressed
mathematically below by an example of CDP stack. The input
to the algorithm consists of all amplitudes at one
reflection time-level of the NMO-corrected CDP-gather,

Parameters are defined as follows:
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af=positive amplitude number i after k-th iteration,
bf=negative amplitude number j after k-th iteration,
m=number of positive amplitudes,
n=number of negative amplitudes,
M=m+n (note that Naess(1979) used M as a parameter),
S+=sum of positive group divided by M,
S-=sum of negative group divided by M.

The lst-iteration:
Sl =';-' i%fa?
st =1, =y

st = s+ sl -—1—-( éaﬂ +Eb1 ) —1l-iteration output
= + - = M . i J p ’

the 2nd-iteration:

if al > 8! set a2'= g}
al < sl a?'= a}
b} < s bi2'= s!
b} > s b2’ = b;
then S‘+2'=—-ﬁld—- é a?
s#=L. = b2

s?= g2+ sf2-—2-jteration output,

The higher-iterations just repeat the computation above, the
g-th iterative stack is
s/ =_%I_‘. = a;
n
s’ =_1\14"' = b’

q

S sd + 8& _-g-iteration output.
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It is noted that the output of the lst-iteration is
equivalent to the result of straight stack.

This is a procedure where the difference between each
input trace and the mean value is subtracted from the input
trace; the separation of the positive and negative group is
to make the subtracting procedure convergent. To put it
another way, if the samples are not separated the process
that causes the positive values to converge will cause the
negative values to diverge.

The iterative algorithm could be considered as a
combination of two algorithms:

1) an algorithm to find the sum of the most consistent

positive amplitudes and the most consistent negative values,
2) an algorithm to enhance the most consistent polarity; for
example, if all amplitudes are equivalent in absolute value,

the computation formula could be represented by

T = (m/M)qu+ (n/M)qB

S
where a,=a,=....=3,=A
b;=b2=....=b,=B
which could be named as "higher degree stacking".
Generally the primary amplitudes should be equal in
strength and polarity, and all noise amplitudes shall be

random or less consistent than primary ones. Thus, after

several iterations the primary amplitudes will be emphasized
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since the noise is suppressed more quickly.

In order to illustrate the iterative process, we made
a test computation on a set of 10 random numbers as shown in
figure 2-1, The initial 10 random numbers range between -0.5
and +0.5, six of them are positive. Since neither the
positive group nor the negative group are dominant, both
groups were suppressed quickly by iterative process.
Negative group dropped to the zero level first (after 5
iterations) because they are relatively inconsistent with
respect to the positive group. After 10 iterations the
positive group was also exterminated.

Another test was made on a set of 10 positive random
numbers which range between 0.00 and 1.00 (figure 2-2)., The
process was made up to 20 iterations. It clearly demostrates
the rate that data values were changing; when more data were
falling near the same value (more consistency appeared) the
slower their values would be decreased. This explains how
the iterative stack sustains the small but consistent

signals.
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Figure 2-2. 1Iterative algorithm tested by

10 positive random numbers.
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Summary of the algorithm review:

(1) Straight summation is still the conventional
routine stack algorithm, but actually it is an "optimum"
weighted stack because manual editing and the diversity
stack are usually added.

(2) Coherent picking might be better than the manual
editing, but it is largely dependent on the coherency
criteria used.

(3) Multichannel optimum filtering is unlikely to be
as popular as straight stack, it is not adapted to routine
multichannel processing.

(4) Iterative and median stack are non-linear

processing, and hence change the frequency content.
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3. SYNTHETIC EXAMPLES OF THE USE OF THE ITERATIVE ALGORITHM

We are going to use a simple model to check the
performance of the iterative algorithm in the stacking of
multichannel data, the algorithm will also be examined with
background noise., The same model will be used to illustrate
the performance of the iterative algorithm in single trace
processing. A secoﬁd model will be used to show’the
filtering effect of the iterative algorithm in velocity
analysis. Finally we will introduce more realistic modelling

for comparison and discussion.

3.1 Naess' Model- Example of Iterative Stack

A 3-layer earth model and its parameters is shown on
figure 3-1, For this model I generated the 12-fold
CDP-gather shown in figqure 3-2. Each trace consists of a
waterbottom reflection, two primaries, and five direct
waterbottom multiples., The waterbottom reflection and all
multiples were given the same strength. The
primary-to—multiple amplitude ratio is assigned 1:10. The
basic wavelet used in the model is shown in Appendix A: The

program 'TRPLOT'. These model parameters are similar to
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MODEL PARAMETERS

sample interval: 2 ms

primary-multiple amplitude ratio: 1:10

recording in 12-fold

minimum offset 100 m, maximum offset 650 m.

the model consists of waterbottom reflection,2 primarys,
and 5 direct waterbottom multiples.

DEPTH( M)
WATER V:1500
BOTTOM = 150
V:2000
PRIMARY 1 o 400
V=3000 W/§
PRIMARY 2 = 1000

Figure 3-1, A 3-layer model and its parameters.
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 b1.30

—1.40

Figure 3-2, CDP-gather generated from the 3-layer model.
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Naess' model (Naess 1979) and provide simplified
reflections for easy observation. The realism of such data,
as a model of a preprocessed gather, is discussed later in
this chapter.

Fiqure 3-3 shows the CDP-gather traces after
NMO-correction, the streching effect is significant in far
offset traces. Figure 3-4 displays the resulting final
stacked traces after applying the iterative algorithm from
l-iteration td l2-iterations., The l-iteration version is the
same as straight stacking.

All the multiples are more and more reduced as the
number of iterations increases. After five iterations the
primary reflectors already dominate the trace. This test
proves that the iterative stacking is a powerful tool and

the S5-iteration or 6-iteration version is probably adequate

for the display of the final seismic section.
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COP-GATHER AFTER NMO
m) 500 4 00
«OFFSET(_Q) | 0w 3 20 100 TIME(§ )

-—‘-——M“O.OO
—0.10
— CSWJ—-O 20
—(0. 30
L — %" 0.4
—0.50
M
(. 50
T —0.70
" 10,80
—_————7 C ¢ ¢ P,
—0.90
s s — ﬁ;"‘l.oo
—1.10
- L M 20
—1.30
—1.40

Figure 3-3, CDP-gather of figure 3-2 after NMO-corrected.
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'STACK  RESULTS

== NUMBER OF ITERATIONS TIME (S)
121 10 9 8 7 6 5 4 3 2 1 —0.00
—0.10
W.B. |

S (-(5% 0.20
—0. 30
—(0. 40

wel P LLEL DL g
—(0.50
f ;"‘2 —0.60
—0.70
=M3 —0.80

P2> } S $ ti‘a
—0.90
—1.10
4 }i‘Ms —1.20
—1.30
—1.40

Figure 3-4, Result of iterative stack from figure 3-3.
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3.2 Naess' Model with Background Noise Involved

It is interesting to know the performance of
iterative stacking when background noise is involved in the
model. The background noise is generated as filtered random
numbers and added to each trace, the signal-to-noise
amplitude ratio is about 5:1, where the signal value is
calculated from the average of the three primaries, and the
noise value is calculated from the average absolute value
over the whole trace,

Figure 3-5 shows a 12-fold CDP-gather from the
previous model with random noise added. Figure 3-6 shows
NMO-corrected traces, and figure 3-7 displays the resulting
final stack trace after l-iteration to 1l2-iterations. Most
of the background noise is removed from the stacked traces.
after 6 iterations. It could be stated that as long as the
noise is not changing the consistency of the signal, as
would be the case given a statics problem, the noise will be

cleaned out of the section while the signal stays.
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OFFSET DISTANCE IN METERS
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o
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i?ﬁigiﬁ o
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Figure 3-5, CDP-gather generated from 3-layer
model with background noise involved.
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(CDP-Gather after NMO-corrected)
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Figure 3-6, CDP-gather of figure 3-5 after

NMO correction.
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NUMBER OF ITERATIONS
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T rocs N 20
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—0.90
—1.00
—1.10
—1.20
—1.30

—1.40

Figure 3-7, Result of iterative stack from
figure 3-6.
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3.3 Example of Single Trace Process

High resolution has always been a goal of the
exploration industry. The maximum resolution in seismic
reflection work would be obtained by using a point-source
and recording the reflected signals with one single detector
located as near to the source as possible. But the
conventional CDP-stacking, whose sole object is to improve
the signal-to-noise ratio and attenuate multiples, implies
straight summation of signals recorded at distances up to
2.5 km from the source, there is a contradiction in using
the CDP-method when high resolution is required.

The resolution in seismic reflection data may be
subdivided into lateral and vertical resolution: the lateral
resolution is concerned with the ablity to detect small
changes horizontally from trace to trace. In CDP-stacking,
if the lateral extension of the reflecting area is larger
than the extension of the change we want to detect, then the
stacked data have a tendency to hide such a change. For
example, a small fault may appear as a slight weakening in a
reflector instead of a clear break.

The vertical resolution is concerned with minimum
distance between two reflectors which is necessary in order

to detect them as two separate events., The CDP-stacking
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procedure af fects the vertical resolution for two reasons:
first, the stacking implies summation of traces with large
offsets and hence more attenuation. Thus vertical resolution
of a stacked trace is less than that of a single trace with
short offset. Second, the stretching effect in normal
moveout corrections may introduce further differences.,

To obtain high resolution it would therefore be best
to use only one trace recorded with the least offset for
construction of the final seismic section. However, it is
obviously also necessary to improve the S/N ratio on the
near trace to a degree comparable to a conventionally
stacked trace. A way towards achieving both of these goals
is the use of iterative stacking with respect to the near
trace only, that is called the single trace process (Naess,
1982). In practice, the iterative stacking is done equally
with respect to all traces in the CDP-gather, and only the
near trace is chosen as the output rather than the sum of
the positive and negative groups.

Fiqure 3-8 displays the resulting final iterative
stack with respect to'the near trace from l-iteration to
l2-iterations, the l-iteration shows more high frequency
components than the conventional straight stack of figure
3-7, the difference of frequency content is also clearly

evident when one compares the waterbottom reflections in the
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traces on both figures. Furthermore, single trace processing
shows a better ability to keep its original form than the
ordinary iterative stack especially in the first few

iterations,
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<= NUMBER OF ITERATIONS
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Figure 3-8, Result of single trace process.
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3.4 Example of Velocity Analysis

Velocity analysis is one of the important elements in
seismic data processing since stacking velocities determine
the quality of the final seismic sections. The velocities
are also important independently of stacking, since they are
related to physical parameters of geological significance.

Methods of velocity analysis are based on a visual or
computer coherency measure. Prior to the coherency
measurements there is normally no filtering except possibly
a deconvolution, and the result of the velocity analysis is
therefore highly dependent on the capability of the
coherency measure to disregard the disturbing influence of
noise events. Coherency measures are often based on
different design philosophies (Neidell and Taner 1971), but
the assumptions about noise and signal structures are seldom
achieved in practice.

If disturbing noise can be removed from the data
before the coherency measurements, the quality of velocity
analysis will be improved. Naess (1981) has proposed that
the iterative algorithm can achieve this filtering job, a
check of its performance is illustrated below by a second
model.

Figure 3-9 shows a 4-layer model and its parameters,
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Synthetic CNP-pather Model

This is based on horizontally lavered
model with constant parameters within
each laver and has 3 orirary reflections
P1,P2,P3 in addition to the waterbottom
reflection, also water confined multinles
are included.

recording in 12-fold, minimur offset 200
meters, maximum offset 1300 meters.

V= 1500
R 0.5 ATER_BOTTOM
= 1700

R0V

2090

-<
"

&0.3 -

2555 m/s

-<
"

R: U.‘ -

Figure 3-9, A 4-layer model and its parameters.

TIME S.
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SYNTHETIC CDP- GATHER
OFFSET w. 800 600 400 200

i

<

AREREE

Figure 3-10, CDP-gather generated from the
4-layer model.
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the CDP-gather shown on fiqure 3-10 is generated from this
model under the aSSUmption.that only water confined
multiples are important, these can be easily seen as a
sequence of events following the primaries, The coverage is
12-fold, minimum offset is 200 m and maximum offset is 1300
m. The interval velocities used in the model are 1500, 1700,
2090, 2555 m/s respectively from top to bottom. The
reflection coefficients used are 0.6, 0.1, 0.3, and 0.1 from
water bottom and downwards. (See the next section for a
discussion of the realism of the model.)

The method of velocity analysis we chose is the
constant velocity stack (CVS) method. A conventional
CVS-analysis is shown in figure 3-11, a display of iterative
CVS-analysis after 2 iterations is shown on figure 3-12, and
figure 3-13 shows an iterative CVS-analysis after 4
iterations. The velocities used range from 1460 m/s to 2240
m/s with an increment of 20 m/s. There is an impressive
improvement in the definition of primary events on the
iterative CVS versions. The background noise, caused by
random line-ups which are present on the conventional CVS,

have been effectively suppressed on the 4-iteration version.
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3.5 A Discussion with More Realistic Modelling Work

In the previous two modelling cases, the CDP-gather
generated from the models were simplified in that only
several easily observed raypaths were counted and
reflection coefficients were not computed from the
velocities. In order £o justify these assumptions, a more
realistic modelling suite of programs was applied. These
are called the GRAY suite (Generalized RAY) of the Colorado
School ot Mines. The output of GRAY for the first model
consists or 38 rays for each receiving station as shown in
table 3-1, which is generated under the consideration that
reflections come from both p-wave and s-wave ray-tracing
with eight or less legs and 1.5 seconds recording time. The
previous modelling work shown in figure 3~2 included only
seven or these rays.

More rays means more disturbing events that hide the
primaries. Figure 3-14 shows the more realistic CDP-gather
from the GRAY suite, in which primaries are disturbed and
are not so consistent as those in figure 3-2, The most
interfering events are those strong responses from head
waves and shear wave conversions in shallow depth as
indicated in fiqure 3-14 and table 3-1.

The other important difference between our model and
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the GRAY result is that the output of GRAY has taken into
account the fact that the reflection amplitudes are
changing with respect to the incidence angles. In the real
earth, the changing does happen and the signal responses
gathered from different offset angle could not be equal in
strength or polarity as we have in our model, and hence the
strength of the signal in the iterative stack will be also
gradually decreased on iterations.

Therefore, we should carefully choose the number of
iterations for the output of our iterative process. In our
modelling test, for example, the number of iterations which
gave the best display was 5 or 6; and it might be reduced
to 3 or 4 in real data processing.

It is also suggested the muting function should be
included in the process of the iterative stack. Naess
(1979) commented that muting is not required because the
stretching effect does not bother the iterative stacking
too much.‘That is only based on his simple modelling
result, If we consider the disturbing events from shallow
paths and the fact that amplitude changes versus incidence
angle, a proper muting will be highly helpful in regqulating

signal responses especially for shallow depths.
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Figure 3-14, 12-fold CDP-gather from the 3-layer
model generated by GRAY suite.
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the prev

turbing events).
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1s

dicates the most d

in

(circle marks those rays appeared

3-layer model.
black dot

Table 3-1, The rays generated by GRAY suite from the receiver #9 of the
model,
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4., COMPARISON WITH THE OTHER ALGORITHM

The goal of seismic data processing is to suppress
noise and enchance the signal. Random noise is usually
reduced by increasing the number of elements such as
detectors or sources in the trace mix. Horizontally
travelling noise is suppressed by patterns of sources and
detectors and by use of frequency and velocity filters.
Noise in the reflection path such as ghosts, reverberations
and multiples are suppressed by deconvolution or horizontal
stacking.

From previous examples, the algorithm of iterative
stacking has shown its excellent ability to cancel noise.
Now we want to compare its performance with that of other
algorithms used in the different categories of noise
suppression., We would also like to know whether or not the
iterative algorithm is compatible with the other algorithms

if they are conducted consecutively.

4,1 Comparison between the Straight, Weighted, and

Iterative Stack in Suppressing Random Noise

.. This comparison is of special interest because

straight and weighted stacks are the most common routine
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procedures. The modelling method used for this comparison
is similar to the one used by Robinson (1970). The model
data is a six trace CDP-gather and it is assumed that all
traces have already been properly corrected for NMO; the
signal consisting of a sequence of evenly-spaced Ricker
wavelets. The time exteﬁt of windows was short enough for
us to ignore the possibility of the attenuation. The
signal on each trace differed only in its scale. The noise
on each trace was independently generated by convolving a
Ricker wavelet with a random series of spikes.

Signal scale céuld be arbitrarily assigned to each
trace and set to 1.0 for the first synthetic trace. S/N
energy ratio was computed from the total signal energy and
total noise energy throughout the extent of the window.
The window time extent (trace length) is 280 samples.

Figures 4-1 to 4-8 show stacking results from
different combinations of signal scale and S/N energy
ratio. Each figure shows the 6 synthetic CDP-gather, the
desired output (true signal), the straight stack, the
iterative stack (the 4th-iteration version), the optimum
weighted stack, and the iterative stack after a process of
optimum weighting.

In figures 4-1 to 4-5, the modelling CDP traces were

assiéned equal signal scale but varied S/N energy ratio



46

T-2914

‘orjea N/S y3ty 4Laoa

YITM SWylTIo3(e JUTHOB]IS JUSIDJJIP WOLF ¥HOBlS ‘T-p @andtyg

l/>.?<(/>?>\/>\(<5>)\ 1572

00°1

|,>\,)\/>>>2/>\;>)>\§ EAF- 00°1
1)>w\,)>>7>)>\,\/>>>\ 16°9 00°1

HIHwo-da 9 _ ol ghe 00t
|<,>\/w)>\1\J>\</?,>lJ LLet 00°t
r)>\<!/>1)>,>\<<</>\2 692 00°1

jeubis |esy I)>\ />\ ,>\ a>\| NS _u.ﬁ__w

¥oels  ybiens .J>\f)>\(«;>\l$»>\l
MOVIS JAILVHILI |;>}>7I>15)>\|

¥oeis pajybiam wnwindo >T ,> J> JP
e N—N— N

“IM '1dO 18)je oriS BAlleIs)|




47

T-2914

"oTjed N/S Uysty

YiTm suigltaodie 3UuTyOoBl}S JUSISIJTIP WOII {OoBIS ‘gZ-§ 9@an31g
SL°0 00°t
SS°0 00°t
A)>l(</>>>>.>\>\/>>>\ 08°1 00°1

H3HIVD-ddD 9 i}>.)>>)>\/\/$>\/\/~>\l . .
L6°0 00°t
J>>K/L/>\/\/?</?\r\/m._.o 00°1
L/>\<¢J>)>>\>>?>\(Z L9°0 00°1

eubis jeay —J\—N\—N—N— W% s

¥oeis ybiens

MOVIS 3AILVHILI
¥oe\S paybism wnwndoO

‘IM '1dO 18}je oels m>:.m§_




48

T-2914

H3IHIvO -ddD 9

|leubis |eay

yoels ybens

MOVIS 3AILVYHILI
%oe)S pajybiam wnwido

IM '1dO Ja)je %oelS aAlless)

*oTjeI N/S 93vIdpOW
1Im swylTtgo03Te SUuI}OB]IS JUBIDJJTIP wWOXF ¥HOBIG

‘g-p oandtyg

ER°OD 00°1l
9e°‘0 00°t
hS°0 00°t
6h°0 00°t
IE°O0 o0°t
oh°0 00°t

JWas
LLLEIN



49

T-2914

"o13BI N/S MOT

U3t swylraodie 3uTlyowlS JUSJIDIFIP wWOIy 3}Oowlg ‘p-p 9an3tdg

~AWAMAAMMPAA 416
!,>\<<(<<<<<(/>z<§\~ 90°0
~ANNANNAAANMA 2240
HIHIVO -dAO 9 _ jam MAAAMAAAA 5910

\<,>,\/l(</\/>\</?,\/>_ c0°0

~ANASNANAANAN 5540

00°1

00°t

00°t

00°1

oo°t

00°t

|leubis |eay NN N Nn— NS

woelS WbeNS — A\~ AN AN
WOVIS 3JAIVHIL — N A A A

¥oelS paybliam wnwndQ — N A A

IM 1dO 18)e YoelS aalessy| A ~ N “

JIvas
LLLETS



50

*orjeax N/s tood
YaTm SwylTIo3[® SUTOB}S JUSISFJIP WOIJ }OBIS ‘G- 8an3Tg

)>>2,>>\/>>>\<<<<<§>\ h0 "0 00"
l/>>\<(<<<<</.?>1(<,) 2070 00°1
|t)K/)5\(7&(/&/)\)\&(\/55)(\ 80°0 00°1

HIHIVO-dAO 9 _ (n aa A AAAAA
€0°0 00°1

\<</>\/\,7>\/\/>>>>»\/J 30°0 00°1
A\/l%/\lf)\/\/\/u\(/\% mo.o oooﬂ

. A n A PITER
|leubis (eay A N/ s

¥oelS UbieIlS — AN A~ANANA~ANAANANAA

WOVLS 3JALVHIAL —————————————A—————

¥oeis pajybiam wnwndo A —— R

‘IM 1O 1a)je orIS aAlleIg) - . _

T-2914



51

*9TeOS TeU3IS pPatTaeA 3ngq or3leI N/S
9jeIopow YlIm sSwylTIo3[e 3UIOBIS JUSISIJTIP WOIF H{Oo®I}S ‘9-p 2an3d1yg

SL°0 00°t
II.}\/\’\I\II\/\I)\(/\Iln\I.\(lll\/\I\J mm-o ) QN.Q

;\/>>\<</>\</>,>\>\</?/\ 08" 1 00°t
H43HIVO-dad 9 I/\P\}?,)\/\/\/Z/\/\/f
L6°0 00"t

|</>k/\,>>\)\/>>>}?>_ Sh*0 00°1
J>>\<(/>s\<(>\<«,>>ic L9°0 00°1

|leubis |eay |J>\ ;>\ />\ />\l NS __._.‘%_..W
¥oels ubiens |}>\5>?(<<,>\,lf>xz

MOVIS 3AlvHIll — N NN N —
yoels paybisp wnundg - — N N NN

IM MO 18)e YoelS BAleId)| —NA— N A A

T-2914



52

T-2914

*31eOos TeUu3TS patgaeA 3ng OT}eI N/S

91eJI0pOW UY3TM SWYlTIOo3Te SUTIHOBIS JUSISBIJTIP WOIJ OvIS

H3IHIVO-d4Q0 9

Sh°0

|
)>>\<r)>\,\</\>\<<</>\( 19°0

‘L-% eandtg

0E0

02°0

00°tl

00°1

00°1I

00°1

leubis |eey J? ,>\ ,P ,>\l NS
woeis Wbens —Jf A\ oS

MOVIS 3AIlvH3l|

¥oelS paybam wnwndg — NN NN

‘IM 1dQO 18} 4OBIS BAIRIgY

Vi S\ NN

1S
LLLEIN



53

T-2914

*918OS Teu3TS paTIBA 3nq OT3BI N/S
9jeJIdpow Y3Ta swyjitJod[e BUTHOBIS JUSISIJIP WOIJ IORBIS

H3IHIVO -ddD 9

leubis |eay

A

BN Y
PV VN AWYS N
Y VA PN oY Y

Y R Y W 7

¥oels ybrens —~S NN AN

MOVIS 3AILVHILI
%oeiS paybiom wnwndo

IM 1dO 18)je MoeiS BAleId))|

~ s~ ~ P~

‘8- a@andry
SL°0 oo°1-
85°0 02°0
08°tl 00°t
L6°0 go°tl
Sh°0 00°t
L9°o oot

JWas
LLLETH



T-2914 54

from the higheét value (3.5) in figure 4-1 to the lowest
value (0.036) in figure 4-5. 1In fiqures 4-6 to 4-8, a
moderate S/N energy ratio remained constant, while
different signal scales were assigned in one or two traces.
Therefore, the influence of both the signal scale and S/N
ratio on the stacking traces could be observed
independently.

The resulting iterative stack is obviously much
better than the straight stack in all cases. Hence, the
comparison concentrates only on the performance of the
optimum weighted stack and iterative stack. My observations
could be summarized as follows:

(1) If the signal scale is kept constant among all
CDP traces as in the cases in figures 4-1 to 4-5, then:

(l1.a) For a high S/N ratio case as in figure 4-1,
both optimum weighted stack(OW) and iterative stack(IS) are
excellent in enhancing the signal. The iterative stack
after optimun weighting (ISOW) shows a smaller output signal
than OwWw or 1IS.

(1.b) For a moderate S/N ratio as in cases of
figqures 4-2 and 4-3, IS is more able to emphasize the
signal than OW, while ISOW shows no improvement over that
of OW or IS and the sigﬁal actually gets worse.

(l.c) For a poor S/N ratio as in figures 4-4 and
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4-5, IS seems slightly better than OW, and ISOW is still
the worst ot them.

(2) If the signal scale varied and the S/N ratio
were kept apbout the same as in figures 4-6, 4-7 and 4-8,
the result of IS is not so remarkably superior to that of
OW as shown in cases (l.b) above, ISOW is improved and
might be as good as IS in the case of fig 4-6. The reason
is that a weighting proceduce tends to pull the signal
scales back to an equal level on all traces, which benefits
the iterative algorithm of ISOW.

(3) It must be noted that the true optimum weighting
stack is based on prior knowledge of the synthetic data .in
this model. In practice this knowledge is hard to obtain.
Robinson (1970) has stated that the best statistical
approximation to an optimum stack is essentially one-half
as effective as the true optimum technique at improving the
S/N ratio on a stack over the ordinary stack. The IS
process, on the other hand, does not require any prior
assumption about the signal scale or S/N raﬁio.

(4) The process of OW and IS seems incompatible,
which was illustrated by the results of ISOW from those
figures. It indicates that the OW process should be avoided
in routine seismic work if IS will be executed afterward.

However, to make a further analysis, the process of OW
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actually consists of two functions: one is to give a big
weight to the trace of low signal scale; the other is to
give a small weight to the trace of high noise ratio,
called the diversity stack. Actually the high noise inside
the trace does not bother the performance of IS, while the
equalizing of signal scale on all traces will benefit IS,
Therefore, the optimum weighting sense for IS is just on
the equalization of the signal scale. A cross-product
among traces (see equation 6) will provide the value of
signal scale of each trace and derive a weight to each
trace for scale equalizing. This will improve the
performance of IS as in the case of figure 4-7 into the
better result of figure 4-3,

In practice, the signal scale for all traces can be
assumed to have about the same value. In order to improve
the performance of iterative stacking, manual editing of
. baa traces will still be valuable, whereas diversityi
stacking should be eliminated from the routine processing

sequence.
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4.2 Comparison between the Iterative Stack and the
Velocity Filter in Suppressing Surface Travelling Noise and

Multiples

The objective of this section is to compare the
performance of iterative stacking and velocity filtering in
suppressing surface travelling noise as well as multiples.
Since the velocity filter is commonly used to improve the
data continuity prior to the stack, we would also like to
know the compatibility of the two processes.

Velocity filters are two dimensional linear
operators that can extract signals from a background of
coherent noise. These filters may be designed to pass only
events with a particular apparent velocity. A typical
example ot a display of seismic signal and noise spectra in
the f-k domain is given in fiqure 4-9.

Apparent velocity in f-k domain is represented by
dip, which is defined as At per trace. Noise that consists
of responses from surface travelling waves will have a
slower apparent velocity; a signal that is reflected at
nearly vertical incidence and received by geophones at
various distances almost at the same time, will have a much
higher apparent velocity (SEG 1974). Therefore, noise which

overlaps the signal in x-t space could easily be separated
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and filtered in the f-k domain. Also primary reflections
and any overlapping multiples usually exhibit different
time moveouts which can allow us to selectively
discriminate against multiples by using f-k processing on
NMO-corrected CDP-gathers (Sengbush 1983). The velocity
filter may also be oriented to fit particular dips in the
final seismic section to enhance geologic structure (SEG
1974),

The model data used here is generated from the
geologic model of figure 3-1., It consists of one
waterbottom and two primary reflections and five multiples
confined in the water layer (long-period multiples). An
extra horizontally travelling event is added for
comparative purposes. Figure 4-10 shows the generated
CDP-gather after NMO correction. Assuming that NMO
corrections have been adequately applied, the primaries are
flat. Hence, a velocity filter could easily be designed to
eliminate all but the flatest noise components from the
CDP-gather.

The f-k filtering is accomplished by zeroing out the
part or f-k space in which the multiples and noise reside,
We will zero out at least half of the spectrum to suppress
the multiples. Figure 4-11 shows the zeroing-out area in

f-k domain and figure 4-12 shows the data transformation
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back into x-t space, where surface waves have been
successfully eliminated but multiples still exist and seem
to get.better alignment in the horizontal direction. To
compare it with the performance of the iterative stack, we
use a CDP-gather of 5-iteration traces from the same model.
They are put together in figqure 4-12 in order to recognize
how significantly the results from these two processings
differ.

Another f-k filtering test is made by zeroing below
the 45 degree line ( At=0.002 sec) in the f-k domain. The
masked area includes the surface travelling wave. The
resulting x-t plot versus the plot of a simple iterative
stack are aitso illustrated in figqure 4-13.

The comparison from these figures show that both
methods can delete the surface wave noise, but the
iterative stack can totally clear out multiples, while the
velocity filter cannot. Even in a model of 36 CDP-gather
traces (Sengbush 1983) having better conditions for the f-k
filtering process because of more horizontal sampling, was
unable to remove multiples in near traces using velocity
filtering.

There is no doubt that the iterative stack is more
effective than the velocity filter in suppressing low

velocity noise, especially for multiples. If that is the
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case, should we eliminate the velocity filtering job in
routine seismic work and replace it with iterative
stacking? In the conventional routine processing it is
usually believed that multiples may be suppressed first in
the CDP-gathers by a velocity filter, and then suppressed
further by subsequent stacking; if that is true and if
iterative stack is subsequently conducted instead of
straight stacking, we would like to know if the result is
constructive or destructive.

We are reminded that all 2-dimensional filters can
be seriously affected by a problem of aliasing in the
horizontal direction; signal frequencies which are greater
than one half the sampling frequency are folded back into
the spectrum as low frequencies equal to the difference
between the sampling frequency and the signal frequency.
The best solution to avoid aliasing is simply to sample
more otten horizontally, which means shortening the spacing
between receivers. The maximum spacing for proper recording
in a given area must be one half of the slowest horizontal
velocity divided by the highest signal frequency (SEG
1974).

In our model, the maximum spacingﬂshould be less
than 20 meters according to that standard, whereas the

spacing we used is 50 meters. Thus, aliasing exists and the
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frequency content of our signal has been damaged after the
2-dimensional transformations back in the x-t space as in
figqures 4-12 and 4-13. The iterative stack was applied to
these filtered gathers and the result displayed in figure
4-14 (from gather after right-half plane zeroing) and
fiqure 4-15 (from gathers after 45 degree slicing). In the
same figures the iterative stack processed directly from
original data is also illustrated for comparison. It is
evident that iterative stacking after velocity filtering is
not able to eliminate multiples as it does individually.
Even in higher iterative versions, the multiples still
remain unaf fected.

Accordingly, we suggest that velocity filtering
should be discarded from pre-stacking procedures because
its etfect is marginal compared to iterative stacking, and
it will damage the subsequent iterative stack especially

when an aliasing problem exists, which it usually does.
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4.3 Comparison between the Iterative Stack and Wiener

Deconvolution in Suppressing Periodic Noise

Wiener least-squares inverse filtering (Rice 1962)
is one of the most effective tools for the digital
reduction or seismic traces, it constitutes the keystone of
many current deconvolution methods. The predictive error
filtering process, for example, is one of the most flexible
deconvolution methods based on that algorithm and, will be
used here for our comparison according to the description
in papers by Robinson (1966), Robinson & Treitel (1967),
and Peacock & Treitel (1969). The Wiener filter is used to
deconvolve a reverberating pulse train into an
approximation ot a zero-delay unit impluse. Generally, it
will remove repetitive events having specified
periodicities such as ghosts and water-layer
reverberations, and occasionally multiples.

The objective of this section is to compare the
performance of iterative stack with Wiener deconvolution in
suppressing periodic noise. Since deconvolution is usually
executed several times in the whole processing procedure
betore or after the ordinary CDP stacking, we would also
like to know the influence ot the iterative stack on the

Wiener process if iterative stacking is substituted for the
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ordinary straight stack.

In order to make a comparative check, we designed a
model by adding a ghost reflection to the modelling data of
figure 3-1, in which the water layer confined multiples
could be regarded as a long-period repetitive event, while
the ghost is regarded as the short-period repetitive event.
The distortion operator involving the ghost is defined as
8(t)+R8(t-AT), where the ghost reflection coefficient R is
assumed to be -0.95 and ghost delay time AT is 40 ms.
Figure 4-16 shows a CDP-gather of 12 traces generated from
this model.

Two approaches have been used to attack the ghost
and multiple in our modelling traces. One approach is to
make the iterative stack first and then apply the Wiener
process, The other approach is to do the Wiener process
first followed by the iterative stack.

In the first approach, iterative stacking was
performed first. Figure 4-17 shows the stacks resulting
from the iterative process. Random noise and long-period
multiples are totally removed from the final stack after
several iterations, but ghost reflections remain in the
traces because their velocity is so close to the primaries
that their response can not be selectively suppressed. It

is important to note that the ghosts of waterbottom layer
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have not been exterminated but have been distorted due to
the stretching effect ot NMO correction. This will distort
the subsequent design of the Wiener Operator.

To attack the ghosts in figqure 4-17, a Wiener
Operator was designed from each trace with a window of 600
samples and filter length or 45 samples. The program to
solve the linear equations was obtained from the LINPACK
software (Dongara, et. al., 1979), which is in the LBY:
library of the DEC 10 mainframe. The calculated set of
filters was convolved with each trace to generate an
approximate spike, and then convolved with the 40-Hz
weighted sine wavelet to give us the final result as shown
in fiqure 4-18.

The result of the Wiener process shown in figure
4-18 is not satisfactory since the ghost is only slightly
attenuated., There are three reasons that probably explain
this poor performance. One is that only three reflective
events are left in the final stacked traces, which is
insufficient to emphasize the periodicity. The other is
that ghost responses are distorted by NMO stretching.
Third, the wavelet is not minimum phase (example of wavelet
spectrum analysis is shown in Appendix A, the program
'TRPLOT').

Since the distorted response of the first reflective
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ghost might be the key reason for the poor performance, an
attempt w;s made to develop Wiener filters from the
response of the second layer. The result of this Wiener
process is illustrated in fiqure 4-19, which shows some
improvement in suppressing ghosts in the second layer but
the first layer response was damaged at the same time.

My next attempt to improve the performance of the
Wiener process in attacking ghosts on the final iterative
stack traces involves the muting skill. Muting is generally
performed in the ordinary stacking of CDP-gather. 1In the
early part or the record the long offset traces may be
excluded from the stack because they are dominated by
refraction arrivals or because their frequency content
after NMO correction is appreciably lower than normal
traces (Sheriff, 1982) or because the reflection amplitude
changes with respect to the incidence angle,

The muting formula I used for that purpose is to
exclude data which has NMO time correction over 50 ms.
Figure 4-20 shows the resulting stacked traces. Comparing
it with the non-muted version of figure 4-17, you will see
‘that the three ghost responses are all sustained in the
muted version, and furthermore, the second primary
reflection shows greater strength.,

The need for the recovery of the waterbottom ghost
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Figure 4-18, The result of Wiener process on figure 4-17.
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lies in the fact that this ghost is needed for the design
of the deghosting Wiener filter. We performed the Wiener
process on this muted version and got the result as shown
in fiqure 4-21., Unfortunately, the ghost, especially at the
third layer, was still not suppressed as we had hoped.

It was then guessed that the irreqularity in
waveform resulting from iterative processing might be the
reason that caused the Wiener process to fail, hence,
another try was made by using single-trace-processing
instead of all-trace-summing for the output of the
iterative process, because single-trace-processing has been
proven to be better in keeping its original waveform.

Figure 4-22 shows final iterative stacks made by
single-trace~-processing plus a muting function. \Figure
4-23 shows the result after the Wiener process, which is
still unable to make any significant improvement in
suppressing ghosts, Finally, we tried to use a predictive
deconvolution for this job. A predictive error filter was
developed from each trace by using an exact ghost-delay
time interval of 40 ms. The result of predictive
deconvolution is shown in figure 4-24, in which the third
layer ghost is still unaffected. If the third layer ghost
keeps its original ghost delay, the predictive error

process snhould definitely be effective in removeing it.
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Figure 4-19, The result of Wiener process on figure 4-17
with Wiener operator designed against the 2nd reflection.
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Therefore, it is believed that the form of the third layer
ghost has been seriously altered after the iterative
process because a strong long-period multiple was
overlapping it in the original CDP-gather.

If figure 4-24 is the best final stack we can get,
we could assume that the normal result of the Wiener
deconvolution on the iterative stack traces will be, at
most, as good as that shown in the first two layers.
However, abnormal results could be seen very often, as
happened at the third layer in our test. The conclusion
from all these efforts is that the Wiener process could not
easily achieve its goal by this approach.

Naess (1979) has stated that "with iterative stack,
deconvolution might be better applied between stacks
instead of before stack. A few stacks should clean up the
traces in the gather considerably and thereby lead to
improved design of decon-operators". Our modelling tests
just disproved this optimistic assumption.

The second approach, on the other hand, which
executes the Wiener process on the CDP-gather traces prior
to stacking, has no such problem. First we use the same
design parametefs to develop the Wiener operator for each
original trace, and convolve the trace with the filter to

get a de-ghosted trace as shown on figure 4-25. We then
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Figure 4-21, The result of Wiener process on figure 4-20.
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Figure 4-22, The final iterative stacks made by single-
trace-processing plus a muting function.
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Figure 4-23, The result of Wiener process on fig. 4-22,
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perform an iterative stacking to get a final stack as shown
in figure 4-26, where the long-period multiples are deleted
in this step. Fiqure 4-26 shows an almost perfect final
section where both ghosts and multiples are almost totally
suppr essed.

It can be concluded that the iterative stacking
(non-linear process) will prevent the subsequent Wiener
process (linear process) from giving a normal performance,
but, if we apply the Wiener process first it will not
bother the subsequent iterative stacking. Thus, in routine
procedure we suggest that the Wiener process should be
executed prior to iterative stacking. This implies that in
general linear processes should, when possible, procede the

non-linear processes.
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Figure 4-2E5, Prestack deghosting result.
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5. CONCLUSIONS

From all of our modelling tests and comparisons, we
have successfully fulfilled the objectives of understanding
the characteristics ot the iterative stacking algorithm,
and of finding an accurate way to conduct the iterative
stack in routine seismic processing. We summarized our

conclusions as follows:

1) The iterative stack generally will be able to improve
the primary to noise ratio because the algorithm takes into
account the horizontal consistency of the amplitudes and
not only the total straight sum. The iterative stack has
proven to be a powerful tool in cleaning up the random
noise, and is especially well adapted to suppressing strong

long-period waterbottam multiples.

2) The iterative algorithm is a very flexible method. By
varying the number of iterations and the muting parameters,
it is possible to get a varying degree of emphasis on the
horizontal consistency of the input. The algorithm may be
considered as a generalized stacking method. In fact the
straight stack is the l-iteration version of the iteration

output.



T-2914 88

With the algorithm it is possible to output several
versions., Routinely one may choose for comparison purposes,
to display the first stack in addition to the iterative
stacked sections, The iterative computation is so fast that
the extra cost of doing this will be only the display

costs.

3) The iterative algorithm may be applied anywhere after
the iinear seismic processing where a straight summation of
traces is performed. Examples are velocity analysis,
vertical stack, and the CDP stack. In velocity analysis,
the iterative algorithm may resulted in improved velocity
determination, whicn again will improve the final processed

data.

4) For high resolution purposes, single-trace-processing is
suggested for the output of the iterative process. The
signal-to-noise ratio will be improved and the high

frequency content will not be degraded as much.

5) It is suggested that muting should be included with the
process of the iterative stack. The objective of muting is
to aitleviate the influence from NMO stretching, head waves,

and the reflection amplitude change versus incidence angle.
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These factors af fect the ordinary stack as well as the

iterative stack.

6) From our modelling tests, the iterative stack is
generally more effective in suppressing background noise
than the optimum weighted stack; moreover, the optimum
weighted stack cannot achieve its full effectiveness in
practice. These two algorithms are only partially
compatible. If we put the iterative stack in routine
processing, it is better to keep the manual editing and
discard the diversity stack of the optimum weighted

process.

7) The comparison of the iterative stack and f-k filtering
has shown that both methods work well in deleting the
horizontally travelling noise (low velocity events); but
f-k filtering seems not to be able to clean up multiples as
well as the iterative stack does. An example shows that
these two methods are not compatible if conducted
consectively. Aliasing and truncation problems which
usually hamper the f-k transformation will make the

combined output worse.

8) The iterative stack cannot suppress ghosts or water
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reverberations, Deconvolution is still the best tool to
suppress this noise. If the iterative stack is conducted
prior the deconvolution, the Wiener operator could not be
properly designed from stacked traces; muting and
single-trace-processing may help reduce the error of the
Wiener operator design for this approach. However, the much
more accurate way is to do deconvolution prior to the
iterative stack.

The examples show the disadvantages of the use of
the iterative process. Iterative stacking changes the
waveforms by its non-linear nature; the more iterations
performed, the worse the distortion. An inference that can
be drawn from this is that, when possible, linear processes
should precede non-linear processes in the processing

sequence.,

9) Although some real data has been tested by Naess (1979),
additional real data tests are still recommended. Other
interesting topics are:

(i) . The use of the iterative stack in the migration by
summation methqd (Bortfeld 1974),

(ii) « The susceptibility of the iterative stack to

static errors.
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In brief, iterative stacking is an exceptionally
effective tool for the detection of coherent but weak
signals; however it must be used with care. Most of our
seismic data processing is based upon the approximate
linearity of much of the physical process. If iterative
stacking precedes such linearity-based processing it can
invalidate the fundamental assumptions of the

linearity-based processing.

91
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7. APPENDICES

APPENDIX A

MAIN PROGRAMS

Main programs to produce a printout, an output

file, and/or a plot.

unit: meter)

The
The
The
The
The
The
The

The

Program
Program
Program
Program
Program
Program
Program

Program

(time unit:

' STKTST'
'YMOD'

'XMOD'

'FTMAIN'
'DECON'
' PDECON'
'"TRPLOT'

'PLOFIL®

second,

length

94



T-2914

00010
00020
00030
00040
00050
00060
00070
00080
00080
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210

00220
00230

00240
00250
002680
Q0270
00280
00280
00300
00310
00320
00330
00340
00350
00360
Q0370
00380
00390
00400
00410
00420
00430
00440

PROGRAM STKTST

CH 30093331303 330 3330 3030 3 3636 38 3 3 30 38 38 36 96 3 36 98 36 36 98 3 36 3 3 3 35 3 96 36 3 3 3 3 33N H#

naoooacanoaoon

150

STKTST TESTS THE PERFORMANCE OF THE
ITERATIVE ALGORITHM.

ARRAY
X=10 RANDOM DATA.

YEN MAR-1884

AL S X2 222l 2 222 X2 s s i s i X2y L

DIMENSION X(10),BUF(10)
TYPE 150
FORMAT (1X, ' 10 RANDOM DATA TEST ' »/)

Cex#x%#2#SET RANDOM DATA

1

DO 1 I=1,10
X(I)=RAN(N)
CONTINUE

CranxxxaSET ITERATION TIMES

NITER=Z20

CexanaxaMAKE ITERATIVE STACK AND PRINTOUT

70

100

200

300

75
60

DO 60 ITER=1,NITER

TPOS=0.0

TNEG=0.0

DO 70 J=1,N

IF(X(J).GT. 0.0) TPOS=TPOS+X(J)
IF(X(J).LT. 0.0) TNEG=TNEG+X(J)
XN=N

TPOS=TPOS/XN

TNEG=TNEG/XN

TT=TPOS+TNEG

TYPE 100.,X.TPOS
FORMAT(1X,10F7.2,7X, ‘TPOS=',F5.2)
TYPE 200.TNEG

FORMAT(1X,77X, ‘TNEG=",F5.2)
TYPE 300,ITER,TT
FORMAT(1X,S57X,12, ‘~1TERATION OUTPUT--',‘SUM=',F5.2/)
DO 75 J=1:N

IF(X(J).GT.TPOS) X(J)=TPQS
IF(X(J) LT.TNEG) X(J)=TNEG
CONTINUE

STOP

END
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00010
00020
00030
00040
00050
00080
00070
00080
000890
00100
00110
00120
00130
00140
00150
00160
00170
00180
001890
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
»

96

PROGRAM YMOD
CRMERIRIII TR0 3033000303 33038963590 30 96 90 36 36 30 38 3 30 38 36 3038 96 36 30 3 26

YMOD GENERATES 12-FOLD CDP-GATHER FROM THE
3-LAYER MODEL OR THE 4-LAYER MODEL.

ARRAYS:
TC= 12-FOLD CDP-GATHER TRACES.
X =0FFSET DISTANCE.
XU= ({X/VRMS ) #%2
SW=SOURCE WAVELET.
V =YRMS VELOCITY.

oonooonoo0oo0on0n0n

YEN MAR-1984
CHERRRAFERRBERABRRBRRERRRERRERRRRERRRRRRRRBEBRRRRRRERRRRNE
DIMENSION TC(700,12),X(12),XV(12),SK(40).,V(700)
CennnxuauSET SINWAVE
CALL SINWAV(41.,0,.002,8W.25)
Crxun22#SET 3-LAYER MODEL
CALL MODA(TC,X,XV)
Cexna##%Y0OU CAN ALSO CALL MODB FOR 4-LAYER MODEL.
Crxana%#ADD RANDOM NOISE
CALL RAM(TC,0.08)
Ceanux22#ADD GROUND NOISE
CALL GROUND(TC.,X)
Canxu###CONVOLVE TC WITH THE WAVELET
CALL CONVTC(TC,SW.,700,12.,25)
Coxxuxn2NMO CORRECTION
CALL NMO(TC,V,X)
Cexux#22YOU CAN PLOT TC TO GET MODEL TRACES.
Ce#nuxx2Y0OU CAN ALSO STORE TC INTO A FILE.
CenxnnneMAKE ITERATIVE STACK
CALL STK(TC,12,2)
Co#nx#x%%#PL OT THE RESULT STACKS
CALL PLO(TC,0.33:12.700,700)
sSTOP
END
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00010
00020
00030
00040
00050
00060
Q0070
Q0080
00080
00100
00110
00120
00130
00140
00150
00180
00170
00180
00190
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
C0310
00320
00330
00340
00350
00360
00370
00380
00380
00400
00410
00420
00430
00440
00450

97

PROGRAM XMOD
CH RT3 30 303000303030 3303830 30 364095 00 3030 30 30 30003030 T 303 36 00 06 30 00 38 30 3003

XMOD COMPUTES A MODEL OF 6-FOLD CDP-GATHER
TRACES AND CALCULATES ITS OPTIMUM WEIGHTED STACK
AND ITERATIVE STACK.

c
c
c
c
c
c ARRAYS:

c TC=TRACE 1-8: ©6-FOLD CDP-GATHER.

c 7. IDEAL SIGNAL TRACE.

C B: STRAIGHT STACK.

c 9: THE 4-ITERATION STACK.

c 10 OPTIMUM WEIGHTED STACK.

c 11 THE 4-1TERATION AFTER WEIGHT.
c

c

c

YEN MAR-1984
P T I YT Y T T T T F R P Y T YT YY)
DIMENSION TC(280.11),BUF(28B0.7),5K(40)
DIMENSION RATE(7),SCL(?7)
Cennua2SET SIGNAL SCALE
DATA SCL/1.,1.:1.+s1.00.01008.7/
CennnuentSET RICKER WAVELET
CALL RICKER(41..0.002,SK,40)
Coneux##SET MODELLING TRACE 1-G
CALL MODX(TC.BUF,SW.RATE,SCL)
CrunaxuenMAKE ITERATIVE STACK
CALL STKGEN(BUF,280,6,6,2)
CrannauatTRANSFER THE STRAIGHT STACK AND THE
c 4-1TERATION STACK INTI 7C TRACE 8 & S
DO 1 I=1.280
TC(I,B)=BUF(I,1)
1 TC(I,9)=BUF(I,4)
CrannuneMAKE OPTIMUM WEIGHTING
CALL WTD(TC.,BUF,RATE,SCL)
CeaxxneMAKE ITERATIVE STACK ON WEIGHTED TRACES
CALL STKGEN(BUF.280,6,6,2)
Cuxsx##*TRANSFER THE OPTIMUM WEIGHTED STACK AND
Cc THE 4-ITERATION WEIGHTED STACK INTO TC 10 & 11
DO 2 1=1,280
TJC(1,10)=BUF(I,1)
2 TC(I,31)=BUF(1,4)
C#n#2#2#PLOT THE 11 TRACES
CALL PLOTX(TC,RATE.SCL)
STOP
END
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00010
00020
00030
00040
00050
00080
00070
00080
00080
00100
00110
00120
00130
00140
00150
00160
00170
00180
00180
00200
00210
00220
00230
00240
00250
00280

PROGRAM FTMAIN
CrERBRRBBRRERRRRRBRERERRRRFRBRBRRRFREERRRERERRRERRTRRRR R

TC =12-FOLD CDP-GATHER.

c

c FTMAIN DDES F-K FILTERING AND PLOTS THE RESULT.
c ITS INPUT IS READ FROM FOROZ.DAT.

c

c VARIABLES:

c DIP=DIPPING ANGLE IN DEGREES FOR REJECT ZONE.
c ARRAYS:

c

c

c

YEN MAR-1984
TR0 3033 33530336 340 3090 00 30369836 36 3 336 30 3096 30 30 30 36 3 0 90 96 36 36 38 30 30 36 4 4
DIMENSION TC(700.12)
Cex#222#SET REJECT DIP
DIP=45.0
Conxuna#READ 12-FOLD TRACES FROM FILE FOROZ.DAT
DO 1 J=1,12
1 READ(2,100) (TC(I,J),1=1,700)
CHenxnn#EXEC F-K FILTERING
CALL FT(TC.DIP,12)
100 FORMAT(10E11.4)

Cesux42PLOT THE RESULT

CALL PLO(TC,0.33,12.512,700)
STOP
END

98
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00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
001690
00170
00180
00180
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
00390
00400
00410
Q0420
00430
00440
00450
004860
00470
00480
00480
00500
00510
00520
00530
00540
00550
00560
00570
00580
00590

99

PROGRAM DECON
CHERERRBBRRIR DRI I0I0 T 96303309006 20 3000 0030 9606 2

DECON APPLIES THE WIENER PROCESS TO INPUT ARRAY X.
QUTPUT IS THE PLOT OF 12-FOLD DECON TRACES.

VARIABLES:
LDA=LEADING DIMENSION OF MATRIX A.
N=FILTER LENGTH.
NZ=0., IF TRACES ARE NMO-CORRECTED.
OTHEREWISE NOT YET.
ARRAYS:
X = INPUT ARRAY IN FILE FOROZ2.DAT WHICH
CONTAINS 12-FOLD CDP-GATHER WITH 700
DATA IN EACH TRACE; X WILL BE DECONVOLVED
AFTER PROCESSED.
A MATRIX TO COMPUTE THE FILTER.
rd DESIRED OUTPUT TRACE.
XX= AUTOCORRELATION OF X.
ZX= CROSSCORRELATION OF Z AND X.
IPVUT=DUMMY FOR SUBROUTINE SGEFA & SGESL.
TC= 12-FOLD CDP-GATHER.

YEN MAR-1984
222 e R A e R e S S R R SRS RS2 SR SRS RIS 2 222

000000000000 0O00000000000N00

DIMENSION TC(700:12).,A(120,120),SW(40)
DIMENSION X(700),Z(700),XX(700),2ZX(700),1IPVYT(120)
Caxxxnx2SET PARAMETERS
LDA=120
N=45
NZ=0
Connaxu®xSET SINWAVE
CALL SINWAV(40.,0.002,SW:20)
DO 1 L=1,12
Cexxuxu22READ IN ONE TRACE
READ(2,100) (X(K)=1,700)
Crenxx##SET TRACE WINDOW
CALL TRSET(X,L NST,NW,NZ)
Cexuxxx2SET DESIRED OQUTPUT
2(4)=1.0
CennnnneCHECK THE WINDOW PARAMETERS
TYPE 200,L,NST,NW
Cexanxx#COMPUTE AUTOCORRELATION OF X
CALL CROSS (X, X, XXsNW:NW)
Cuxxne2#COMPUTE CROSS CORRELATION OF ZX
CALL CROSS(Z,X+ZX+NW,NW)
Crennnax2SET MATRIX
CALL MXSET(XX,N,A.LDA)
Cenane24SOLVE MATRIX
CALL SGEFA(A,LDA,N.IPVUT,INFO)
IF(INFO.NE.O) GOTO 99
CALL SGESL(A,LDA,N,IPVT,ZX,0)
Crxnnxx2SPIKE DECON
CALL CONUXF (X,ZX+X,»700,N,700)
DO 3 1=1,700
3 TC(I.L)=X(I)
1 CONTINUE
GOTO 898
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00600
00610
006820
00630
00640
00650
00660
00670
00680
00690
»

Ss
110
998

TYPE 110
FORMAT(1X, "INFO NOT O')
CONTINUE

Cran#2x#CONVOLVE TC WITH KNOWN WAVELET

100
200

CALL CONVUTC(TC,SH.700,12,20)

CALL PLO(TC,0.25,12,700,700)
FORMAT(10E11.4)

FORMAT (1X,'L=',12, 'NST="',13, '‘NW="',13)
sTOP

END

100
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00010
00020
00030
00040
00050
00080
00070
00080
00080
00100
00110
00120
00130
00140
00150
00160
00170
00180
00180
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
00380
00400
00410
00420
00430
00440
00450
00460
00470
00480
00490
00500
00510
00520
00530
00540
00550
00560
00570
003580
00580

101

PROGRAM PDECON
CHReAERRRARRRE RN RERBERRRBR DRI R RN RN

PDECON DOES PREDICTIVE DECON ON INPUT ARRAY X.
INPUT ARRAY READ FROM FOROZ.DAT AND.
OUTPUT IS THE PLOT OF 12-FOLD DECON TRACES.

VARIABLES:
LDA=LEADING DIMENSION OF MATRIX A.

N =sLENGTH OF THE PREDICTIVE FILTER.
NZ=0, IF TRACES ARE NMO-CORRECTED.
OTHERWISE NOT YET.
NR=PREDICTIVE DISTANCE.
NF=LENGTH OF THE PREDICTIVE ERROR FILTER.
ARRAYS
X = INPUT ARRAY IN FILE FOROZ.DAT WHICH
CONTAINS 12-FOLD CDP-GATHER WITH 700
DATA IN EACH TRACE:; X WILL BE DECONVOLVED
AFTER PROCESSED.
= MATRIX TO COMPUTE THE FILTER.
Z = DESIRED OUTPUT TRACE.
XX= AUTOCORRELATION OF X.
ZX= CROSSCORRELATION OF Z AND X.
IPVT=DUMMY FOR SUBROUTINE SGEFA & SGESL.
TC= 1Z-FOLD CDP-GATHER.

YEN MAR-1884
I I I I I I IR N

oooo0oo0oOo0O000OO000000aO00N0O00On0N

DIMENSION TC(700.,12),A(120,120)

DIMENSION X(700),2(700),XX(700),2X(700),1PUT(120)
CurxnnanSET PARAMETERS

LDA=120

N=45

NZ=0

NR=20

NF =N+NR
Cexuxnu2START PREDIC DECON

DO 1 L=1,12
CHsnnnns INPUT TRACE

READ(2,100) (X(K)=1,700)
Cusnaxx%SET TRACE WINDOW B

CALL TRSET(X,L.NST,NW,NZ)
Cannuxu2CHECK WINDOW PARAMETERS

TYPE 200,L,NST.,NKW
Ceanne##COMPUTE AUTO X

CALL CROSS (XX, XX, NK,NW)
Cexux22#SET PREDICTIVE OUTPUT

CALL PRDZX(XX,ZX.NW,NR)
CaannenSET MATRIX

CALL MXSET(XX,N:A,LDA)
CrrnnunnSOLVE MATRIX

CALL SGEFA(A,LDA,N,IPVT, INFO)

IF(INFO.NE.O) GOTO 99

CALL SGESL(A,LDA'N,IPVT,ZX,0)
Caxaux#%#SET PRED ERROR FILTER

CALL FSET(ZX,NR,N)
Cxuxnae#PREDIC DECON

CALL CONUXF(X:ZX,X»700,NF,700)
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00600
00610
00620
00830
00640
00650
Q0660
00670
00E80
00690
00700
00710
00720

00730
»

Crxxxex#TRANSFER DECON TRACE TO TC

3
1

88
110
998

DO 3 1=1.700
TC(I,L)=X(I)

CONTINUE

GOTO $88

TYPE 110
FORMAT (1X, “INFO NOT 0)
CONTINUE

CrarnuasePLOT TC

100
200

CALL PLO(TC,0.25,12,700,700)
FORMAT(10E11.4)

FORMAT (1X,‘L=’,12, ‘NST="',13» ‘NW=',13)
STOP

END

102
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00010
00020
00030
00040
00050
00080
00070
00080
00080
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190

00200
00210

00220
00230
002490
00250
00260
*

103

PROGRAM TRPLOT
CRERBEERRIII TN T00 3303036000 0000039036903 3096 309 4 3

TRPLOT PLOTS A TRACE IN TIME DOMAIN OR TRANSFORMS
THE TRACE INTO FREGUENCY DOMAIN AND PLOTS
ITS AMPLITUDE AND PHASE SPECTRUMS.

ARRAY {
FILT=THE TRACE TO BE PLOTTED.

oooooo0oa0oo0n

YEN MAR-1984
CRERREEEIRITRIEI NI I 0003033030930 3030 30 36 0090 30 3636 98 36 9030 36 96 36 96 36 36 96 3 3%

0

DIMENSION FILT(700)
Cassxu##SET SINWAVE AND PLOT

CALL SINWAV(40.0,0.002,FILT,18)

CALL TRACE(100,FILT.0.002)
Ca###ux###TRANSFORM AND PLOT ITS SPECTRUM

CALL SPECPL(40,FILT,0.002)

Crxxne%2SET RICKER WAVELET AND PLOT
CALL RICKER(40,,0.002,FILT,40)

CALL TRACE(100.FILT,0.002)
CaxnnxaxTRANSFORM AND PLOT ITS SPECTRUM

CALL SPECPL(40,FILT,0.002)

STOP

END
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00010
00020
00030
000- 0
000! "
00060
00070
00080
00080
00100
00110
00120
00130
00140
00150
00160
© 00170
00180
00190
00200
00210
00220
00230
00240
00250
00260
00270
00280
00280
00300
00310
00320
00330
00340
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PROGRAM PLOFIL

TR W I I3 3036303033096 3436 30 936 3096 36 30 38 3 96 08 44 38 38 2 9

c
c
c
c
c
c
c
c
c
c
c
c
c

100
150
1
200
250
300
350

800

PLOFIL PLOTS A DARTA FILE OF 12 TRACES
IN INTERACTIVE MODE.

VARIABLES:
NF=FILE NUMBER OF FOROO.DAT
NPT=DATA POINT TO BE PLOTTED IN ONE TRACE.
DX=SPACING BETWEEN TWO TRACES.
ARRAYS:
TC=ARRAY TO BE PLOTTED.

YEN MAR-1984

AL 222222222 A 222222 22222222 2222222t 222222222222}

DIMENSION TC(700,12)

TYPE 100

FORMAT (1X, ‘INPUT FILE NUMBER')
ACCEPT 150,NF

FORMAT(12)

DO 1 J=1,12

READ(NF,B00) (TC(I.,J), I=1,700)
TYPE 200

FORMAT (1X, "INPUT NPT )

ACCEPT 250,NPT

FORMAT(13)

TYPE 300

FORMAT (1X, "INPUT DX')

ACCEPT 350.,DX

FORMAT(FS.2)

CALL PLO(TC,DX,12,NPT,700)
FORMAT(10E11.4)

STOP

END
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APPENDIX B

SUBRQUTINES

Subroutines to support the execution of the main
programs in modelling, processing, and plotting
jobs.
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THE LIST OF SUBROUTINES:

Modelling routines!:

MODA{TC, X, X\V)
MODE (TC, X, XV)

MODX (TC, BUF , SW, RATE, SCL.)
RICKER(F,DT,FILT,NFF)
SINWAV (F,DT, SW, NFF)
RAM(TC,FACT)
GHOST (TC, ND, R)

GROUND (TC, X)
CONVTCA(TC,SW,NTC, NL, NSW)

Frocessing routines:

CONVXF (A, FILT,C,NA,NFILT,NC)
CROSS (A, FILT,C,MA,MFILT)

CVS (TC, X, ITER, VSTR, VINC, VEND)
FFT(LX,CX,SIGNI)
FSET (F, MR, N)

FT(T,DIF,NL)
MXSET (XX, N,A,LDA)

NMO (TC,V, X)
FRDZX (XX, ZX,NX,NR)

SGEFA (A, LDA,N, IFVT, INFO)
SGESL (A, LDA,N, IFVT, B, JOE)
TRSET (X, L NST,NW, NZ)

WTD (TC, BUF , RATE, SCL)

Iterative processing routines:

STE(TC,NITER, JOE)
STKGEN(TC, NFT,NN,NITER, JOE)
STKLEV (X,N,NITEF, JOB)

Flotting routines:

FLO(T,DX,NL, NFT,LDM)
FLOLAE
FLOTX(T,RATE,SCL)
FLOZ(T,DX,J)

SFECFL (NFF,FILT,DT)
TRACE (NFF, AMF, DT)

109
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00010 (X 22T TTTTYIXTZZITNTISIZISTIS IS ISITIZSS SIS LTI Z X 2 )

00020 C

00030 C SUBROUTINE CONVTC

00040 c

00050 IS AL S0 2 211 1 T g g S R Segr g g
000860 Cc

00070 C CONVOLVES 2-D ARRAY TC WITH 1-D ARRAY SW.
00080 c

00080 [ VARIABLES:

00100 [ NTC=DATA POINTS OF EACH TRACE.

00110 Cc NL =NUMBER OF TRACES TO BE CONVOLVED.
00120 c NSW=DATA POINTS OF WAVELET.

00130 c

00140 C ARRAYS:

00150 [ TC=12~FOLD CDP-GATHER TRACES, WHICH CONTAIN
00180 [ REFLECTIVITIES ON ENTRY. AND WILL :
00170 [» BE SYNTHETIC TRACES ON RETURN.

00180 [ SW=SOURCE WAVELET.

00190 C BUFF=BUFFER.

00200 Cc

00210 c YEN MAR-1984 :
00220 T4 39638 35 36 3 36 36 38 3 36 38 30 3 30 36 96 30 36 36 36 3 38 36 3 6 30 36 30 36 96 36 90 46 96 36 3 36 3 3 3 B 39 3 4 3 %W
00230

00240 SUBROUTINE CONVTC(TC,SW,NTC,NL ,NSK)

00250 DIMENSION TC(NTC,1),SW(1),BUFF(700)

00280 Caenaa##START CONVOLUTION

00270 DO 1 J=1,NL

00280 DO 2 I=2,NTC

00280 Caarax222SET WINDOW FOR MULTIPLICATION

00300 MT=NSKW

00310 IA=1

00320 I1B=1

00330 SuUM=0.0

00340 IF(MT.GT.1) MT=1

00350 Conunnaa#MULTIPLY AND SUM INTO BUFFER

00360 DO 3 NN=1,MT

00370 SUM=SUM+TC(IA,J)#SW(IB)

00380 IA=1A-1

00380 3 IB=IB+1

00400 2 BUFF (I)=SUM

00410 CresnntuTRANSFER BUFFER TO TRACE TC.

00420 DO 4 I=1,NTC

00430 4 TC(I»J)=BUFF(I)

00440 1 CONTINUE

00450 TYPE 88

00460 a8 FORMAT(1X, "CONV DONE')

00470 RETURN

00480 END

00490

*E

ARTIUR LIGES LIBRARY
COLORAGO SCHONL of TINES
CGOLDEN, COLCRéDO 80201
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00010 It T ST IFTLZLL SRS SRLAS 2SI SR RIS SIS S SRS LS SRS LR Y S

00020 C

00030 Cc SUBROUTINE CONVXF

00040 c

00080 CA 463398 3 3 3 3¢ 36 3 30 3 3 30 96 3 35 3 3 3 8 % 3 3 9 % 3 96 % 3 33 W RN RN R B RN
00060 o

00070 c CONVOLVES ARRAY A AND FILTER B.
00080 Cc

Q0090 Cc VARIABLES:

00100 [ NA=LENGTH OF ARRAY A.

00110 o NB=LENGTH OF FILTER B.

00120 c NC=LENGTH OF RESULTED TRACE.
00130 [ ARRAYS!:

Q0140 c A=ARRAY A ON ENTRY.

Q0150 c B=FILTER B ON ENTRY.

00160 c C=TO BE RETURN.

00170 c BUFF=BUFFER TO AVOID DAMAGE WHEN C IS A.
00180 C

00190 c YEN MAR-1984

00200 G336 3 36 9 36 36 3 36 3 36 3 3 36 3 3 3 3 3 3 3 3 3 3 b I I 3 I 393 I 33 32 A IR
00210 SUBROUTINE CONUXF(A,B.C:NA:NB.NC)
00220 DIMENSION A(1),B(1),C(1),BUFF(700)
00230 Cexua2#3SET LENGTH OF NC

00240 NC=NA+NB-1

00250 IF(NC.GT.700) NC=700

00260 Cusnna24#START CONVOLUTION

00270 DO 1 I=1.,NC

00280 CananuxxSET CONVOLUTION WINDOW

00290 MT=NB

00300 IA=1

00310 IB=1

00320 SUM=0.0

00330 IF(MT .GT. 1) MT=1

00340 CaxsaanasMULTIPLY AND SUM

00350 DO 2 NN=1,MT

00360 SUM=SUM+A(IA)#B(IB)

00370 IA=1A-1

00380 2 IB=IB+1

00350 1 BUFF (1)=SUM

00400 ~ Caxx#x2#TRANSFER FROM BUFFER TO T

00410 DO 3 I=1.NC

00420 3 C(l1)=BUFF(I)

00430 RETURN

00440 END
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00010
00020
00030
00040
00030
00060
00070
00080
00080
00100
Q0110
00120
00130
00140
00150
00160
00170
00180
00190
Q0200
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
00390
00400
*EU

3330302 3 3363 3 36 3 335 36 30 3 3 36 3 3 3 30 3 36 36 30 3836 3 30 30 35 36 30 36 36 3 3 36 36 36 3 3 3 I I 394 94 9 8 W

c

c SUBROUTINE CROSS

c

CHERBERIII TSNS
c

c COMPUTES CROSS CORRELATION OF A AND B.

c

c VARIABLES:

c MA=NUMBER OF ELEMENTS IN A.

C MB=NUMBER OF ELEMENTS IN B.

C ARRAYS:

c A = ENTRY TRACE, A IS LONGER THAN B.

c B = ENTRY TRACE TO BE CROSS WITH A.

c C = RETURN TRACE WITH LENGTH OF MA.

c BUF=BUFFER IN CASE C IS A.

c

C YEN MAR-1984
CHERRUFHERRRRRRRRRRRRFRRRRBRRRR BB RRRERRERR BRSNS

SUBROUTINE CROSS(A.B,C,MA,MB)
DIMENSION A(1).B(1),C(1),BUF(700)
IF(MA.GT.700) MA=700
C##xxx#2START CONVOLUTION
DO 1 I=1.MA
IA=]
1B=1
SUM=0.0
CoannxnaMULTIPLY AND SUM
DO 2 K=1,MB
IF(1S.GT.700) GOTO 2
SUM=SUM+A(IA)*B(1IB)
IA=1A+1
2 IB=1B+1
BUF (I)=SUM
1 CONTINUE
CruxanaxTRANSFER BUFFER TO C
DO 3 I=1.,MA
3 C(I)=BUF (1)
: RETURN
END

112
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00010
00020
00030
00040
00050
00060
00070
00080
000890
00100
00110
00120
00130
0140
00150
00160
00170
00180
00180
00200
00210
00220
00230
00240
00250
00260
00270
00280
00280
00300
00310
00320
00330
00340
00350
00360
00370
00380
003890
00400
00410
00420
00430
00440
00450
00460
00470
00480
00490

EU

113

CHERBBERARFRREEBRRRRR SRR RRRRBERBRRRRRRBRRRRRBRRRRRRE R RN
g SUBROUTINE CVS
g&*&***ll*li*!%******i’!”"&*iilii*%**ii#iii*l*iliiiiiii*
c PROCESSES CONSTANT VELOCITY ANALYSES

BY ITERATIVE STACKING AND PLOT.

c

c

C

c VARIABLES:

c ITER=NUMBER OF ITERATIONS WHEN MAKE STACKING.
c THE OUTPUT WILL BE STRAIGHT STACK IF 1.
c VSTR=BEGINNING VELOCITY ON TEST.
c VINT=INCREMENT IN VELOCITY TEST.
c VEND=ENDING VELOCITY ON TEST.
c ARRAYS:

c TC=12-FOLD CDP-GATHER.

c X =0FFSET#»2

c XNMO=ONE LEVEL NMO-CORRECTED DATA.
c TV=CVS TRACE TO BE PLOTTED.

c

c

c

YEN MAR-1984
HRBERREERRRRRR SR RRRRRERRRRRRRRRRBRRRRERRRRRERRERRRRRRERR
SUBROUTINE CUS(TC,X,ITER,VUSTR,VINC,VEND)
DIMENSION TC(700,1),X(1),XNMD(12),TV(700)
Cennnax#COMPUTE HOW MANY CVUS’ TO BE TESTED
NL=( (VEND-VSTR) /VINC)+1
DO 1 J=1,NL
Crnnxx#2#SET CONSTANT VELOCITY
VAG=(VSTR+(J-1)#YINC)#%2
Do 2 1=1,700
Cenxnea#SET ZERO OFFSET TIME
TZ=(0.002#1)#%2
DO 3 L=1,12
Caxnzxa2FIND OFFSET ARRIVING TIME
c AND MAKE NMO CORRECTION
XV=X(L)/VAG
NTX=SART(TZ+XV)#500.0+1
IF(NTX.GT.700) NTX=700
3 XNMOC(LY=TCI(NTX,L)
CannunxaMAKE ITERATIVE STACK
CALL STKLEV(XNMOD,12,ITER.2)
CeennuutTRANSFER ITER-STACK INTO TV
2 TV(I)=XNMO(CITER)
CrannnxPLOT TV
1 CALL PLO2(TV,DX,J)
CALL PLOT(0,0,+999)
RETURN
END
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00010
00020
00030
00040
00050
00060
00070
00080
000890
00100
00110
00120
00130
00140
00150
00160

09176 -

00180
00180
00200
00210
00220
00230
00240
00250
00280
00270
00280
Q0280
00300
00310
00320
00330
00340
00350
Q0360
00370
00380
00390
00400
00410
00420
00430
004490
00450
*EU
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G339 330 36 36 30 38 98 3036 38 96 36 30 36 30 36 3 36 36 00 3 36 36 36 3 3 36 38 35 36 3 30 46 3 90 30 36 36 96 36 36 9 3 96 3 3 3 3 4 N 8

c

c SUBROUTINE FFT

Cc
CHERBBRRRBRRRRERRRRBERRRRRR R R BN BRI BRI R BRI RN RS
(o4

c COMPUTES A FAST FOURIER TRANSFORMATION.

c

c VARIABLES:

C LX= NUMBER OF DATA POINTS IN ARRAY.

c SIGNI= +1. TO GO FROM TIME TO FREGUENCY.,

c -1 TO GO FROM FREGUENCY TO TIME.

C ARRAYS:

c CX= ARRAY TO BE TRANSFORMED.

C

c CLEARBOUT 1976, AFTER BRENNER

C 32520 20900 390 3 320 ST 0S40 3046 06 S S S

SUBROUTINE FFT(LX,CX,SIGNI)
COMPLEX CX(LX),CARG,CEXP,CW,CTEMP
J=1
SC=SART(1./LX)
DO 30 I=1.,LX
IF(1.GT.J)GOTO 10
CTEMP=CX(J)#SC
CX(J)=CX(I)#SC
CX(1)=CTEMP

10 M=LX/2.

20 IF(J.LE.M) GOTO 30
J=J-M
M=M/2
IF(M.GE.1) GOTO 20

30 JaJ+M
L=1

40 ISTEP=2#L
DO S0 M=1.,L
CARG=(0.,1.)#(3.141592E5#SIGNI*»(M-1))/L
CW=CEXP(CARG)
DO SO I=M,LX,1STEP
CTEMP=CW*#CX(I+L)
CX{I+L)=CX(I)-CTEMP

S0 CX{1)=CX(1)+CTEMP
L=ISTEP
IF(L.LT.LX) GOTO 40
RETURN
END
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00010
00020
00030
00040
00050
00080
00070
00080
00090
00100
00110
00120
00130
00140
00150
00180
00170
00180
00180
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
*EU
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T3 330336 3 3 3 30 35 36 6 3 3 38 3 36 30 3 36 3636 3 3 3 36 3 3 3 3 38 3 33030 333NN

c
c SUBROUTINE FSET

C
CH 33630 353 33 3 330 3 3 30 3 3 30 36 98 3 3036 3 3 36 36 36 3 3 30 3 3 36 30 36 26 3 96 3 345 3 3990 B RN EE RN

(]

SETS PREDICTIVE ERROR FILTER.

c

c

(o} VARIABLES:

c NR=PREDICTIVE LENGTH IN NUMBER OF DATA POINTS.
c N =LENGTH OF THE PREDICTIVE FILTER.

c ARRAYS:

c F =PREDICTIVE FILTER ON ENTRY.

c PREDICTIVE ERROR FILTER ON RETURN.

c
c
c

YEN MAR-1984
FRRRRBRERRRERRRERRRRRRRBRERRRRERRERRRRRRE R REN AR W
SUBROUTINE ‘FSET(F,NR,N)
DIMENSION F(1)
CexaxxueSHIFT VALUE DOWNAND TIMES -1.
DO 1 I=1,N
JeN+1-1
JJI=J+NR
F(JJ)=F(J)#(~-1.0)
1 F(J)=0.0
IF(NR.EG. 1) GOTO 3
KK=NR-1
CrnxxauePUT ZERO IN THE GAP.
DO 2 I=1,KK
11=1+1
2 F(I1)=0.0
3 F(1)=1.0
RETURN
END
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00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
Q0220
00230
00240
00250
V0460
Q0270
00280
00290
00300
00310
00320
00330
00340
Q0350
00340
00370
00380
00390
00400
00410
00420
00430
00440
00450
00440
00470
00480
00490
00350y
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502333333323 ¢03 3338223333223 032033820383 23303223332283222302%244
E SUBROUTINE FT
gI**#****t*t****t**#t**i****t**#***t!t**i****t*********t*
e MAKE F-K FILTERING ACCORDING TO

THE DEGREE OF DIF ON ENTRY.

C

C

c

c VARIABLES?

c DIF=THE SLOPE OF SLICING 1IN DEGREES.

c NL=NUMRER OF FOLDS FOR CDF-GATHER.

C ARRAYS:

C T =12-FOLD CDF-GATHER,

C AA=TRANSFORMATION FORM OF THE CDF-GATHER.
c A =VERTICAL TRANSFORMARLE TRACE FOR FFT.
c B =HORIZONTAL TRANSFORMAELE TRACE FOR FFT.
C

[»

C

YEN MAR-1984
3 KK K K 3K KK KK K 3K K KK KK 3K KK KK 3K 0K K KK OK KK KK 3K K 30K KK KK K KK KKK XK XK ¥
SUBROUTINE FT(TsDIFsNL)
DIMENSION T(700,1)
COMFLEX AA(S12,16)+A(S12)»R(16)
CxxXXXXkXCLEAR AA.
0o 1 J=1s16
DO 2 I=1,512
2 AA(I» J)=CHMFLX(0.0+0.0)
1 CONTINUE
CXXXXKXXSET X-T FORM FOR TRANSFORMATION.
00 3 J=1e¢NL
D0 4 I=1+512
TT=T(I+
4 AA(I» J)=CMFLX(TT+0.0)
3 CONTINUE
CHREXXXKKXKKF TRANSFORM.
D0 S J=1s16
Do 6 I=1,512
b ACII=AA(T» )
CALL FFT(S12sAv1.)
ng 7 1=1.512
7 AACT» D) =ACID
S CONTINUE
CXXXXKKKN TRANSFORM.
o 8 1=1,912
00 9 J=1lr1é
@ B(H=AAIr.D)
CALL FFT(1ésByl.)
0o 10 J=1,16
10 AA(T Yy H)=R(D)
8 CONTINUE
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00510
00520
00530

00540
00550

00560
00570
00580
00590
00600
00610
00620
00630
00640
00650
00660
00670
00680
00690
00700
00710
00720
00730
00740
Q0750
00760
00770
00780
00790
00800
00810
00820
00830
00840
00850
008460
00870
00880

CEXXXXXXZERO-QUT IN F-K DOMAIN.

12

11

DIP=DIP%3.141598/180.
DIP=TAN(DIP)X%X2356.0/9.0
DO 11 J=2,16

JJd=J

IF(J.GT.9) JJ=18-J
NN=JJXDIF
IF(NN.GT.256)NN=256

DO 12 I=1sNN

I1=513-1
AA(II»J)=CMPLX(0.0+,0.0)
AA(I s J)=CMFLX(0.0+,0.0)
CONTINUE

CxxxxxkxkX TRANSFORM.

14

15
13

DO 13 I=1,512
DO 14 J=1+v16

BOIY=AAC(TI» )

CALL FFT(16+Bs-1.0)
DO 15 J=1,16
AA(I»J)=R()
CONTINUE

CxxxxkxxT TRANSFORM.

19

20
18

Cxxxxx%xXBACK TO ORIGINAL CDP-GATHER.

22
21

?9

0o 18 J=1+16

DO 19 I=1,312

A =AA(Is I

CALL FFT(512,Ar~-1.0)
DO 20 I=1,512
AA(I,»J)=A(I)
CONTINUE

DO 21 J=1,NL

DO 22 I1=1,512
T(IsJ)=REAL(ARA(I»J))
CONTINUE

TYFE 99
FORMAT(1X» 'FT DONE')
RETURN

END
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00010
00020
00030
00040
00050
00080
00070
00080
00080
00100
00110
00120
~ 00130
00140
00150
00160
00170
00180
00180
00200
00210
00220
00230
00240
00250
00260
00270
00280
*EU

118

(ol 22 2 2 S S RS R RS R RSS2 22222222 RS LSRR RS RSRE R TR R

c

c SUBROUTINE GHOST

C
CHRERRERBEREEERERRERRRDH RN AT RRRRRRFRERRRRRR R AR RR RN REY 22
c

c SETS GHOST KESPUNGES.

C

o} VARIARLES:

c ND=NUMBER OF DATA POINTS FOR GHOST DELAY.

c R =REFLECTION COEFF OF THE GHOST.

c ARRAY:

c TC=12-FOLD CDP-GATHER.

c

c YEN MAR-1984

CHR AR AR R AR RN ERRERRERRRBRRRRRRRE R R R RRRRRRRRRRRRERER

SUBROUTINE GHOST(TC,ND,R)
DIMENSION TC(700,1)
D0 1 J=1.,12
DO 2 N=1,700
I1=701-N
IGHOST=1I+ND
IF(IGHOST.GT.700) GOTO 2
TC(IGHOST,J)=TC(IGHOST,J)+TC(I.J)
2 CONTINUE
1 CONTINUE
RETURN
END
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(3222232283333 33332383338333¢80 03323330000 02828232228222204¢2¢4% 33
C .

C SUBROUTINE GROUND

C

C R MOK K KK KKK A KKK KOKK KK KKK 3K 0K KK KK KK K 3K K 3K K KK KKK KK K KK K K 0K

GENERATES GROUNG TRAVELLING NDISE.

VARIARLES?
K=GROUND EVENTS FROM 1 TO 4 WITH VELDCITIES
400+450+500,5350 METER/SEC RESPECTIVELY.
ARRAYS?
TC=12-FOLD CDP-GATHER ON ENTRY AND WITH
GROUNG NOISE ADDED ON RETURN.
X =0FFSETxx2

YEN MAR-1984
30K KK KK KK KKK KK K KK KK K KKK KKK K 0K KKK 300K K K K K 3 K OK KK 0K XK XK K

OROOOOOOOOOOO0

SUBROUTINE GROUND(TCeX)
OIMENSION TC(700¢1)sX(1)
DO 1 J=1,12
XX=X(J)%%x0,5
0 2 K=1,4
CxxxXXXKLOCATE THE GROUND NOISE ARRIVING TIME
NN=XX/ (3350, +KX50,)%¥500,0
IF(NN.GT.700) GOTO 2
CXXXXXKKADD GROUND NOISE WITH STRENGTH OF 0.35
TC(NNs J)=TC(NN»J1»+0.35
2 CONTINUE
1 CONTINUE
RETURN
END
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c

c SUBROUTINE MODA

c
CHERARREBRERRRRRRRRERRRRRERRREERRRRRBRBERRRRRRRBRBERBRNRNS
C

c SETS THE ARRIVING TIME AND THE REFLECTION
"C°TTTTTTCOEFF "FORTTZ2-FOLD CDP GATHER TRACES FRUM THE

c THREE-LAYER MODEL AS FOLLOWS:

c LAYER 1. WATERBOTTOM, V=1500, VURMS=1500., Z=150.
c LAYER 2 BOUNDARY A: V=2000, URMS=1785, Z=400.
c LAYER 3. BOUNDARY B, V¥=3000, VRMS=2437, Z2=1000.
c

Cc VARIABLES:

c TX=ARRIVING TIME OF OFFSET X FOR WATERBOT.

c TZ=2ERD OFFSET ARRIVING TIME FOR WATERBOT.

c TXA=ARRIVING TIME FOR BOUNDARY A.

c TXB=ARRIVING TIME FOR BOUNDARY B.

c ARRAYS:

c TC=12-FOLD CDP-GATHER.

c X =(OFFSET DISTANCE)##2 FOR 12 STATIONS.

c XVU=(OFFSET/VRMS) ##2,

o}

c YEN MAR-1984

(ST Ry R R R e R YIRS 2 S R S 2T

20
10

SUBROUTINE MODA(TC.X,XV)
DIMENSION TC(700,1),X(1),XV(1)
DO 10 I=1,700

DO 20 L=1,12

TC(I,L)=0.0

CONTINUE

Cennxxn2SET OFFSET AND XV

30

DO 30 I=1,12
X(I)=(100.0+(I-1)#50,0)%x2
XVU(1)=X(1)/2250000.0

Crexexx#SET ARRIVING TIME FOR WATE LAYER

S0
40

DO 40 IM=1,6
TZ=(IM%0.2) %2
DO 30 L=1,12
TX=SART(TZ+XV (L))
I=TX#500.0+1
IF(I.GT.700) 1=700
TC(I,L)=-1.0%#(=1.0)%%IM
CONTINUE

Cennuu#a2SET ARRIVING TIME FOR PRIMARIES

S8
60

DO 60 I=1,12
XVA=X(1)/3222025.0
XvB=X(1)/5938968.0
TXA=SART(0.2025+XVA)
TXB=SART(0.7225+XVB)
IA=TXA*500.0+1
IB=TXB#500.0+1
TC(IA:1)=0.1+TC(IAR.,I)
FORMAT(1X, ‘MODA DONE ‘)
TC(IB,I)=TC(IB,1)+0.2
TYPE 989

RETURN

END
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CHERRERRBERBERBBRBBRERRERRRRRERRRRRRRRRRBRBERRRRRERRRER RN

c
c SUBROUTINE mMODB
c

CHERERRRERERRBERERRRERBRRRRRRRRERERRRRRRRRRERRRRRRRRRRRE
c

c SETS THE ARRIVING TIME AND THE REFLECTION

c COEFF FOR THE 4-LAYER MODEL AS FOLLOWS:

c LAYER 1. V=1500, VRMS=1500, 2=157. TZ=0.21

c LAYER 2. V=1700, VURMS=1618, Z2=247, T2=0.50

c LAYER 3: V=2090, VRMS=1843, Z=418, TZ2=0.90

c LAYER 4 V=2553, VRMS=2142, Z=703, TZ=1.45

c REFLEC. COEFF. RESPECTIVELY:

c R12=0.6, R23=0.1, R34=0.3, R45=0.1
c

C

c

c

c

c

c

c

ARRAYS:
TC=12-FOLD CDP-GATHER.
X =0FFSET#»2,
XVU=X/VURMS*#2.

YEN MAR-1984
22 e e YRR SRS SIS ALS SRS RS RIL SIS 2 2
SUBROUTINE MODB(TC,X,XV)
DIMENSION TC(700,1),X(1).,XV(1)
Craauxx®SET OFFSET AND XV.
DO 30 I=1,12
X(I)=(200.0+(1-1)#100.0)#%2
30 XV(I)=X(1)/2250000.0
CraanxaaSET ARRIVING TIME OF WATER LAYER.
DO 40 IM=1.,6
TZ=(IM#0,.21)#%2
DO 50 L=1,12
TX=SART(TZ+XV (L)}
NBEG=TX#500.0+1
IF(NBEG.GT.700) GOTO S0
TC(NBEG,L)=TC(NBEG,L)+0.6
S0 CONTINUE
40 CONTINUE
C###2%##SET ARRIVING TIME FOR PRIMARIES.
DO 60 I=1,12
XVA=X(1)/1618##2
XVUB=X(1)/1843.0%#2
XUC=X(1)/2142.0%#%2
TXA=SART(0.25+XVA)*500.0
TXB=SQRT(0.B1+XVB)*500.0
TUC=SART(2.1025+XVC)*500.0
NA=TXA+1
NB=TXB+1
NC=TXC+1
IF(NA.GT.700) GOTO 60
IF(NB.GT.700) GOTO &0
IF(NC.GT.700) GOTOD &0
TC(NA.1)=TC(NA,1)+0.064
TC(NB,I)=TC(NB,I1)+0.19
* TC(NC,I)=TC(NC,1)+0.058
80 CONTINUE
RETURN
END



T-2914

00010
00020
00030
00040
00050
Q0060
G0070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00180
00200
00210
00220
00230
00240
00250
00280
00270
00280
00280
00300
00310
00320
00330
00340
00350
00360
00370
00380
00390
00400
00410
00420
00430
00440
00450
00460
00470
00480
00450
*EU

(222 222222222222 2222222222222 22X 222222222222l sads s

C

c SUBROUTINE MODX

c

CHERERRHRRII BRI 003000 00003696 0030 309000 00 0 9

c
SETS A MODEL OF & CDP-GATHER TRACES.

VARIABLES:
TNGS=TOTAL ENERGY OF SIGNAL.
TNGN=TOTAL ENERGY OF NOISE.

c
c
Cc
c
c
c
o ARRAYS:

c TC=6—-FOLD CDP-GATHER AND ITS STACKS.
c BUF=BUFFER OF TC.

c SW=WAVELET.

c RATE=SIGNAL~-TO-NOISE ENERGY RATIO.
Cc SCL=SIGNAL SCALE.

Cc

c

c

YEN MAR-1984
LRI I I IS IS 2 LTSS S 2RSS SRR SRS E S AT 2
SUBROUTINE MODX(TC,BUF,SW,RATE,SCL)
DIMENSION TC(280,7).BUF(2B80,6),5W(40)
DIMENSION RATE(7),SCL(7)
Crenxx#2SET RANDOM NOISE INTO TC & BUF.

TNGS=4.0 )
DO 1 J=1.,6
TNGN=0.0
DO 2 1=1,280
YYY=(RAN(N)-0.5)#0.3
TNGN=YYY#YYY+TNGN
BUF(I.J)=YYY

2 TC(I,J)=YYY

1 RATE (J) =TNGS/ TNGN
Cexnux22SET SIGNAL INTO TC & BUF.
DO 3 J=1.,7

DO 4 KK=1,4
K=20+(KK~1)#70
BUF (K, J)=(BUF (K, J)+1.0)#5CL(J)
4 TC(K,J)=BUF (K, J)
3 CONTINUE
Cesuxux#PRODUCE SYNTHETIC TRACES.
CALL CONVTC(TC,SW,280,7,40)
DO S5 J=1,6
DO 6 I=1.280
6 BUF(I,J)=TC(I,J)
S CONTINUE ‘
RETURN
END
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Tttt s I3 3 30033000 3300000 0 T30 0 0 T 0000 0003030 00 306 30 30 36 06 3 2 e R
g SUBROUTINE MXSET
g{iliil&Ql§’!****ii***ii*i'&**ii&*&ﬁ&**ili*ii*l****li***&
c SETS A MATRIX OF AUTOCORRE X FOR THE

DESIGN OF THE WIENER OPERATOR.

VARIABLES:
N =DESIRED DIMENSION OF THE MATRIX.
LDA=THE MAX MATRIX DIMENSION IN MAIN PROGRAM.

A =RESULTED MATRIX ON RETURN.
XX =AUTOCORR X ON ENTRY.
BUFF=BUFFER TRACE.

YEN MAR-1984
RARRRRFRRRRIRERRNTRRRRRRRERRRRRERRERERRRRRRRRBERERRRRE RS
SUBROUTINE MXSET(XX:N.A.LDAR)
DIMENSION A(LDA,1),XX(1),BUFF(120)
CrunnnnxSET THE FIRST ROW
DO 1 J=1,N
BUFF (J)=XX(J)
1 ACL1:,J)=XXCD)
Ceenax22SET THE REST ROWS
DO 2 I=2.,N
DO 3 J=2,N
K=N-J+2
3 BUFF (K)=BUFF(K-1)
BUFF (1)=XX(I)

c
c
c
Cc
c
c
c
c ARRAYS:
c
c
Cc
C
c
C

DO 4 J=1.,N
4 ACI.J)=BUFF(J)
2 CONTINUE
RETURN
END

123
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00010 (0233222333202 233 22200302230 0323020232030320¢272322322233232832233¢34

00020 C
00030 c SUBROUTINE NMO
00040 c

00050 CRXKAONK KKK AR HK IR KKK KK K KK XK KK 0K K KKK KK KKK KK 0K 3K KK XK K 3K 3K K K oK KK oK KK K

00060 C

00070 C MAKES NMO CORRECTION FOR THE ARRAY TC.

00080 Cc

00090 c VARIABLES?

00100 c TX=ARRIVING TIME OF OFFSET X.

00110 Cc TZ=ARRIVING TIME OF ZERO OFFSET.

00120 C ARRAYS:

00130 c TC=12-FOLD CDF-GATHER ON ENTRY: AND WILL PE
00140 C RETURN AFTER NMO CORRECTION.

00150 Cc NA=VELOCITY DATA OF BOUNDARY A FROM KNOWN MODEL.
00160 C NB=VELOCCITY DATA OF BROUNDARY E FROM KNOWN MODEL.
00170 C X =(OFFSET DISTANCE FOR EACH STATION)Xx%2
00180 c V =RMS VELOCITY FOR EACH DATA FOINT.

00190 C

00200 C YEN MAR-1984

00210 000K 20K KKK KK KK KKK K KK KKK K KKK KK 3K K K 0K K KKK 0K XK K K KK 3K KKK 3K KK K XK XK K
00220 SUBROUTINE NMO(TCsVsX)

00230 DIMENSION TC(700r,1)sVU{1)»X(1)»NA(12)/NB(12)
00240 DATA NA/1165117+118+11991215122y124,1246+127+129+131,132/
QU2E0 DATA NB/2419241,241+241924192429242+9243,243+y243,244,244/
QUL60 00 S I=1,12

00270 S X(I)=(100.04+(I-1)%50.0)%%2

00280 00 S0 J=1,12

00290 N1=NA(D)

Q0300 N2=NE(J)

00310 C SET RMS VELOCITY DOWN TO WATEREOTTOM.

00320 00 10 I=1sN1

00330 10 V(I)=2250000.0

00240 DT=N1x%0.002

Qo250 AA=V(N1)XDOT

QCLG NK=N1+41

(VRO RAV Y C SET RMS VELOCITY DOWN TO EBOUNDARY A.

00380 DO 20 I=KKsN2

00390 K=I-N1

00400 20 V(I)=(AA+R*8000.0) /(DT+K%0.002)

00410 DT=NZ%x0,002

00420 KK=N2+1

00430 AA=V (N2 xIIT

00440 C SET RMS VELOCITY LOWN TO BOUNDARY E.

00450 DO 30 I=KK,499

00460 K=I-N2

00470 30 V(I)=(AAtKX1B000.0)/ (LIT+KX0,002)

00480 NFF=10

00490 C EXEC NMO.

00500 DO 60 I=10,695

00510 TZ=(0.002%(I-1))%x%x2

Q0520 TX=SQART(TZ+X(J)/V(1))2%x500.0

00530 NTX=TX+1

00540 IF(NTX.GT.700) GOTO 60

003550 IF(NTX.LT«NFF) NTX=NFP

00560 TC(IeJd)=TC(NTXs )

00570 NFF=NTX

00580 60 CONTINUE

00590 S0 CONTINUE

00600 RETURN

00610 END
4
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c /
c SUBROUTINE PLO
c

C*l*i*!*i*l*{i**i{l’***“ll’i*ii'li**'***#l{’{*{ll'&ﬁ*”*

(2]

PLOTS 2-DIMENSIONAL ARRAY T.

c
c
c VARIABLES:

c DX=SPACING BETWEEN TWO TRACES.

c NL=NUMBER OF LINES T0O BE PLOTTED.

c NPT=NUMBER OF DATA POINTS IN ONE LINE.

Cc LDM=LEADING DIMENSION IN MAIN PROGRAM OF T.
c YGD=LOCATION IN Y-AXIS FOR THE LABEL.

c XSP=LOCATION IN X-AXIS FOR THE TRACE BEGGIN.
c FPN=LABEL CONTENT.

c YM =PLOT INCREAMENT IN Y-AXIS.

c XM =PLOT INCREAMENT IN X-AXIS.

c ARRAYS

C T = NL-FOLD CDP-GATHER TRACES.

c

c

c

YEN MAR-1984
tZ 222X IERZZ ISR IS TSI IS S22 S S ST 22 22 2 2 X )
SUBROUTINE PLO(T.DX,NL,NPT,LDM)
DIMENSION T(LDM,1)
Ca#uws##FIND MAX VALUE AND NORMALIZING.
AMAX=-1000.0
DO 40 J=1,NL
DO 42 1=1,NPT
TT=ABS(T(I,J))
42  IF(TT.GT.AMAX) AMAX=TT
40  CONTINUE
DO 44 J=1,NL
DO 46 I=1,NPT
46  T(I,J)=T(I,J)#0.5/AMAX
44  CONTINUE
IERR=~-2
CALL PLOTS(IERR,0)
CesnanasPLOT LABEL.
CALL PLOT(7.0,8.0,-3)
CALL PLOT(0.0,-7.0,+2)
DO SO I=1,15
YGD=-0.5+#1+0.5
CALL PLOT(0.0,YGD.3)
CALL PLOT(0.25,YGD,2)
YGD=YGD-0.12
FPN=0.1#I-0.1
50 CALL NUMBER(0.3,YGD,0.16,FPN,0.0,+2)
Cus##ux#PLDT NLINE TRACES.
DO 52 J=1,NL
XSP=-0.33-DX#J
CALL PLOT(XSP,0.0,+3)
YM=0.0
XM=XSP
DO 54 I=1,NPT
YM=YM=0.01
XM=XSP+T(I,4)
54  CALL PLOT(XM,YM,+2)
52  CONTINUE
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00020
00030
00040
00050
00080
00070
00080
000890
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
ooz10
00220
00230
00230
00250
00280
*EU

TYPE 99

99 FORMAT (1X, ‘PLOT FINISHED")
CALL PLOT(XM,YM,899)
RETURN
END

300000 3000003030 0000 334000000 330303000 6 98 30 00 00 3830 30 00 38 35 00 0 30 38 30 00 3838 36 36 3098 36 30 30 36 96 96 30 34 3t 3¢
g SUBROUTINE PLOLAB
g«*tli&&****{91*******&*&&*{*&*{*ia**&{****bf;*;&*i&i*&ii
e INITIALS THE PLOT AND PLOTS THE LABEL

FOR 0-1.4 SEC TIME AXIX.

YEN MAR-1984
I T R Y Y I Y T T I T T R TR ST T R TR PP e
SUBROUTINE PLOLAB
IERR=-2
CALL PLOTS(IERR,O)
Cenxnnx#Pl 0T LABEL.
CALL PLOT(16.0:9.,-3)
CALL PLOT(0.0,-8.,+2)
DO S0 I=1,17
YGD=-0.5#1+0.5
CALL PLOT(0.0,YGD,3)
CALL PLOT(0.25.,YGD,2)
YGD=YGD-0.12
FPN=0.1#1-0.1
50 CALL NUMBER(0.3,YGD,0.18:,FPN,0.0,+2)
RETURN
END

c
c
c
c
c

126
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CREXBANBRRBRBRRBERR R RRRRERRRRRR R BB R RN RSN
c

c SUBROUTINE PLOTX

c

CRERBRIIERIE RIS T TN IR0 T332 0 2
c

[ PLOTS THE 11 MODX TRACES WITH RATES AND SCL.

c

c ARRAYS:

c TC: 11 TRACES TO BE PLOTTED.

c RATE . S/N RATID OF THE 6 MODEL TRACES.

c SCL . SIGNAL SCALE OF THE & TRACES.

c

c YEN MAR-1984

CHERBEBRARRR RN RN BRRRRRRRRRRERRRERREERERFRERRREERRR RN

SUBROUTINE PLOTX(T.,RATE.SCL)
DIMENSION T(280,1).RATE(1),SCL(1)
Cennexna#NORMALIZATION OF THE DATA
AMAX=-1000.0
DO 40 J=1,11
DO 42 1=1,280
TT=ABS(T(1,J4))
42 IF(TT.GT.AMAX) AMAX=TT
40 CONTINUE
DO 44 J=1,11
DO 46 1=1,280
48 T(I,J)=T(1,J)*#0.5/AMAX
44 CONTINUE
Cennnnn®START PLOTTING
IERR=-2
CALL PLOTS(IERR,O)
CALL PLOT(7.0:.8.0,-3)
DO S2 J=1,11
XSP=-0,33-0.33%J
CALL PLOT(XSP,0.,+3)
YM=0.0
XM=XSP
DO 5S4 1=1,280
YM=YM-0.02
XM=zXSP+T(I,J)
54 CALL PLOT(XM,YM,+2)
IF(J .GT. 6) GOTO S2
YM=YM-0.S5
CALL PLOT(XSP,YM,+3)
FPN=RATE (J)
CALL NUMBER(XSP,YM,0.1.FPN,S0.0,2)
CrexnaxaPLOT S/N RATE
YM=YM-1.0
FPN=SCL(J)
CALL PLOT(XSP,YM,+3)
Cenunnn#PlOT SIGNAL SCALE
CALL NUMBER(XSP,YM,0.1,FPN.S0.0.2)
52 CONTINUE
CALL PLOT(0,0,+8999)
RETURN
END
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c

c SUBROUTINE PLO2

c
CHERBBRARFARBRRRERRRERRRRRRRERRERRRRRRRRREFRERRRIE RN R RS
c

c PLOTS ONE TRACE DATA.

Cc

c VARIABLES:

c DX=SPACING BETWEEN TWD TRACES.

c J =THE NUMBER OF THE TRACE IN MAIN PROGRAM.

C ARRAYS .

c T=TRACE TO BE PLOTED.

c

c YEN MAR-1984

SR 300030302 309300030003 300600300 903030 30000030 0 9090 300 36 3090 3000 00 00 96 36 30 3600 30 96 00 00 90 9

SUBROUTINE PLODZ(T.DX.,J)
DIMENSION T(1)
Coan##2#NORMALIZATION
AMAX=50.0
DO 42 1=1.700
TT=ABS(T(1))
IF(TT.GT.AMAX) AMAX=TT
42 CONTINUE
Crexaa42#START PLOTTING
DO 46 I=1,700
45 TC(I)=T(I)#0.7/AMAX
XSP=~,33-DX#J
CALL PLOT(XSP,0..+3)
YM=0.0
XM=XSP
DO S4 1=1.700
YM=YM-0,01
XM=XSP+T(I)
S4 CALL PLOT(XM,¥YM,+2)
RETURN
END
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CHERREBRRERRRRERRERRRRRRRRRR SRR RRRRSRBRLRERRRERRRBRRRRRR
E SUBROUTINE PRDZX
g**&*&*&&***&****##*&*{**G&id’*ﬁlQ*&Q*Qﬁii'*&*&iiiiii***
c SETS DESIRED OUTPUT FOR PREDICTIVE DECON.

c

c

c VARIABLES:

c NX=NUMBER OF DATA POINTS IN THE TRACE WINDOW.
c NR=PREDICTIVE LENGTH.

Cc ARRAYS:

c XX=TRACE ON ENTRY.

c ZX=TRACE OF PREDICTIVE OUTPUT ON RETURN.

c
c
c

YEN MAR-1984
(A2 X222 22222 XX 22222222222 2222222222222 222222222 22222 X

SUBROUTINE PRDZX(XX,ZX,NX:NR)
DIMENSION XX(1),ZX(1)
‘DO 1 I=1,NX
II=NR+1]

1 ZX(I)=XX(II)
RETURN
END
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CRAENERFRRAARERBAERRERBRERBRERRRRRRRRRRRRRRERRR RN R RN
g SUBROUTINE RAM
gl**Q'*l*iiiliii{&****i*i.*!*ii*i‘i****l***&lii*l**il*i{
c GENERATES RANDOM VALUES INTO ARRAY TC

AND WEIGHTED RANDOM VALUES BY FACT.

c
c
c
c VARIABLES:
c SUMS=SUM OF SIGNAL AMPLITUDES.

c SUMN=SUM OF RANDOM NOISE AMPLITUDES.

c YYY=RANDOM VALUE GENERATED FROM RAN(N)

c FUNCTION, VALUE RANGES FROM -.5 TO .S.
c SN =SIGNAL-TON-NOISE AMP RATIO

c FACT=WEIGHTED VALUE, IT WAS 0.06 BEFORE.

c ARRAYS

C TC =12-FOLD CDP TRACES.

c

c

c

YEN MAR-18984
22T TR R AT S R RS SS S ASSR SIS AL LSS 222
SUBROUTINE RAM(TC,FACT)
DIMENSION TC(700.,1)
CrxnannxSET SUM OF TOTAL SIGNAL ENERGY
SUMS=0.01%12. )
SUMN=0.0
Ceaxn#2#S5ET RANDOM VALUES AND GET ITS SUM
DO 10 I=50,680
DO 20 J=1.12
YYY=RAN(N)-0.S5
SUMN=SUMN+ (YYY*#FACT ) ##2
20 TC(I,J)=TC(I,J)+YYY#FACT
10 CONTINUE
SN=SUMS/ (SUMN/E40)
Censxx2#COMPUTE THE S/N AMP RATIO
SN=SQRT(SN)
TYPE 100.,SN
TYPE 99
g8 FORMAT (1X. 'RAM DONE ')
100 FORMAT(1X, 'AMPS/N="',F11.3)
RETURN
END
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Cl******ii***i*ii*‘*&l**%**}l0*}*”*Q*i**{*i?i*!*liiil&*

c
c
c

SUBROUTINE RICKER

CRERBEIE TN 330332 NNNNER

(2}

c
c
c
c
c
c
c
c
c
C
c
[»

GENERATES A RICKER WAVELET.

VARIABLES: .
DT=TIME STEP BETWEEN DATA POINTS.
F =CENTER FREGUENCY.
NFP=NUMBER OF POINTS FOR WAVELET.
T=TIME IN SECONDS.

ARRAYS:
FILT=WAVELET.

YEN MAR-1884

(2222222222222 22222 XX 22222 22222222 222Xty

SUBROUTINE RICKER(F,DT,FILT,NFP)
DIMENSION FILT(1)

PI=3.14158

T=0.0

FACT=PI#F

I1=(NFP+1)/2

Crxnax22COMPUTE THE RIGHT-HALF WAVELET

1

DO 1 I=11.NFP
R1=FACT#*T

R1SQ=R1#R1
R2=1-2.#R15Q
R3=EXP(-R1S5G)
FILT(I)=RZ#R3#(-25.0)
T=T+DT

Crannua2COPY THE LEFT SYMMETRICAL PART

12=11~1

J=NFP

DO 2 I=1.,12
FILT(I)=FILT(J)
J=J-1

RETURN

END
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132

CABE I T3 30333030 3403630 33096 303 6 96 30 3030 36 20 30 36 9 36 96 3 96 96 36 96 36 9% 3 9 3 3 3% %

c
c
c
c
c

c
c
c
C
c
c
c
c
c
c
c
c
c
c
c
c
c
c
Cc
c
c
c
c
c

SUBROUTINE SGEFA(A.LDA/,N:IPVT.,INFQ)

SUBROUTINE SGESL (A.LDA/N,IPVT,B,JOB)

LA AL 222 A2 a2 2 222222222222 X222 Y S

SUBROUTINES SOLVE LINEAR EQUATION AX=B.
MAKE REFERENCE TO THE SOFTWARE LINPAC FOR CODES.
WHEN EXEC USE LBY:LINPAC/LIBRARY.

ON

ON

ENTRY:
A = A 2-D ARRAY WITH DIMENSION(LDA,N)}
LDA= THE LEADING DIMENSION OF THE MATRIX A.
N = THE ORDER OF THE MATRIX A.
JOB=IF O, THE SYSTEM AX=B IS SOLVED.
IF NON-ZERO: A(#)X=B IS SOLVED.

RETURN:
A = CONTAINS IN ITS UPPER TRIANGLE AN
UPPER TRIANGLE MATRIX.

IPVUT= INTEGER ARRAY OF DIMENSION N WITH PIVOT
INFORMATION.

INFO= AN INTEGER ARRAY, IF O THE PROCESS IS OK.
THE VALUE OF INFO SHOULD BE CHECKED.

B = CONTAINS THE SOLUTION, X.

AFTER LINPAC 1879

(22222 S22 X 22Xt Rttt 22222 22 X2 222222 XX 222222
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OOO]O C{ﬁ**{{*ii}&*i‘i#**{i{i*{***i*l***l****&i}%{*l***&**iﬂl%*’
00020 €

00030 C SUBROUTINE SINWAYV

00030 C

00050 Cil'{*i“lf{***{*i”i&‘iﬁ!*{{**’*'i**%!**i*i!{*i{ll’*llﬂbil
00060 C

00070 C GENERATES A WEIGHTED SINWAVE.

00080 C

00080 C VARIABLES:

00100 C DT=TIME STEP BETWEEN DATA POINTS IN SEC.
00110 C F =sFREQUENCY OF SINEWAVE.

00120 C NFP=NUMBER OF POINTS FOR WAVELET ON RETURN.
00130 C NW=NUMBER OF POINTS FOR WAVELET PERIOD.

00140 C PERD=WAVELET PERIOD IN SEC.

00150 C ARRAY:

001680 C SW=SINEWAVE ON RETURN.

00170 C .

00180 C YEN MAR-1984

Q0180 3 95 98 36 3 3 3 3 3 3t 3 3 3 3 3% 35 3 36 3 3% 3 3% 3 3 3 3 3 % %3 3 % % BB %E AR IR B RN E AR
00200 SUBROUTINE SINWAY(F,DT,Sk,NFP)

00210 DIMENSION SW(1}

00220 Cw#nxn%2SET PERIOD AND THE DATA POINTS OF SINWAVE

00230 PERD=1.0/F

00240 NW=PERD/DT

00250 PI=3.1416

00260  C#######SET INCREMENT AND WEIGHT

00270 PSIN=(PI/180.)#(360./NW)

00280 PCOS=(P1/180.)#(90.0/NFP)

00290  Caaxx»#2BUILD SINWAVE

00300 DO 10 I=1,NFP

00310 K=1-1

00320 GA=K#*PSIN

00330 GB=K#PCDS

00340 SW(I)=SIN(GA)*COS(GB)

00350 10 CONTINUE

00360 RETURN

00370 END

*

00010 C*****{i*iil*i*i******li#{**il**il*l**l#**l****i**li{il**lﬂl**
00020 C

00030 C SUBROUTINE SPECPL

00040 C

00050 CQ**-I{i#****i*I****{**liiii*{i*&{*#{i{{l’{ll!%*!*l{{**&*l**!*
00080 C

00070 C PLOTS THE AMPLITUDE AND THE PHASE SPECTRUMS
00080 C FOR THE FILTER.

00090 c ’

00100 C VARIABLES:

00110 C NFP=NUMBER OF DATA POINTS OF THE FILTER.
00120 C DT =TIME STEP BETWEEN TWO DATA.
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ARRAYS?
A =COMFLEX ARRAY FOR FFT PROCESS.
IT IS THE FILTER ON ENTRYy
ANDII IT WILL ERE THE FREQ -DOMAIN ON RETURN.
FREQ=FREQUENCY VALUE FOR PLOTTING FAIR.
AMF =AMFLITUDE VALUE FOR PLOTTING PAIR.
FHZ =PHASE VALUE FOR FLOTTING FAIR.

YEN MAR-1984
20K K 3k K K K KK K K KK KK K KKK KK 0K 3K 3K KK K KK 3 K 3OK 3K 3K KK 30K K KK K 0K 3K 30K 3K K 3K KK K XK K K
SURROUTINE SFECFL(NFF»FILT»DT)
COMFLEX A(1024)
DIMENSION FILT(1),FREQ(S514)yAMF(514)sFHZ(514)
CxxxdokkxFILL THE FILTER INTO A
[0 1 I=14NFF

ooocoO00nNO0

T=FILTC(I)
ACT)=CMFLX(T»0.0)
1 CONTINUE
CRARKKKKK TRANSF ORM

CALL FFT(1024,A51.0)
CxX¥xXk%XXSET NYQUIST FREQUENCY
ADDI=1./7(512%2%07T)
FREQ(1)=0.0
DO 2 I=2,512
2 FREQ(I)=FREQR(I-1)+ADID
Cxxxx¥X%XSET PHASE AND NORMALIZE AMF
AMFMAX=-1ES
Do 3 1=1,512
AMP(I)=(REALCACII MXX2+ATMAG(A(TII D XX2)I%%X0.5
IF(AMP(I) .GT.AMFMAX) AMFMAX=AMF(I)
3 FHZ(I)=ATAN2(AIMAG(A(I)) sREAL(ACI)))

CXKKXKXKKMAKE THE FHASE CONTINUOUS

FJ=0.0
D0 40 I=2,512
IF(ABS(FHZ(I)+FJ-FHZ(I-1))-3,141593) 40,40,10

10 IF(PHZC(I)+FJ-FHZ(I-1)) 20,40,30
20 PU=FJ+3.141593%2,
GOTO 40

30 Fd=FJ-3.141593%2,
40 FHZ(I)=FHZ(I)+FJ
00 4 I=1,512

4 AMF (1) =AMF (1) /ANFMAX
CXRXKKKKFLOT (FREQ US. AMF) &(FREQ VS, FHZ)
IERR=-2

CALL FLOTS(IERR»O)

CALL SCALE(AMF»3.,3512)

CALL SCALE(FHZ»3.¢512)

CALL SCALE(FREQ»4.,,512)

CALL AXIS(1.»5.»PHFREQUENCY»-9+4.»0.»FREQ(S13)»FREQ(S514))
CALL AXIS(1.+5.sPHAMFLITUDE»+9+3.+90.AMF(513) rAMF(S514))

CALL AXIS(1.91.9yPHFREQUENCYs-%9+4.90.sFREQ(S13),FREQ(S14))
CALL AXIS(1.s1.sSHFHASE»+553.990.,FHZ(513),FHZ(514))

CALL FLOT(1.91.+-3)

CALL LINE(FREQ»FHZ»3512+050,0)

CALL PLOT(O.s4.»-3)

CALL LINE(FREGsAMF»512,05050)

CALL FLOT(0+0,4999)

RETURN

END
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CRERRERBRERBERRRERE R B RRERR R R R RRRRERRRBRRRRRERR RN RS
c

c SUBROUTINE STK

c

003030 303030 30 3030 38 30 3 38 36 30 3 36 30 38 36 36 36 36 30 30 3¢ 3 I 96 3 3 3 335 36 363 36 30 9 3 34 3 36 3 3 36 3 39 3 3 8 %

0

PROCESSES ITERATIVE STACK ON TC.

c
c
c VARIABLES:

c NN=NUMBER OF TRACES FOR STK DECIDED BY MUTING.
c TPOS=SUM OF THE POSITIVE GROUP.

c TNEG=SUM OF THE NEGATIVE GROUP.

c JOB=0: ITERATIVE PROCESS BUT NOT STACK.

c 1. SINGLE-TRACE-PROCESS AND REPLAE TC.

c 2. ITERATIVE STACK AND REPLACE TC.

C NITER=ITERATIONS WHEN CHOOSE JOB=O.

c OTHERWISE 1T IS 12.

c ARRAYS:

c TC=12-FOLD CDP-GATHER ON ENTRY.

c 1-12TH ITERATION RESULT ON RETURN.

c X =BUFFER.

c

c

c

YEN MAR-1984
e ST TR RIS S22 S S22 2SI I AT AL S L2222 LRI IS I L LL L
SUBROUTINE STK(TC.NITER,JOB)
DIMENSION TC(700,1),X(12)
DO S0 I=1,700 *
Ge=1
Cx»»%22#5ET MUTING FACTOR
NN=0.465#SERT(QQ)
IF(NN.LT.2) NN=2
IF(NN.GT.12) NN=12
Cexuuun2PROCESS ITERATIVE STACK
DO 60 ITER=1,NITER
TPOS=0.0
TNEG=0.0
DO 70 J=1,NN
IF(TC(I.,J) .GT.
70 IF(TC(I.,J) .LT.
TPOS=TPOS/NN
TNEG=TNEG/NN
DO 75 J=1.,12
IF(TC(1.J) .GT.
IF(TC(1,J) .LT.
75 CONTINUE
Cexanaa#SELECT ITERATIVE OUTPUT
IF(JOB.E@.2) X(ITER)=TPOS+TNEG
IF(JOB.EQ.1) X(ITER)=TC(I.1)
60 CONTINUE
IF(JOB.EQR.O) GOTO SO
Cansnx2#TRANSFER THE WANTED OUTPUT TO TC
DO 80 K=1,NITER
80 TC(I,K)=X(K)
S50 CONTINUE
-RETURN
END

0.0) TPOS=TPOS+TC(I.,J)
0.0) TNEG=TNEG+TC(I.J)

TPOS) TC(1.,J)=TPOS
TNEG) TC(I1,J)=TNEG

135



T-2914

00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
00220
00230
00240
00250
002860
00270
Qo280
00290
00300
00310
00320
00330
00340
00350
00360
00370
Q0380
00380
00400
00410
00420
00430
00440
00450
00460
00470
00480
00490
00500
00510
00520
00530

136

CHUBRERRRRRARRERRRRRRRRRRRRRRRRRRRRRBRRRRRRRERRERRRRREES

c
c
o}

SUBROUTINE STKGEN

[ 222 ITITZIZITIIZSLZIZTITITITZLRZTE T L T LL T L TR L P FFPF ey

c
c

Cc
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

PROCESSES ITERATIVE STACK ON TC.
THIS IS A GENERALIZED FORM WITHOUT MUTING.

VARIABLES:
NN=NUMBER OF TRACES FOR STACKING.
NPT=DATA POINTS OF ONE TRACE.
TPOS=SUM OF THE POSITIVE GROUP.
TNEG=SUM OF THE NEGATIVE GROUP.
JO0B=0. ITERATIVE PROCESS BUT NOT STACK.
1! SINGLE-TRACE-PROCESS AND REPLAE TC.
2. ITERATIVE STACK AND REPLACE TC.
NITER=ITERATIONS WHEN CHOOSE J0OB=0.
OTHERWISE IT IS NN.
ARRAYS:
TC=NN-FOLD CDP-GATHER ON ENTRY.
1-NN ITERATION RESULT ON RETURN.
X =BUFFER.

YEN MAR-1984

LA A XA 22 X222 22222 222X 22 X222 222222222 2X22 22222

SUBROUTINE STKGEN(TC.NPT,NN,NITER,JOB)
DIMENSION TC(NPT.,1).X(24)

Crxx#%2#PROCESS ITERATIVE STACK

70

75

DO 50 I=1,NPT

DO 80 ITER=1.NITER

TPOS=0.0

TNEG=0.0

DO 70 J=1,NN .

IF(TC(I,J) .GT. 0.0) TPOS=TPOS+TC(I.J)
IF(TC(I,J) LT. 0.0) TNEG=TNEG+TC(1,J)
TPOS=TPOS/NN

TNEG=TNEG/NN

DO 75 J=1.,NN

IF(TC(I,d) .GT. TPOS) TC(I1.,J)=TPOS
IF(TC(I,J) LT. TNEG) TC(I,J)=TNEG
CONTINUE

CaxxxxxxSELECT OUTPUT

60

IF(JOB.EQ.2) X(ITER)=TPOS+TNEG
IF(JOB.EQ.1) X(ITER)=TC(I.1)
CONTINUE

IF(JOB.EQR.O0) GOTO S50

Caanxn22TRANSFER WANTED OUTPUT TO TC

80
S0

DO 80 K=1,NITER
TC(I.K)=X(K)
CONTINUE

RETURN

END
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c
c
c

SUBROUTINE STKLEV

SRR 3020300330000 303000303630 0036 33 00 03336 303036330 36 2035 936 3 9 3 0 3B %%

0

c
c
c
c
c
c
c
c
c
c
c
c
c
c

STKLEV MAKES ITERATIVE STACK ON ONE LEVEL DATA.

VARIABLES:
N=DATA POINTS OF ONE LEVEL.
NITER=ITERATIONS TO BE RUN WHEN J0OB=0.
JOB=0. ITERATIVE PROCESS WITHOUT REPLACING.
=1 SINGLE~TRACE-PROCESS AND REPLACING.
=2. ITERATIVE STACKING AND REPLACING.
ARRAYS:
X=0ONE LEVEL DATAB FROM TRACE 1 TO N.
BUF=BUFFER FOR STORING THE RESULT STACK.

YEN MAR-1984

L2222 A2 X222 2222 22X 222222222222 XX 222X 2222 )

SUBROUTINE STKLEV(X,N,NITER,JOB)
DIMENSION X(1),BUF(12)

Cox#x%2%#PROCESS ITERATIVE STACK

70

75

DO 60 ITER=I.,NITER

TPOS=0.0

TNEG=0.0

DO 70 J=1.,N

IF(X(J).GT. 0.0) TPOS=TPOS+X(J)
IF(X(J).LT. 0.0) TNEG=TNEG+X(J)
TPOS=TPOS/N

TNEG=TNEG/N

DO 75 J=1.,N

IF(X(J).G1.1P0OS) X(J)=TPOS
IF(X(J) .LT.TNEG) X(J)=TNEG

Crnnnnx2SELECT OUTPUT

60

IF(JOB.E@.2) BUF(ITER)=TPOS+TNEG
IF(JOB.EQ.1) BUF(ITER)=X(1)
CONTINUE

IF(JOB.EQ@.O) GOTO 99

DO 80 I=1.N

C###»###TRANSFER WANTED OUTPUT TO TC

80
99

X(I)=BUF(I)
CONTINUE
RETURN

END
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CRrezuspruatteRtetttfiti ittt mes e dnenmtntyadriddsnatsnresnn

c
Cc SUBROUTINE TRACE
c
CHRARBERREEREERAERRBRRERRBRRRBRRERRBRRERBRRRRRRRRE AR R R RN
c

PLOTS A TIME SERIES.

c

c

c VARIABLES:

c NFP=DATA POINTS OF THE TIME TRACE.

[ o4 DT =TIME STEP BETWEEN TWO DATA.

c ARRAY:

c FREQ=TIME AXIX WITH INCREMENT OF DT.
C AMP=THE AMPLITUDE OF THE INPUT FILT.
c
c
c

YEN MAR-1984
Y T YTTII SIS YIS RIS TR IR T R TT YR T LR IR R YR T
SUBROUTINE TRACE(NFP,AMP.DT)
DIMENSION AMP(702),FREQ(702)
Cannxr#a#SET TIME WINDOW
. DO 2 I=1,NFP
2 FREQ(I)=(I-1)#DT

Cexx####PLOT (FREQ VS. AMP)
IERR=-2

CALL PLOTS(IERR,O)

CALL SCALE(AMP,3.,NFP)

CALL SCALE(FREQ@,S5S.:NFP)

NA=NFP+1

NB=NFP+2

CALL AXIS(1.,1.,4HTIME,-4,5.,0..FREQ(NAR),FREQR(NB))

138

CALL AXIS(i.,1.,9HAMPLITUDE,+9,3.,90.,AMP(NA).AMP(NE))

CALL PLOT(1.,1.,-3)

CALL LINE(FREG.AMP,NFP.0,0.0)
CALL PLOT(0,0,+989)

RETURN

END
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CHERERERRRREHREERERRRRRRERRRE R SRR ERRRRRRRRRR AR RN NR RN
Cc
c SUBRORUTINE TRSET
c
CHEREERBRBRRER BB RARERRBRBERSRRRRRBRRRERFRERRRBRRRRRRBRR
c

SES A WINDOW TRACE FOR THE WIENER PROCESS.

THE WINDOW BEGINS AT THE FIRST REFLECTION.,

AND ENDS AT POINT 650.

C
c
c
c
c VARIABLES:

c L =0FFSET LINE NUMBER ON ENTRY.

c NST=STARTING POINT OF THE FIRST REFLECTION.
C NW =WINDOW LENGTH.

c NZ = IF TRACE WAS NMO-CORRECTED NZ IS 0.

c XV= (OFFSET/VELOCITY)#%2,

c ARRAYS: .

c X =INPUT TRACE ON ENTRY.,

c AND THE WINDOW TRACE ON RETURN.,

c DATA AFTER NW ARE ZEROES.

c

c

c

YEN MAR-1984

(2222 X T T T R R R TR TR L R 2]
SUBROUTINE TRSET(X,L ,NST,NW:NZ)
DIMENSION X(1)

Coaxxxe#FIND THE START POINT OF THE 1ST REFLECTION
XVU=({100.0+(L-1)#50.0)##2/2250000.0
NST=1+500.0#SQRT (0.04+XV)

CrannxresFIND THE WINDOW LENGTH
NW=650-NST
IF(NZ.EQ.0) NST=101

Coxx####RESET THE INPUT TRACE
DO 2 K=1,NKW
KK=K+NST

2 X(K)=X(KK)
KK=NW+1

Ceaxxnxx7ERC THE TAIL

DO 3 K=KK,700
3 X(K)>=0.0

RETURN

END
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CHAERRBRARRRR RN AR R RR LB BERRBRRRRR BB ARRBRRRRERRRBRREN
c
c SUBROUTINE WTD

c
3 938 36 3036 36 3 38 3 3536 36 3 3 36 36 3 3 3436 36 3 3 3030 3 3 3 3 W3 34303 AWK N NN

[g]

MAKES OPTIMUM WEIGHTING ON TC.

c
c
c VARIABLES:

c WT=0PTIMUM WEIGHTED RATIO.

c ARRAYS!

c TC=6-FOLD CDP-GATHER.

Cc BUF=BUFFER OF TC FOR WEIGHTED PROCESS.
c RATE=S/N ENERGY RATIO.

c SCL=SIGNAL SCALE.

c

c

c

YEN MAR-1984
REERRRRFRERRRRERRRRERRRRRRRRRRRERRRRFRRRRRB R RR R LR RN N
SUBROUTINE WTD(TC.,BUF,RATE,SCL)
DIMENSION TC(280,1),BUF(280.,1),RATE(1),SCL(1)
DO 1t J=1,6
@E=RATE(J)
WT=SART(RQ) /SCL (J)
DO 2 1=1.,280
2 BUF(I.,J)=TC(I,J)*WT
1 CONTINUE
RETURN
END



T-2914 141

APPENDIX C

Output of the Program 'GRAY'



142

SECTION IS AS FOLLOWS:

ZR

gLE WAS CREATED Z6-Jan-84

YOUR SOURCE=RECEIV

T-2914

1
108.8 g% -

S3.36999

CE, NLAY = 3
R =
THE EARTH-MODEL YCU HAVE CONSTRUCTED LOOKS LIKE:

1
{
-3

" v Q)

J et
[OE 3t I 5]
HOlJIm <
S bt o
- o N«
. o,
VIO..RF-

ve Vs ON 1

LAYER

owaD

e N
® o8 ®
-

ée 3122

1

AR=
ND RAYNAME

ICAL SOURCE OF RADIUS
120.9084

R="
DIR

$.91F AND THE SOURCE IS IN LAYER §
RADIAL CcOMp.

NAMIC ANALOCS (SEE ENGEZLKEMEIR (I-2175))
1 , RECEIVER POSI

THE SOURCE DEPTH IS

THE DISELAY SECTICN YGU 4AVE SELECTED IS AS FOLLOWS:
1 IN LAYER 8

" SUMMAPY OF ARRIVAL TIMES AND MMPLITUDES FOR EACH RAY NAME

SPECIES ARRIVAL TIME VERTICAL COMPG.

RECEIVER §

a.0 a.an. P).PPD PPPPPPPPPPP‘F‘FD PPD a.

O INCIONNE HONON ONCIONTRNONE NGO NN O

(L.0.0L0. ALC.0.2.0.Q- 0. 00t L AN L A0 0.0,

A et d pted 4 NCNECIE IO SOOI OO ONCION U NN IO o OO C et
0.0.0.0.0.0.0.A,0. VA Vo.A.NII0.A.NA.MINA.A, LA.0. LA NV A0,
PO N A0 IO CICSOIOIN NN IO > A0 M e JONC 10 S0
YNV P M WP P Mo W R R T L B o WTe b e W N2 Ve I RV SR T IR SR VR B St L2 Do

Tt N OO 7 bt OO OO NN NN OO 07 09 (7O e OV T 67 00
e etk 477 ks O e Qe (e dafde 73 BURA D AU Ui e i L UIV) W1 ' N
N HOIN OO O 0NN C TN O OO N SOOI TN YN MIC I D)
el Ol Qe O NG00 0. Q0L B B O 2 G Qe VIIVIN NI NI 0. QL0. A- 0. L O 20
N OO OV O OO NSO NN O OO NONENONINE OO
QL0+ Q4 O 0.0, L. Q. 2y AL 0L 0L Or Qe e Qe O O G O 04 O (s Qe O, B AL O QO N QO A QL L O

A.0.0.0.0.0.0.0.0.0.0,0.0.0.0. A- 0. 0.0. 0 0.0.0. 8. 0.0 0.0, 0-0.0. LA B0 6.0

PAE LI 1000000000 rntr sttt

Caedr ittt T M =N LN IOV UMD TS U T N 9 O NN NN
TRV IARAVRANDNAITN IR IVABIVNDH ANV VI RVIRV4URD 3
0-.-.-.---.-.-....-..-...-..-..

Jiadted ! Juad (altad! o] (aMediad i adedta V1 A (a3 ad
6n12476’6196-"“7:45%12‘415453650 OPOLIT - B
= SN DI P ONR N0 O WX OO v T v IR0 OND T T A DN
OO D0 VMW OO WO M CMN NTMWOD D NN NN MIDN MM T
ANOO O 4 V<40 | T O8O NN TN T O OCICRNORN MDD ) D DOV
WY OO e O DO El™ T TN TN O, TN O N A MO T OO
T 0N o )+ N N AU N OV < 0D ot Q0 4 ADADONONN et
® % 6 0 00 20 00 000 e 0400009000000 0000e0s 0y,
saﬂ'Diﬁ.ﬂ.‘ﬂvie.ﬂﬂ%qaﬂﬂ.lalﬂv-ﬂ,‘z‘ @R ANV

1) LI ] 1) ' ] ) ]

—QEL P AN e O < A O ML TGO UNO ORI O YRR o8 T P oy
SETNVBELILETFTATLCITTIZTEITTEECRUAR T T LITMIBT R AR,
UL U U R I R L I I O U IS U I & B )
Lo e sl e Gt izl ta) basks She fa fadfa G dbe G iba b itad 60 asfal (s Ladta) tatadls Lsitat fa Sas
D RN RO =D NI ONOT M R OPC MO et N0 BN DT D 2
DU AN LT e Ot O rdot QI 4l L O vt O WO W MUCHAQ Y R e B eI U
P et Ot D PE A AN UL 4, D W 32 WL 0 0 AP OPs T TR B HE
QLS NOM TS W= B OV D= LT NN (Nt PO NN TN e~ 4 Do
OCROMHSNNOIL LU O N IR~ D RO O A Tt DO = O UN O~
ONUNY et D (N 40 F Y M O oA L e ™ ¢l (N ™1 Tt N DN T
DI I N A B Y B B B B B I I S N B B B A B S AT I I
Lohel =l T Sl Al Sl A1 -3 lbgaud-'ﬂ.ecagg.ﬁ.ﬂ TS T Rr e,
1 LI I I I R I O S | ' ]

MO NN T T TCTCTTTCTECNCTTCTNTT €T
ORD R R DR DN D W TRGTE Q0N TR R S 0 NGNS
PHEE P4 442323 P 4203932222424 200 0000404+
L Lad0ad Folfa d tad fad el s o ) CadEad Lo s tadta ) EadCadCad e ) 1uQ Uad(ad Taltal ad ( 1Ta Do )t L N Mad a)ind
OT HNTNN O M ORAN I SO D DO O I O~ PO, O e el NI
QRN OVA ~ O MNOE OO0 D~ OO~ 'R INT N4 DAL M
@Y A TOTOW.OROT I~ T ORI N NNND TP NI OO 0O ANeE 4V B
ORI L NN AN DD DD NN OO 4 N renD AN R4 DO
RV S EB N LU TR B 1 Eul Nt B ot (7 ) Nl YO v Nt O N U I WL et NS
AL O DO DDA O vty A v S gt rmbrd bt oot N by et oD bt bt
X EEEEEEE R I N A A A

METHN IRTARITERAVATARNT AN AR IE R RVVI AN IDN

1«.‘345 O @ 0N RN VTN O DO AN T IO DO Bt N TUIO 0
Tt e et NN NN NN O N M M



143

T-2914

Bonwlud

283.3689 Hk=

R=

.
H

SCEIVER POSI

IR ¢ 1, K

3 IN LAY

RECEFIVEFR §

RAYNAME

ND

DIk

RADIAL COmP.

SPECIES AFRIVAL TIMS VERTICAL CJMPU.

0.0.0.0,0.0.0.0.0.0.0.0. .N.fl.0.0,0.A.N.0.0.0.Q.,0. 2.0,

OO OO OO OO NN NN OION Lt OO et
a.an.a,.0,00.0.0.0.0.2. 0.0, A0, Q. O L AL LA AL 2. AL L0

el e omd gt ot~ ORI OO IO CION IO I ol NN I
0.0,0.0.0.6.4.0, Q. VN AL UVIA.A. N NA.A. N 0. AA. A.0.0, 0. N.O A N0,
OO A N NN NOVON NN 0N NN DN ) ) i e NN O Y )
Rere 2 1,20 LBy 3 3 2 AAOLVIVI0L 4 el YIN0LAL N M lideti ) B,

A et NN € NI I NN 10 NN et 7Y P Y T
AR de e 3 N e ke Tl e U Qlaida VD /D40 BUDUIY) 73 a0 e (e e Ll 0, U3 10 da QL UD Y Dot
AN N IO OIS O DI NN NN O M Y 0 7 (D D

8.0, Q4N BNV 00 0.0 Al Bl Ou L e Be A AN NNV L ALG. Q.0 0. 0.0, 0.0 A,
o NN OO NN O NONOWNO OISO OO IO O OIS
P @.a.Q.0.0.0.0.04 PPPPPPPPPPPP?I?PPPPPPPPD‘P:—.PPPP

P a.0.a.0.0,0.0.0.0.0,0.0.0,0.0, PPPPPPPPPPPPPPPPPPPPPP

[l NI -t 4 e lale o a

- ot bt
-..-—............-.-....-.-.--.-..-.

W Werderi NN NN TN T TN T NN OO N T Y
AR INN VROV LN VU TR ANANIDRD AT VU INDR DD
b‘.-.......-..-.-o-.-—-.-.-.o.-.-_.-.
) tedlal cadtad (a2tada) (x] 023 tad L) ad (L

0] dladiad (o} iadlad

0 8 © 0 0 % 080 000 00080000 sPete s
i_annlda”61059‘!’4.6qﬂw'qaeegaaoae““A..Soﬂ.ﬂ-“
) ] LR} ' 1 ' [] ]

D INNIN D et NN M (UYL ) B L AT L T IAND YOD 4
GEIGCATIFTHTIEE SRNENEEF A LCESTEN B OB Tvn
R JPUE I T I N NN I I I T O I O O N O N N |
(T8 PO C T POTPRU TS TE LTS LTV WS TP PRI Y oo TN P S e oS PY ST T e T 25T PR PST NTESTRS TPl P P
W 4R AN N2 O RO N QD RO OO B T D e~

fedd
13r1?a

TS T T O M0 U OO et O DO e S O O €10V OO
53-1489‘6.0752930,15934131593354\1455}-923
M K DN AU O G BN N R DU IR T M IO s et C I 0 C 3T 4
€ DDA AONO D it —d T oberd RUDTE O+ DT T4 JAOOHRD O~ QNN T
i F A ORC. NN LD IO D) et I ot et R A WS

@ 4 ® 0 @ % 00 80 00 0P g e Pe et 0000 et
WHEEFRNLAANZNCELRE ACSRIPIRIOT RS ML LB IYE X e
1] 11 v i LRI ] ] ] ]

816T+m1

N DN RAUNDEDINOU R DATROE BURTY S DE LR U DR DO D
PP LG L PP L PP P02 4 40P 44222442200 0040
ta) falGiradied Cadiadiad Calfadlad fadiadlaita) s} (aded i) fs ;o) ) (a3 Cad Ead Da Yiad faS tadbad () sl Ladl M () Lr s ) -3
B T et M et ONOCHON O NG NG P T OV T T S L A0 IO O
W AP0 ORI OIS OO OIS NS RO IONES S K 0NN DO
M OO DT R DO F. O~ 0CIE, DT (~OR.MDVNete L TOTLNT™M
B ANTD N S AN DUIN O DD UNO OO O DN i~ TR OO LD
R b i AT ARSI AR A
O 00D O 00D OO 4ot Lo et oded (D et =4 oot ot
e s o e vt seees s ereesseseneetenrsenane e et

QOO LTIACIRNVERAALNIMIRR IR TVVODNAN QAT ARV

- N FUNO DN RN U0 (0 A RN T INO T OO D~ NN DO D
lebet vdebomd et ede~d N OO O NN D N M DD

. 6183

HR

3T Iors

k=

1 , PECEIVER POSI

Ed

5 IN LAYER

RECEIVER 1

@
>

RAYNA

ND

SPECIES ARRIVAL TIME VcSRTICAL COMPO. RADIAL CAMP, DIR

et

P?Pa .0 0.0.A.0.0.0.0.0.0.0.0.A.A.A.0.0. 02,2 0.0 A,

IO NN OIEIOUNCIOTON SOOI IO DNt OO N et

L2004, M0 Q0L A 0.0 L e (L AL AL AL (L AL 0L AL OL (L O

et bt e~ & I HOHON N CEONENOHCFENEIONENE SO ) Tt NN Ot

Q.. 0.N.0L0. AL O LU IVIAL VIO ALINNA. LML INNA.A,0.0. LA O, N A0,
FACNCIONO 4N 30 ONONOWN O IOV OO 3o U g O OO
Aeliele b ML L L LU 131D 20de 200 ke MUt B 0L V3N, LALA NN
O N g e 4 AN IR OISO o d TV Y 4o 08 ) 3
O O o L VYT VN VE Ty W VLT, W 1V R0 2 172 T R TS WO VMO VRS UL VY s D VRO WPV OLL I, Y1)
NSO 37 e IO O OISO OO SN, DO D e
Q.26 AL NAL 0.0 0.(0W 0.0, 0.0 0. NN AU VINVIVIAA W CL0. LA, 0.0.0.0.
e NN N O SOOI OO CINIOONONO T ONSOONINOR N SOIONRIONT ¥
8.0.0.0.0.10.0.0.Q.1.0.0.0.Q. Q. O B QL0 Q. AL Cu il 0L Gu Bl 0L QL AL A 1,60 0L (L B L L O

PPPPPPPPPPPMFPPPPP a.A.Q.0.0.0.0.0.0.0.0.0. Q.0.0. Q. 2. 2. 2. Q.

—tedomt 3 ebomt. vl gt P MW ot 0N

.....-..-..-.....--.-..-.-.-.......

156 et NN A N rd VL P LN L N TN T IO M Ty
ATUN IV IRDVNVNNL VE VRN P A BRIV ARVDRD 2 4% ARVNQUD
RN N O T T T T T O TN T N TR T T I RO B LU S ]
Lt talad G ¥ed (63 a3 tr Jalfedi sd tadfad (adiad (adta)baliad (e Mo (D lediadtad (aThe) Qi) - Hadad (a2 00D (a)
LAt OO ATN O T DI O CONS DY FTOT AR OP O et
T dM AN T A ek DT —hO N O W od M AW O €A [~ WU DD AN Py
SOOI AL NN+ 0 T D e—0 IO GO v+ M=t WO N, T O COT O W e
MOAEENPO NN RO T Tt AU oG MR U N d ot T ot OUNN IO TN
Q- F OB NE M TN O T MO~ RO TAOMOMMION i Ve, OO NIe
OVt Tt totd P L et e SL N ) (N oA T - 4CH 01RO NN N O~ O T )
® @ 2 0 00 0 %5 %000 te 200 Es NIt Lt St
.‘.v\ﬂ-ﬂwbg"a."ﬂovd..—l.-'.-' 49'-—' -'.b.w-‘sﬂse.-ﬂ”.l.f.‘a.!e;b‘ -
]

10 0 AN A 4O ) ) (Y M OIS PP G et PP TR
EREANENMBEEARrgVEAE SR E R L THIE T INE DR TPt
A AR R N N N N NN NN NN
[ T T T ST TOT PRTPS TP T N P PP P D TP T M M T T TR ST I P P T )
(= MMOMOO N0 FENUIN vt NN 4 DO N DN T R D T OO B
O WL AP E QT DA et 1 e T OOl oI U T GO U T T O
DT OTRMIPC . A~ NI A0 DD "2 W YPNE O 4P e 4 DT OFD~N
N OF OO0 T TR OW, NS N E-NEOWR DD AN N O T ODID
CUNMIMIOT AL G TRACEATIN o+t T OO R AT g T =0T 4D 2 de a0~ (N
I 1NN N T NN O T (NT OO D N T DL Nt U Ve NS ST T
% 8.0 00 0% e %0200t 20 Pt tee e
e NMETUINETTTHRADPRE N PR T RRE = 0N mEmr en
' L B AN R | ' 1

MO OIMOIMTTLCE FTLTTE STTTOTTT TS TG T
AU DRNUMAG 2 DRAEAMN I FILPVUTLAT VR UL ISDNTR
FEL P44 P00+ 444444 44144942442+ 4 24440404
)it had sl JLedf el w)la? ()6t 1 uid et el J R L s Ha) i L Ha) fadlahiad ()
UMD O FUT OV 00 N~ 0 N~ N WO O~ C IO (NI~ (N 0T oD~ O € o= )
(N AT L ROONO e 4T IO NA ND DRO NI DN~ DR~ N et
TANT S PNV PO T O T OO OO0 O TOTOMUN T TN~ DN OO
NEOND ATAM DTONO 0000 W OO 000 0OV ND I~ r4 DV QO N
5 (7Dt NN NES U N o 18 Nt CTor=t"H (“41'1 Noded NTUIT W& VUM
LT O~ D OVID D0 WD Ot oot oot At O ACD ottt =4
® ® 0 0 8.0 0% 0 9% e e e .t‘..l.'.‘t..c..'....
BRATAVN UL RLGIE VU TVOD ALV VIR IDVIDUN VN 20N QD

NO TNO- OO BANM TN 000N 3N MY UROMD OV RNNM PO~ DO
Tt ettt v et CNOWN NN N T T TR M



144

T-2914

2.2184

422,348 YR=

R=

-
H

1 , RECEIVER POSI

7 IN LAYER #

RECEIVER ¥

ND RAYNAME

SPECIES ARRIVAL TIME VERTICAL COMPO. RACIAL COMP. DIR

aa0aae.00N 0o 0.a.0.0.0,35.0.0.0.9, N.a.0.0..0.

= NN OO N N NI g (YOIl

[49Y+ Js B0 Wa BYJWY3 5w s Y o W W+ WY« W= Wa VRS SYS URpRT e W Pl WL TN oW0 o S0 WL W)
et ot o 0NN NI NN O NN U g I OO et
Q.A.0.0.0. AL O, ALNUC.NA A NAUI0LA. VAL NG DNO0L (LA QLD N0,
EARIA NI T A T R [ S S AL S S IR IR IAE Il e e lai e IS o Tl Tl Mo ]

[S "o Vi PSR W= DY Ve WPo W WLV, [E) 0 TVD I8 DY WP I, 1o VOO 4 WEo WO N, IR VYDAV, 1) B MY S WIS W TG, 10 1o Y

vt e e N NN et T ot NI O NN NN N O DM gy Py

[e M=V W W W2 TR U TN TS NN WOV IV LT 2, T3 T, ST WS VIS IO WA W 77 U] IO WETRY, 15 5
N IOV - 4OWN OO OIS ORI OO D 0 ©30¢C 7Y
QL AL QL0 N UIAL0L0. A ALAL AL AL M Qe LI VIV VIV AOL 0. QL QL0 0L 6.4
et e N e NN NN NN OO O OO OO0 O NN
PPPPPPPPPPPPPPPPPPFFPPP?PPPPPPPPP Q.a.0.0.a.0,
el vttt
PH..FPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP a.a.a.n.on

] L ]

o oomtr=d - " |
[}

LI I I e I A O A O B B B O I R A A I R R N ]

.
¥ 4 ) A NN AN i Y CE O N C O 9 TSN [ T M N
LA Loh Lok Lol ] VERLIAV WD VWD D0 VRN R
IO+ b b et 0ty bttt jrentn
a3 (a3 Cad Lad Cad () (n 10 Fed Lo T ) aCat b0 T o)t n] (as Ladlad £23Fa Y Es M tudiad 2I0ad, ¥ taY ladfad tadiad | ( af2d ad f 22N )
N RN Nt UNQ. o=l OVED D T O DO 9O \O omtt O (VIO (D ION V) O oot~
=4 QO N AT =t T O MDD OOVt F O OO OV O W IO DN OV O
00 44O O M byt =4OV ENAD 00 B O B = OO T 8. N0 MO -0~ T [ an Dm0
¥ Or OO A » A RN TTNO B I OMN G B (NP AN g OV VO RO NN
N OO OOMNON D OW O vt T OO 04 F OB 1 N 0 O
; et LGt Yk L) 0l DU et OO NAD T LI T I RO IINUD M) N

LR R A N A N R R I R A A A N R X
-ﬂa Deaia.ﬂgaa".ﬂe."‘?e)y.‘“a MOVYRO AWM H DR WD

“ e L) 1 ] )

- C ﬂdasiil§g33.432133333§444 OOV
T IR onE oS i Sl annr il gn Lt L e
LR i N I I I O O O L o o I O I O B A N I R A I N
1 Otailnrila) 2 Gl s far bl buta o) Lt e ailad © - ey Gt o tal ke fad Lt Bads) Lads il basts b
™ EHNMOM VO N PN MO T OO M d N P L DD OI0 Nt O MO
- TN U I VOV WO T 00 et N0 U T ONU AN U O N
et NG O~ RO AUt DE T P el N ACE= P DOV AND M P NROO
W O TN R - N DU SO NOHVE, LD B D ONE- 4 WX et e (URO L U Vet
O BINT VAL e FUI~ N D NN T et NN AN 4 T QO O™ " PO N (T2
O 4N bt vl o 8 P T N T OO NN A D T 0N b 20~ TND WO X vy i~ T
Oli o 600604500008 00000000060s00c0ss0s0essreviroe
T MR TP TN CRUAE S0 FIOER DRN A T e e e 5ign
< ' L B} to [} [} '

MMM NIV T T T T TIvTeTIrMEe T renTeTee
SVV VNN RAUI DI NAN BTN AN PO'U DO WA Q9w
RS RS R A A R A R RS AR AR R R R R R R RN Y R N
21 #30a) G tadtad el (et tad tadi b 0adt o) Lada WAt G 12 ad Co Madiad () ad Lo dls 1Ead Caslo 1 ad Gad o) 1 fd ()i ad(a)
N0 O MNOWNINTE UL 4D +400 =)0 e~ DO D (M40 D N et T ot Pt~ N 131
NSNS L 000 R O DOITHNUNMIND - AN NN IS OV et d DD -t
O ANM I OV WO OVDMIN DU — O TOUNAD rIN D 9 0 040" NG O gt~ O
O 4O 00 10 O PN IOE 0 0~ O~ 0~ OO DO T IS0 e A0 4N A~ O
MR G UNTICIW O IUNL TS D040 Vo 100 4078 Yot 6 VO omit Vo8 VENQ U I L et T ()00
I O DO Q O W ~dederd rdrtrdrd ebemdod rot vt etod ~d O\ vl vt 14 4 Ort ot o= — ot

®® 000 00000000800 00000se0 et teees s tace
AWENRNAVTUOUIANTAVRARNACVRNVIERIVRNT RVAD AR N

NN E N0~ OO NN TR0 VR +=-iN M FNO =D OV RN T IO D
i rdyde-iededtigi et NN NN O 9 DM (e NN,

g.6122

633,3088 Hk=

R=

1 , KECFIVER ©3S1I

RECEIVER # 11 IN LAYER 3

RAYNAME

ND

VERTICAL COMPG. RADIAL COMP. DIR

-

SPECIES AFRIVAL TIM

o
Q.0.6-0.0.0.0.0.0.0.0.0.0.40.0.0.0.0.0.0.0.0.40.0,0.0.0.0,
OO OO CIOAONIONION NN O NN et
a.aq,0.a.0,7%0.0.0.40.0. 2.0, .A.0.A.A.Q. A. O, Q. A Q0. 0.0, 0.
vttt e e~ OO OO OININOIOIOT NN OO -4 CHNON N
L a.a.a. L. AL0.0. ALV IVIA. ALV GV a.A.0. A.Q.0.A. QL VA Q.
FHOMONNNO e N 40N OO SN NI OO N 07 M ONOINI OO
Ay B W Qe (V) 17 AVIAOL VIO Qs Ly I VIALA, LIV 0. QLA IV O

| IO OO ot TN O I NN NN NN OO NN (VY7 Tt (N T )
O] Dulig U /3 N 0 e e 1M B sl Q4 AVIVIVIN BUIVIAL s Ll sy Lla e VI UL gl VI LA
T PN OO NN M N OISO NN O ORNCIENON MM e O O D )0
o.0. oo, 0.0 UIfLLG.ALO.-0.0- L.0.0 Q.0.0.0.0.0,0.0.0.0.
Lamsaili L a A K IAINTA LU T a I A TN A ‘.“535“\‘2. AR AN LA
a.xo, ntpPFPFPPPPPPPPPPPPPPPPPPPPPPPPFPPPPP

a.o.0. DuPD.PPPPP PPPPPPPPPPPPPPPPPPPPPPPPPPP a.

IL iyt oot 40N bt v-by=ie W -

it o gt by oo
...-.....-.....o..-.’.-.--.......-.-

Ll ) 31.232;‘3433‘33344334:45‘32
‘WA R RMEDID VB VR IRV VER D RDUR DS
AR NN R NN NN .... R N R RO NS
1220y 3 1adady T ITA TSN ]

O Oy IO PN A TMO M URNDINT NN =~ OMNNN OGN NRO =10 NI DN
SO O RO DRI T OYND € TONND Ov4 TA0 —A0 MO D OV DONN WD

MDD’ N pett™ O T DO RONN R ™ PO 19 € RO DO W D PN K TR ONT' N
OUNND. Orey B MMM B M T LN NI DN M T W ot T ot N B AN GO NN
LN e @ NIV ¢ TV A PN NN A0 O NN 4N NN
® 00 42 0000050020000 0000¢e0s0Lte 000
NBW HW R DR TS Ve atet
' t LU R B B B | ' '

R A CNNAKNTED 40 THIN O P OHH CFIN U ) WD) e HNCIOI N =4
ESE (g ENLINKETEDTELOGT LTS INE TE TMUOR R DEHe & ®
A R I I T I TR N I I B R
Lo LT P T PO ST 0RY PUTPIT PO PETPRTPOT AT T it te il ls bl day
CALNN| WD D DT LD T 0 (Dt T IO AN MHORNOWHD N THO N =N
AU e OVNVOML N e ot T et (NN T 0 N0 T8 O B0 IR Ot N0 - (N
DT a0 NI Q™ 0 r=4DO VDD O O AL DX D DORO DN PO NDO M T o1
O DO NIF IO OO OM™ Dot 00 I WO 6, OV W DT & OOV TN -0 U0 d
N0 | v ra D0 OO et A INUNTIND MNNIQ T O UHN QAN R OO MNO R0 - TN
Nrde— | (MO N~ O A T OUN L N WO MOVDE B T T V) oD odet RO (= O N4
00l g0 00 06000045 Pas s eteePssseOBLete 0o
ne Gt;uqn(enulaév!ﬂ.w’ o L3 L3 e ®
' [N I R B B} ' ]

MM NN T CE T T T TT I I CrMETE IME T Ty
MU S DN UAE VSRR IVOLANVRMED HDRURD DUN ARWRAD
LA R 0004400000000000000000000000&0
Walad) rotad fa:tadis) (o3 ladtdtalal % udie} e Mttt a) @
OO 1‘97113295533621:‘5626322569 OO~ O
CA0S ] QOND T~ Ol NNOHD NN ANID NN N RO N (AP T i D
OO | (M= U= D4 T BN E NN G DRI SN TN GO ¢ i et OV e N
CSNIN| Ored OV O P LD D v 4 "R o RN vttt R = O O IOV D
WU |y I G CIIONS 1I’=‘1‘41=§1- NEH NN AT Y PN VT
TDININ~~ OOV DE o=t —4 ettt O et O mbrebed 4t
L l.l.......‘...'........Q.O...Q..Q...
RWMD "

N YN O 00 OV RN T O I O e N PUNOE-C0 P B N T UNO D
vdvted et d et o o=l =N OO OO IO O (T N VTN



