STUDIES OF THE AUTOCORRELATION MATRIX AND FOURIER

TRANSFORM ANALYSES OF SEISMIC DATA

a thesis submitted by
BRIAN LUCIAN ANGEL HAINS, B.Sce, A.R.C.S.,
for the degree of
Doctor of Philosophy,
in the Faculty of Science of the University

’

of Londone.

June, 1973 Department of Geophysics,
Imperial College,

London S.W.7



A very brief - -introduction is given to the principles
underlying seismic data processing. A model for the generation of
synthetic seismograms is presented and discussed.

The multichannel Wiener filter is presented and discussed as
a data processing tool for the detection of moveout. A number of such
filters are computed to pass/reject correlated events of both linear
and quadratic moveout. Experiments are performed on a variety of
" synthetic déta, in order to ascertain how such filters will perform in
a given situation. It is shown that very low levels of signal can be
successfully recovered by multichannel filtering, and that a very close
match must exist between the moveouts p;esent in the data and those
gspecified for the particular filter desipn. Application of tﬁese
filters to real data records giv; resultg in good agreement to that
expected from a study of the synthetic case.

The analytical methods .of (1) the autocorrelation matrix, and
(ii) the Fourier Transform, are presented énd discusseds. The "average!
or second order autocorfelation matrix is developed, and a multichannel .
filter scan of a column from this matrix is incorporated in the former
method. A variety of experiments are performed on syhthetic data, of
both linear and quadratic moveout, for different noise conditions in
order to ascertain the ability of these methods to detect low power
correlated events. It is shown that such detection can be successful,
provided that the random noise is not too severe. The benefits of
removing the obvious moveouts, by & multichannel filter, from the input
data before commencing analysis, is also demonstrated. Results from tue
analyses of ?eal data records are generally consistent with those of

the syntheﬁic cases
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CHAYTER 1

INTRODUCTION

1.0 Introduction

One subject that has received a great deal of attention in
recent years, within the field of applied geophysics, has been that
of multichannel seismic data processing. 3y nmeans of multichannel
filtering techniques it was hoped to improve the quality of seisnmic
records by using information from several data channels, that could
not be cobtained frowm the use of one channel alone. For example, it

is known that the wanted reflections on a seismic record (the '"signals!

—t

have a lower trace-to-trace '"movecut' than the unwanted reflections
(the "correlated noise™). In principle, a multichannel filter could
be designed that would YpassY the low-moveout signals and 'reject? the
o

high-nmoveout corre;ated noise. o

: The results from multichannel filtering processes have, however,
been rather disappointing when a?plied to real data. The reasons for
this are many and varied. Lindsey (1970), for examnple, states that the
channel to channel perturbations in a multichannel recording systen
sét a 15 decibel fidelity limit to the whole system. In particular,
the unit-impulse response for each channel is not, in general, identical.
The problems of statioﬁariﬁy (esge Wadsworth et al., 195%), preclude
the taking of a large record length for processing. Schneider in Tact
(1971), refers to multichannel filtering as a 'Yprocessing curiesity’.
None the less, it is the purpose of this thesis to investigate the
analytical methods of correlation and Fourlier analysis, and to assess 1o
what extent these methods may be successiully applied to multichannel
moveout filters.

The filter used in this fhesis is the multichannel Iiener

moveout filter. The reason for this choice is that this thesis forus

part of a continuing research programme at Imperial College into the



theory, desipgn and apvlication of multichannel filters. Whe previous
thesis to this (Zubral, ﬁ 70), showed that the vicner filter wos 4
very good moveout filter. The choice is vindicated by the guality
of results shown in this thesis. In the context of this thesis it
should be noted that a "multichannel filter® will be talicn to meon
a “multichannel moveout filter of the Wiener i{ypet.

Chapter two decals with thé application of a number of
multichannel Wiener filters to a variety of synthetic data, in order

to gain some insight into the performance of guch filters. It i

[

shown that these filters form a useful nrocescsing tool, in their own
right. Chapter three investigates various aspects of the correlatlion
analysis of seismic traces, and shows how multichannel filters nay
‘be used to good effgﬁt in this analysis. Chapter four describes a
similar investigation on the two-dimensional Fourier analysis of
* ' 2

a seismic section,; though with a rather more restricted use of mulii-
'channel filters. The methods were tried on such examnles of real dota
as were availlable, and discussidﬁ of thesé-results, together witl
comparisons between the different methods,‘are presented where
appropriaté.

All computing work was effected through the use of the seisnic
nmoveout data processing pagkage HGeodat", This package was desipned
and implemented by the author and makes use of a number of. subroutines
obtained from various sources. A descriptive flow chart for this package,
together with the colour code for the contour mans of the Fourier
Transform (Chapter four), are presented in the Appendix.

It should be noted that the intention of the treatment in
this thesis was that it should be suificicnély clear to enable th
reader to identify and pursue the relevant themes being discussed,

while at the same time being sufficiently concise so that the essential

features of the study are not clouded by a wealth of mathematical
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detail. It is hoped that any further information that may be reguirced
on a particular topic may be obtained through one of the refererncec

quoted in the text.

1.7 DRackground discussion

Although no truly'comprehensive‘text-book of seiswic data
rrocessing is currently available, of which the author is aware, nonc
the less a great many papers and books have been published thot deal
with particular aspects of the subject, to sdme degree (¥inmetti et al,
1971, giveg a long list of suitable references). It is the purposc of
this section only to bring together the salient points neceésary Tor
an understanding of the context in which this work was set. These points
are listed below, together with a few sentences on each :

1.7.7 lincarity and the convoelution theorem

’

The earth is assumed to behave as a linear systeme Any lincor
system may be characterised by its ”unit—impulse response function',
i.e. the response of the system to a unit-impulse (!). whe output
function, y(tJ, of'a lincar oyotem of unit;im}ulme response function
a(t), to an input function, x(t), is givea by the coavolution (deiotod
by the symbol * ) of the input function with the unit-impulse resvoasc
function. Hence, y(t) = x(t) * a(t). In the frequency domain this
result becomes ¥(f) = X(£).A(L£), i.e. convolution ia the timc Jouwni
is equivalent to multiplication in the freguency domain (convolution
theorem). The Ffunctions Y(L£), X(f) and A(f) are the Fourier transforms
of y(t), x(t) and %ip) respectively.

11,2 statistical assumptions

.

4 L. . 5 .
The seismogram that is observed is regarded as being only one

6]

out of a large number of possible seismograms that could have been
observed. This vast collection of seismograms is terumed an Yennonble®,

Z(t), and the observed selsuopran is a particular "realisation® of it,

%(6), deen x4(8) € fx() .



It is assumed that a seismic trace coustitutes a Vstationaryd
time seriles, i.e, that measurements of autocorrelation Tunctioas,
vower spectral estimates and so on, do not depend upon the time origin
chosen for their measurement. Such an assumption is generally only

1

true, in real data, for short record lengths (Wadswortl

pany

et al., 1953).
It is further assumed (ergodic hypothesis) that the time average and
the ensenble averapge are‘the same, l.e. thalt the average value of

some quantity, obtained by averaging any one trace over all time, ic

equal to that obtained by averaging over. all the traces at one tiune

-

hence xi(t) = {X(tifx . These notions of average vehaviour Iform the
cornerstone of statistical communication theory, from which much of
current data processing is derived. further discussion may be Tound

in Lee (1960).,

TaTe? Wold Decomvdosition Theorem

This theoren states théﬁ a stationary time series, of
absolutely continuous spectral distribution function, may be rezarded
as the convolution of a minimum-delay wavelet with a random svile
series (Robinson,.a967a). The application-of this theorem to seismic
data processing has been amply dealt with by Robinson (1957),'and is

~used as the basis for the synthetic data model of this thesis. Triceily,

1ld

o

a mininum-delay wavelet is that wavelet which has the most rarid ™

up of energy for a given power spectrum. It is assumed (for convenience)

=

that the response function of the earth is minimum-delay, and that the
randonm splke series represents the random reflectlion coefficients of
the different seismic reflectors. The random position of these

reflectors lead to a randomness in the spacing of the random spikes.

Telelt Sampling theoren

The Shannon sampling theorenm states that a continuous

-~ e

function may only be recovered from its samples 1if the continuvous

’ . -/ o o 1
function contains no components of greater freguency than hrall the

sampling freguency. The violation of this theorem gives rise to what



is termed "aliasing', a conceplt that is readiiy understood in the
frequency domain

Let the bandwidth of a continuous function =(t) be given b
28, then, if this function is sampled every T units of time, the
spectrum of theycontinuous series will be rcpeatéd every /7 cycles
per time unit in the fregquency domain. The Shannon thicorem requires
that T & 1/28. if T » 1/23, then the repeated spectra will overlap
to give "Nyquist foldover'™ or “aliasing'. The limiting frequency is

er tine

terned the VYHyguist frequency” and is egqual to 0.5 c¢cycles

o]

lihenever continuous data is sampled, or discrete data
resanpled, an appropriate anti-alias filter should alwaoys be incory
Turther discussion on sampling may be found in Bendat and Yiersol
(1966).

.

1.2 Synthetic data seismic model v

The seismic model chosen for the coumputation of synthetic
data in this thesis is defined~5y the following relation :
x;(8) = s(e=0.) + 1or(t-B) + 1.n (%) 121 1)
P NV |
where 1 = trace number (or channel nunmber)
N = total number of traces
t = discrete time index, at unit sampling intcrval
x.(t) = output trace on chaanel i
s(t) = signal trace component
r(t) = correlated noise trace component
ni(t) = upcorrelated noise trace component for channel i
¢, . = signal moveout on channel i
E_i = cqﬁr,elated noise moveout on channel i
f’ = signal to corrclated noise power ratio

/
YV = signal to uncorrelated noise power ratio

unit.

orcated.
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After the fashion of Wold and Robinson (1.7.3), the three consitucnt
traces s(t), r(t) and a(t) were counstructed from minimuﬁ~dela‘
wavelets and randon spike series according to

s(t) = Dbe(t) ¥ V(%)

r(t) py(t) * L (%)

ni(t) = bz(t) * Ei(ﬁ)

The functions by(t), by(t) and b;(t) were the minimum~delay wavelets,
and were each taken fto be the impulse response of an avpropriate
Butterworth filter., Defining such a filter by (fq/m1 - fz/mz)s where
£, and f2 are the half-power frequencies (in c¢ycles per sccond) and
m, and n, are the slopes through those frequencices (in decibels mer

octave), the wavelets used in the model were taken to be as follows

b, (t) = 20/24 - 30/18, (signal wavelet)
bz(t) = 10/12 - 50/18, (correlated noise wavelet)

i

b3(t) = 15/24 80/15, '(uncoyrelated noise wavelet)

The functions ﬁ’@t), i(t) and %jft) were all different sets of
raendom numbers, eacli set having a rectangular probability distridbution
function and giviﬁé randon amplitudes, within the interval (~/3, /),

at unit sampling intervale. It should be noted that it was not

considered necessary to have a random distribution for the arrival

te

times of these random amplitudes, particularly since the position of

v

.

a large reflection in the synthetic record would be randoﬁ, in any
case, due to the random amplitudes.

The sampling rate of all synthetic data in this thesis was
taken to be 2 msec, thereby giving a Nyguist frequency of 250 CeDase

N\

Te2.1 moveout functions

It is pointed out in Chaplter two that the filtering of non=-

linear moveouts reguire many more filters than that for linear
noveouts. Accordingly, it was felt sufficient for the present contat
Tto deal largely with linear moveouts. The noveout fuaction for the
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signal was taken to be zero samples per itruce, Cﬁi = 0, and that for
the correlated noise was taken to be 1, 2, 3 or b4 somplec per irace
] ] ) L

as the particular example demanded.

For a few examples a quadratic moveout funciion was talan
. y . . ’ N N T . e
for the correlated noilse .oo=  17/28. Strictly sypealking, o hvnerbolic

9 3 L 2§ “

function should have been chooen, bul due to difficultios with e
filter design in the vpresent {ilter-producing program (writlen by
i’ Hubral ond based on Robinson, 1967a), a quadratic function was bilien,
This distinction is unlilkely to be of importance for the precent work,
urthoer diccussion on moveout may be found in Rebincon (1970L) and in

Robinson (1972).

_1.2.2 discussion of model
In addition to what has already been said, it should bhe

noted that fhe gsailn level and signal to noise ratios are constant

for each trace in the synthetiq fecord. This is unlikoly to be the

case for real data. Also, of course, the impulse response Ifunctions

for the sipgnal and noise are identical across the record and the

whole record is statistically stationarye ﬁone the less, it ig envisaed
that the model usea will suffice for the particular problems studicd

in this thesis. Further development, however, may well require lho

introduction of other features into it.

15 Real data

s

N

.

The real data used for this thesis was a "nolse syroad
provided by British Petroleum (Sunbury), to whom the author is
greatly indebted. The records contained many linear or quasi-lincar
noveout events, and gave scveral different cxamples of gignal to
noisae condit?ons. Phe samdling rate of thig dipgitised doto wvas 2 wsoco,

The records are uncorcected and correspond to o unigue ield
experiment in geophone group rcsearch, in which continuous offsel

L

cover is simulated for a single shot-point. In point of fact, of course
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several shots were used and the geophone array was appropriztely
displaced for each shot.

For ease of later comparison in the thesis, the different
sections taken from the spread are preseated as Fig 1.7 = IFig T.0.

The table below lists the relevant information for these records

Figure shot-point aumber pf length of trace offzet of tracc
number number traces (in samples) (in samyles)

1.1 3001 2k , 250 275

1e2 - 3002 o2 250 75

1.3 3003 2L 250 455

14 3005 24 250 - 375

15 3006 24 . 250 375

1.6 3007 2h - 250 210

~ Table 1.1 Index of real data

It should be noted that each 2hk-trace record consists of two
12-trace records, the last and first traces of which overlap (i.e.
traces 12 and 1% are the same). This leads, of course, to a "iinkV
in any moveout straddling the middle traces. In order to overcone
this effect a 23-trace record was used for processing, consisting of
traces 1 - 11 and traces 13 - 24, renumbered as traces 1 - 23.

Comparison of these results clearly show the presence of
ground roll on Fig. 1.2, Fige 1.4 and Fig. 1.5. Some of the work in
thls thesis necessitated the removal of this ground roll, a task that
was effected by the application of a simple band pass filter, desisned
~to pass frequencies in the range 30 c.pe.s. to 250 c.p;s¢ (the lyguiszt

frequency) and to reject those frequencies below 30 c.P.s., t0 these

records. The results are referred to as the "band pass filtered version
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of the record?, and are presented as Fige 1.7 (shotvoint 3002;,
Fig. 1.8 (shotpoint 3005) and Fig. 1.9 (shoipoint 3005). “his

information is summarised in Table 1.2.

i
Tigure shot-point number of | lengoh of Lroce
number number traces | (in sawmples)
% 3002 23 . 2968
168 3005 23 298
1.9 3006 23 298

Table 1.2 lIndex of band pass filtered real data records
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T TR IO TIOTIM T T D
WIDHER FOVIOUT FILTRR!

L SEISKIC DATA VROCRSSING

2.0 Introduction

The purpose of thic chapter is to develop a certain Yiecl®

%N
'—l-

for multichannel Wiener moveout lters, sc that one may educe, lor

a given situation, just what it istthat these filters may be cxrecticed
to achieve., The filter used, in fact, is the opitimum mulcichanuel
stacking filter of F. Hubral (1970), which is a development of the
Wiener filter (1949). However, the term "multichannel filter" will
still suffice.

In the comparison between results prpduced by different
filters it should be noted that the design characteristics of each

/

filter were genérally differéht.’ﬁlthough,it would have becn dezirable
for all filters to have the same design qharacteristics, such asc
the same weilghtings on the rejeqf regions, same noise stabilising
power and so on, this was just not possiblé. Tor example, thc sane
noise stabilising power on two reject/pass filters would produce a
mean-square-error of 5% for one and 60% for the other. The conprouise
solution that was reached was to ensure that each filter had a ncan-
square-error at maximun lag that was less than 10% that of zero lag.

HEence, sone difference in the filtered results would be cxpected on

this basis alone. However, it is felt that these differences wil

;....l
.

Ly
(&}
ct

greatly affect the validity of comparing the results of different
filters. In any case, one is rather more interested in observing the

filtered records than the filters theméelvesg

The rurpose of a HulthhuﬂAQL moveout filter is to pas

ce)
&

those events of one noveout range, and to reject those events o
3

e

another moveout raunge. For this thesis the vhrase '"moveout of the



filter? will be taken to mean 'that moveout for which the R
desipgned to pass/rejectie

The two basic questions to be investigated in thié chenter,
by the application of multichannel filters to a variety of real and

synthetic data, are (i) to what extent is the verformance of & sulii-
channel filter dependent upon different signal to noise ratiost, and
(ii) to what accuracy must the moveout of the filter be maitched to

the moveout of the data?

20,1 T¥Filter theory and desizn

The optimur multichannel stacking filter, dezlipgned o »ess
one set of moveouts and to reject another set of moveouts, requires
that the error beltween the desired and actual output itraces shall be
a minimum, in a least squares sense (Treitel, 1970; Finetti et al.

1971)e This criterion leads to the follewing set of normal equations :

ZAi<'f.) Rij(f) Gj(f), ' (3=1590ql0)

={ . . .

i

1
where A, (f) = required filter components

iy E@ij(f)ks +0‘E{§>ij(f)§r e pobox(£). 6
L{(}fj(f)\

N = nunber of traces

7¢]
~
i
~
i

J

@
—~
-
e
0

)
[
o
!
2= LI
S S
Hh
R e
1 I

j cross-power soectrum of input traces i,] L

cross~power spectrum of output. trace j with the

signal on input trace j

L

b=
(-IA

ity in

ty

bracket

Cl‘

= the expected value of the quan

C‘x
o]

¢- = welgnting factor for correlated noise
N

= weighting factor for uncorrelated noige



box (f) = 1, for ﬁf% & 4+, bvox (£f) = =, for Efa =
P 4l
and box (£) = 0, for \£\%® 7.
§.. = 1, fori=3; &.. = O, for i £ j.
i3 3 Ji i3 g F J
Suite clearly, the terms for Rij(f) refer to contributions fron sigaal,

correlated noise and uncorrelated noise. Hote that it has been
assumed that the input signals are broad-band, i.e.
B £ 2 = box f
“i% i;(ﬂ% box (£).
The arrival time of the signal, 6ﬁj, is regarded as a randon
variable and is confined to arrive within a time window specificd by

&£

Ha

uj and tj + ﬁ‘tj' A reference trace r is chosen so that

. = tj + A‘ci +%tv~ﬁ§tj + .

J J

—
2 £

r
The parameters‘v{ and ?fj are both random variables, of probability
distribution functions given by ,
(N ) = Avox(f/at ), - p(E 7= 1 box(F./ t )
Atr bc
From these reiations"it can be seen that the random variable @?
forces the arrival times of the signals to féll on non-overlapring
curves, dividing the window for each trace in the sawme ratio. The
randon variable ?fj allows for some random deviation from any curve
determined by 71 on each trace. The parameter tc is termed the Ychatter
parameter'" (cf. Galbraith and Wiggins, 1968).
A1l these considerations are included in the filter-producing
program of Bubral, which uses many of the subroutines oresented by
' Robinson(196?a). For this present work it is sufficient to unerely
consider those features that are directly relevant to the computation
of a nmultichannel moveout filter.
Figurg 2.1 shows a typical time window used for the comsutation
of linear moveout Wiener filters. Such a time window would pass {(reject) |
moveouts in the range VTI€ T, and reject (pass) moveouts in the i

range &,T, € it e V.0 . 1t is possible, of course, to introduce

more regions into the time window so as to reject more



i
no
1

’

than one range of moveouts. However, it has been shown {(Hubrdd) that
the performance of a filter is generally better for feower desipn
resgions. & number of filters were compulted for differcnt moveoubs,
and the specifications are proscated in Table 2.1. Yhe length cnonen
for a filter was @cnerally talzen to be twice that of the waxinuam
moveout displacement cncompassced by the nuumber of filter cowmponcnis,
eeZe a 12-trace filter designed to reject a movéout of 1 sample per
trace would have each component of length 24 samples. Such a choice
gives phase-free filters.

A list of all the terms used in Table 2.1 apvcar as {follows

filter name = name by which the filter will be referred.
ID, NUNB. = filter code for use with the HGeodat! package.
Te = critical moveout it is desired to accept/rejoct
for the central reglon, in samples ver trace.
<. = principal ﬁoveout it ds desired to accept/reject
for the outer regiouns, in samples per trace.
aﬁfb = tolerated difference about Ty , in samples per troce.
A7 = parameters determining-thc bouudarios'of the
outer regions.
HF = number of filtervoomPOnents.
LF = length of each filter component, in sanples.
e = mean square error at mosimum lag, as a v of thos

at zecro lag.

G~ = weighting factor for correlatcd noisc
M = welghting factor for uncorrelated noise, i.ec.

the noise stabillising power.

From Figure 2.1 it can be seen that 4Ty = (¥ - )T / 2.

- .

Filter *RP10, for example, is a reject-pass filter that is
_ g

designed to reject noveouts in the range \zl¢ 0Ce5, and to pass noveouts
[ i b}

in the range 1.5 € V2l € 2.5.
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The differences between the desired and actiual

da

of a multichannel filter, and the effects of varying the

I}

paraueters on these characteristics, have been discusscd by Iubrel,

The chatter parameter for all filters was taken to be 0,017,

and the output trace was taken to be where the window cross-over

took place.

-

trace 2

trace I

Figs 2.1 time window for a moveout filter

The application of a multichannel filter was eifected

through the use of the "Geodat! package. The input traces,
(xi(t), i=1,,,N), were convolved with the appropriate filter
components, (fj(t), J=1,,,1), to give the filtered output traces,

(yk(t), k=1,,,N-+1), according to
84

25: £.0t) *

el et j=1

i}

' yk(t) {t)
The relation for tae number of output traces may be derived as

follows :

Let max{g) denote the maximum value of the rarameter g.

fence, max(k+j-1) = N

*
K ma}:(}:)

-
=
=
&
o
~~

[N
~
|
-
i
=

But max(j) = ¥,

vemax{k) = ¥ - M + 1



it should be noted that each filtered output trace has undergone on

¢

ii-fold stacking process. Hence it can be exvected that cach outwu
trace would have an i~-fold reduction in the signal To uncoirelated
noise power ratio (Robinson, 1970z).

If it i5 desired to filter a given record more thun once,
then it is clearly necessary to choose the number of Ifilter comucacnis
in each filter very carefully. If both filters have a largs nuuber of
components, then the number of output traces will be very few;
conversely, fewer filter components will lead to more output iraces,
but these traces will probably be of a poorer quality than those of
the former case. Bach individual filtering problem has ©To be considered
on its own merits, but one should aim to have at least six ftraces in
he final record in order %o ascertain the presence of any residual
moveouts.

/

The analysis so far is only valid for tincar moveout. Iecauce

o0
X

|
FA

o+
linear moveout is linear (sic) the same filter ifj(t)x may be aypplied
(H=1+1) times in succession to the il sets of input traces. However,

5

hyperbolic moveout, each of the (H-¥+1) aprlications reguire a

Hy

+

o
. y
different filter - hence {fj(t)X becones éf}(t)é . Hyperbolic

mnoveout filters have the problem thait the random variable‘ﬁidoes a0t

divide the window for each trace in the same ratio. This problen docs
not exist, however, for guadratic moveout filters. Accordingly,
therefore, a gquadratic filter will be taken in order To effect a nore

suitable comparison between the results of linear and non-liunear
filtering.

It was deéi@ed to coumpute a Mguadratic analogue® of filter
*PR1, that would pass low moveout linecar cvents, and raject high
moveocut quadratic evenis. ConseQuehtly, the time window of i
was taken, with the boundaries of the outer regilons now being
guadratic rather than linear. The widthslof the upver and lower

extremities of these regions are, of course, aow differenit. In order
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o

. X T 2 . .
to filter out a moveout of Tthe form Fﬁi = q~ /24, wherc a is the trace
number, the get of f{ilters »resented in Table 2.2 were cornputed., ne
. ) . . . - 3 o~y . i
filters were designed to pass linear umoveouts V1TlL € 0,25, and %o

reject quadratic moveouts q2/24 - &g €Tl g q2/24 + & g, vherc

2 2
Ag - 12 Grer
) L2 2

and Yo = reference trace number

naxinmum trace nunber

0
§

The total set of quadratic filters needed to filter out a

S IR ] ri

given moveout will often be referrcd to as a Vquadratic filter?. The

equations for the inner (bin) and outer (bout) boundaries of the

quadratic regions were given by

_ 1 z L ] 2
Yin = B T3 ! Pout = 2 T TZ
Yper Yo
G2 a A
where 3z = ref ° , 7 and d = 1.0 (window widih at lower
2 (qa - q.2 03 \
max refl extremity)

The set of filters Q1 = @13 will often be referred to by the filter

name "g",
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filter filter code %
T, T, AT, A | W jNF [ LE 1R o A
naiie LD § NUKB :
*RP 2 1 0.5 [ 1.0 {05 11 |3 42 125 {8 |20 | 3.0
*RP2 2 2 0.5 | 2.0 | 0B |3 |5 6 1 25 | 5 ] 20 i 1.0
*RP3 2 | 3 '0.5 Lo 1 0.5 17 19 | 6150 |4 {20 | 1.0
*RPL 2 b 065 | 3.0 | 05 |5 7 6 133 11 |20 | 0.5
*RYS 2 5 0.5 | 1.0 | 05 |1 |3 6 113 13 120 | 0.5
*RP7 2 7 0.5 | 3.0 | 0.5 |5 | 7 9 6 1 25 § L.O |
*RP10 2 |10 0.5 1 2.0 1 0.5 '3 {5 {140 JLO | &4 |20 | 2.0
PASS-REJECT FILTERS
filter filter code ‘ ,
T, T, | AT, [ [ |NF|LF € | & e
name ID | HULB
*PR1 1 1 0.25 | 1.0 1 0.5 V2 16 (1212517 11.0 10.C5
*1R2 1 12 0.25 | 2.0 { 0025 7 |9 l10 |81 4 |o.9 |o.os
*PR3 1 % 0.25 | 0.6 Ook 1 1411212518 10,9 {0.05
*PRY 1 L 0.25 1.0 | 0.5 | 2 61 612510 10.% 16.05
*PRO 1 6 0s25 | 0.5 1 0251 1 | 3 11212510 10,8 10,05
*ER7 1 7 0.25 | 1.5 { 0.251 5 |7 11213216 [1.0|0.05
*FRS 1 8 . 0e25 | 3,0 | 0.5 | 10§ 14] 9154 18 10.9 10,05
*PRY 1 9 0.25 | 3.0 1.0 | 8 {18] 95412 {0.510.05
“»r10 | 1 |10 0.25 | .0 { 2.0 {4 {200 9lsuisio.s oo

Table 2.1

specifications for lincar moveout

filters
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filter filter code
T, NE O PLE R o M

nane 1D | wous
o R 0.25 | 12 25 15 lo.8 ] 0.8 !
G2 5 2 0.25 | 12 |25 | 3 0.0 | C.6
Q3 5 3 0u25 1 12 125 1 6 0.9 | 0.5
o 5 1 & 0.25 1 12 125 | 5 10.9 | 0.5
a5 5 15 0.25 | 12 |25 | 3 0.8 | 1.0
1) 5 6 0.25 1 12 |25 | 3 10.0 | 1.0
&7 5 | 7 0.25 | 12 {25 | 2 0.8 | 1.0
Q8 5 8 0.25 | 12 125 | 8 |o0.9 | 0.8
Q9 519 0.25 1 42 1251 9 0.9 |0.9
210 5 110 0.25 | 12 {25 | 7 10.9 | 0.8
¢11 5 |11 0.25 { 12 {25 | 7 lo.9 | 0.8
ci2 5 |12 0.25 1 12 {25 | 6 {1.0 |0.2
Q13 5 |13 0.25{ 12 {25 | 6 | 4.0 | 0.2

Table 2,2 specifications for quadratic moveout filters
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2,2 Filter applications to syuthetic data

'The specifications for all the synihetic data computed in
this chapter,.together with the appropriaﬁé filtering inforiwtiocn,
is presented in Table 2.3%. In order to facilitate the comparison of
results between real and synthetic data, a record length of 250
samples was chosen in each case. mach plot was normalised by the
maximun trace amplitude present in that plot, and was also assipgned
a unicue figure nuﬁber. All the synthetic records consist of 24
traces, corresponding to the common "end-on' shooting arrangcuent,
with trace 1 nearest the shot. & little further discussion on the
synthetic data is now appropriatc.

‘The analyses of noise theory (e.g. Bracewell, 1965), reguire
that the average amplitude of the noise component shall be zeroc. [uite
clearly it is impossible to guarantee fhis condition for real data,

80 conseguently no attempt was ma&e to satisfy this reguirement for
synthetic data. The taking of large record lengths, of course, improve
the statistical indépendence of the random noise and also causes the
average amplitude of this noise tq tend towérds zero. liowever, as
was indicated in the previous chapter, very large record leazgths of
real data have to be excluded due to problems of stationarity.
Furthernmore, it was not considered necessary to remove the average

amplitude of each trace from each trace, since no noticeable vertical

go

&}

translation of the autocorrelation functions could be obscrved {
Chapter 3). It is assunmed, thercfore, that the averape amplitude of
cach trace is either zero or very necarly zero, with o similar
assumption for the random noisc component. Lhese two assumptions

apply to both real and synthetic data.

must be remembered that real data will generally contain foewer
reflections Yper unit record length' than will syanthetic data. Jence,

a given signal to noise ratio for real data will recult in a zore

o]
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preadable® record than that for synthetic data., Un this bacig of

)

io, then, one would el

signal to noise ra

real data than from synthetic data., Cther consideratiocns, howvevaor,

such as those mentioned in the previous chanter, will degrade the
real data results.
HeBe In all the p»lots of input Traces and filtered records, the

vertical scale corresponds to the trace numbering systen and
the horizontal scale to time (in milliseconds). & "itiming line' iz

(o]

drawn across each record at 100 msec. intervals (l.e. every 50

are played out in the direction left to right.
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SYNTHETIC DATA

URTILYERED RECORDS FPILTERED RESULTS

unfiltered | filtered | filter

d: | By
nunber (&55 (ﬁ%§ ¢ o Fig. No. Tipe Do | name
2.2 ~6,0 6.0 10 i 2.2 2.3 ERI
2.4 |-15.0 | 6.010 | 4 2.4 2.5 1 e
2.6 ~20,0 6,010 i 2.6 | 2.7 #LRA
2.8 -30,0 6,010 i 2.8 2.9 PR
2.10 0.0 0.0 {0 i 2.10 2.11 *IR1
2,12 0.0 | =6.010 i ’ 2.12 2413 A
2.4 0.0 {=12.010 i 2.1k 2.15 LR
2.16 | =15.,0 | =6.0} 0 i | 2.16 2,17 *3R
2.18 0.0 | =9.0}0 {31 2.18 2.19 SR
’ 2.18 2.20 9
2.18 2,21 “R10
2.4 2.22 FER7
2.4 2.23 £1R2
2.k 2.24 1k
2.4 2.25 L Rb

(twice)

2.26 1-15.0 | 6.0]0 |i%/2k 2.26 2.27 3
2.28 0.0 | 0.0]0 |i%/24 2.28 2.29 3
2430 0.0 | =6.0]0 | i%/24 2430 2431 3

2,26 2. %2 1R

Table 2.5 specifications for synthetic data

-
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2:20.1 effecis of different noige levels

This section is concerned with the effect of difforent
signal to noise ratios, for both correlated and uncorrelated noisc,
on the performance of a multichannel filter. All moveout and filtering

information may be found in Table 2.3.

s
I

Fig. 2.2 shows an input record for a correlated nolise level
of P = ~5,0 db, and an uncorreclated noise level of 3V = 6.0 db.
Applying pass/reject filter *IR1 gives the resull of Fig, 2.7, wher:o
it is seen that fhe correlated noise has becn completely removed and
that the signol hoo been succeosfully recovercd. shwilordbty of sopani
ghape across the record is very goode

increasing the correlated noise level in successive stages
whilst keeping the random noise level constant at 0.0 db, gives the
input records of Fige. 2.4 ( P = =15.0 db), Fig. 2.6 ( £ = -20.0 db)

and Fige 2.8 ( f’ = =30.0 db). ‘The results of apoylying filter

R

are given as Fig. 2.5, Fig. 2.7 and Fig.n2.9, respectively. Fig. 2.5

shows that the véry strong correlated noise of Fig. 2.4 has becn
almost completdly removed, and %hat signal recovery compares quitc
favourabiy with Fig. 2.3. Comparing the input data of Fig. 2.2 and
FPige 2.4, together with their respective filtered results, shiow that
the multichannel filter has certainly achieved a‘quite renarxable
result. Increasing the correlated noise level (Fig. 2.6) leads to a
deterioration in the rejection of correlated noise (Fig. 2.7),

though the deféction of signal is still apparent. Increasing the
correlated noise still further (Fig.2.3) leads to a complete breal-
down in the filtering (Fig. 2.9). No signal can be seen and rejection
of correlated noise\is very poor. (A better presentation of Fig. 2.9.

i

0]

given in Tig. 2.9(b) -~ the former picture has a "'suppresszed”
avpearance due to the presence of very large amplitudes at the end

-of the record, accordingly, the latter picture consisits of the first

500 msec. of the former picture).



S i S MR

TN
\/'\/X//\V \\ NS

i//\‘/\ VAN / ‘f\. \/\\ / f‘* N \ / '/\—"“' /"\/“ ’;‘\,_\m ,\//r\\ AN
\,rv [\/ 4‘\; i r A%

J /\\/ Al /\ [ f\ / F \ / / s /g\\\/ \///[\ /\. \\/ e w///_/\
S \ Ve i“\\/ -

rANAI S e A :
NN W Ay
\f\ f\d/\\/:;\‘/f\/\\\:/ \ \j\ e l\/u \/ /\/,\\\\/ YN \/\\//,fji\
/—rb/\,/ \/f/ ‘\\/ \I\f\ V\//“\’ /J [ \/ / VoS s ‘
e / h \ - : y
‘ /vf\, i 'AVa _ k VoA :f'/\\f
AN LA NN,
I SN e N AN
N A ST A AN A s

NN INTAYAR (AN A
"V\/-\\/\ VA

. VAV ™ e ay N A
_\ ____ [\ : A/ I VT S N 3 ” ,«\’ :
o W/\ /[ - \f\ | \\//\'f WV \/\/\ e, / Y /[ \\&’ /ﬂ\"'“[\"‘m 7N / -
\__ N '\AJ‘ - [\ M‘L /\‘ “\\jl / \ \\/ o v A -

~
-
5

/ i /, / /\ F\ N \ AN
WA v\’/\L Y \/\M\//\ \/f\;\/\ ,J\//\\ ,/ /’fv , ‘
va \nf\/\/\\;f{/"’\l b/ RAVAV: ﬂ%_/ \ /\ A /\,\/\J /

'”“\//\\w\/ ANAY AN AN ff\w (e
TV WV &//\\/ \/\\\//\\\//\\ ‘/\\/\/\’\/\\&\ /\\,//\/V[\ \\// S \’ /_/
\/‘J\/\f\/\x/ \\/;\J/IJ S v\/’\ v/\ //t‘\ f A

J\NMFV\‘/ \\/ /\ /\ / )

H
(@)Y
.
O

+2  input redord, P = -6.0, V

b
'—‘1
s

>
SRR

/\ \
e ‘A7 e
/\/{f/\\' \’\/\ ﬂh /\\/\[ 5} /\/\N\/\/\/\ W \:L\/\/ \‘\//\ /“/\\\ ,/ \/\‘\’\ \\\/\/\/'\‘.\ ,\/ {‘U V ‘\«// / \/“
e it f aa i NIV e ANV vty A
W/\ﬁ RATAY ﬂ AN T e
\/V ’\/\ \ [ f\ /-\/ \//\\L/‘\/ _/\ ‘\, \/ A\// t\ 4\/\/ %Eg/l/\»»‘/\tif \ V: A ‘:'//f\\i\u:/v/\;/ e
/\/ rf v\\//\, \/ /\'Kj g fé\ \//\\/[:‘/\t.:/\fj\;\‘ AVIAAN \U\,ﬁwﬁ/\ -
v ﬂ Y Nf\//-\‘\, VA A g AV vty
__\/\/\A f‘[:‘/\/\/ /\ f\"\/\/\\\,/\/‘f\‘\ /\ \/f\/\'ﬁr\/ //\.\\“’l/\ J/"/\Jn\’vl/‘yvr fn\\,/
L /\\j v \/ A \/\/ \\?, v p\\/\} \ /\ H f“ N A \,’,J' W \’/;\f
/W Al ’\[\ % J \‘\/\/ /T \\ FNGT sl S—
A w” VA f\[ A VATMS VR AV AV YAV
/M \\ﬂ A /\J UNA ’\/\A/Av/ \/‘Q\//‘\\“j%\/ AV N
A ‘ e,
,u\j

R A= 4
-—.‘\
S
<
Sk
S (g «
U
=
=

=4
{

,\
< S
Er
<<
<
&
S

<

=
<

2
?

M A T

5]
l—J
1.
o
[
B
[p4
6]
©
bt
ot
o]
LY
LY
H
ot
ct
[42]
H
P
=
o]
|,_r
8]
L3
i\)
f\)
=
o
j
t}
Z
—_




- 30 -

A
e
"

1 A
\
N

) /W//\' N

s o

Y
(VAW

LM

VN

/J AVAN L
TN SN
I (WAN
/
7

AW

NI

VAL
YA {/\

>

§///\/

\/ .

\/
\ A
NSBY / \\ ; i /: W ,
4 \/"/\\‘\/ . \/ \\1& 7 v\//‘-
NS /,\ o N
/\/M“\/\ \\/ \ Ve \\ // I ~

\V W \/n‘/\ . - LA .
I ”’\W\“ ‘W‘/\“\Wﬁ “” W/%\\f/“ﬁ\f N

'/,\ / / \/ \/‘ AV
S\ N I[\“ VoA ;
\ ! \\/ \’\/ :\/\’Jf

\ \

;\\J

/

|
uh N oo
5\/ \\s,/'f‘ \, /vy

VARVAY |

\ \/; U/ v w‘ /
' ¢ .

~
s

VAN //\’-‘\ NN
: f\\* AN \l/‘“\,./ v

AN SV

A A S S /\ JAY RYAY ATl g el

— S \/"f"\\:/, /;«\ ./\://Jyﬁ}/\f\q /*}v ASVVa TAVLY A WV :‘f / \\// gﬁ\,\; U 'y 7 »
Wiandd \ }\// “/‘\"\f\/“\f‘uf\l/ (Wi J\H /'1\/ / l / ) Yl

ONE S

result of filtering I'ig. 2.4 with

el



A
___._’\/\\ Ia /‘r\/. N mf\ oy Uf A /\\ 7 ) \(, e - ;/\,b
~—’x/\ \/‘k//{/ /\ \\J/\/_/ \’/\‘\\/y%\\j\m‘“—”v;\\//&/ﬁx/:\\\/fi \/r\\:w//\\./ ,s\f < - \//:_ \\/\;-? ’/\, -
i «fxfﬂvka/i/{/“Lﬁ\\pv\vﬂJ\/\\f/%/\:)mv,\\_ “J/Fwaff”&}ﬂ;@w?

ﬁ l 7 A i LA f A
_.__\,/\»//\\\ /‘\/\/‘ J,\/\'*\/‘\ /\/V_/ i / \ \,/m/‘\/\ ‘//\f ‘\\\\/\“\/,\,f/ \J . ///\/\"x \/_/-"xf\‘ Ay
v /

L ATYN ﬁ NS,

*'\/J \r‘l : o VAN A \, TR
M"’\f 4 V}/\, /\/\\/\‘:,«AJ/\/\M\- N M\ Y ) o A I
LY \//\\/A\‘/ v /\// \f\,\,f%v /\J\—‘\,-\/\\/\/ W \\)\// \f//r WL el / \\

" AN / ! / W A W

A \ ¥ \ { N / !

P W T AR A, ANV - W AN . 4R = .

; /\\\ /A\J,\, y /’\ /.\\x \/ \\f \,\/'\/\'\ V'/\\,/\\/ V:\f \\ \r ) s \‘\\ /\"\_/ A -

H -~ A /A } _ . . Vo~

R v ~ LY - A% ‘/ A

A s A s P N I SN T e
SO

. " /\':' ‘\/\ ava i A et
NN A SN AR NN AN AN
| ’ :

Fige 2.7 result of filtering Fig. 2.6 with *¥iki

R 5 A 6 S P A7 AP Res E A ETR TE p arE

YR 23 Ve

e A K e e o o -

e i 8 M b T ALY b



|
’:\‘, ~ N A a i - \ ?
AN AN [ \// N
§~ ’ﬁ\\vﬂ\\j“/ '\\\//\\‘/ \Y \’A’\\Jé'/ Y \’“\./i\ \//f m\\,//\"/ Y/ §
I v K . Y
;,‘"/ /\..‘\\\'/‘\'&\“'/ / "\\\/’/\ \\/\/\\\’IM ,/ AV ”"‘-,\l [ \‘v'/\\‘\fz ¥
A ~ \/ e I \ i .x
- \U,,\\\_/ i \ /f’\ [\ \V,\ \/1/ \/\_’\E/p ,.,_\\ /' \ /\ \ |
J/\ YA ) \/\\/_\/ / \,,\% VA %
N ~ N ;
LA NAAY/ S IS
INTAN ANV FNERS :
PN DA |

S
N

N
S

/

-«/“ i p
SNy \./m\

AN USRS
J /\\ f\f\_s&_\/\u/ s
Ay "\f VAV A ARy

e T A AR £ A R S

gttt A w2

Fige 2.8

N : \ -
P
'\,./\ \"‘\/‘ ~S N ME{J/,«
r\/\,,// ‘\_f\\_( /‘\‘/"\{?/// . ‘J.{)//
S ’_\\‘/\\f\ [l 1/; —
\/\\ / \L/\\I/\f//\‘\’ /"‘S,./" =
s I AR
AN N
. A

S
‘ N L
\ / NP A
A N /\‘\v N i/‘ B

~ A

b or b s SR

Figs 2.9 result of filtering Fig. 2.8 wiitnh *iR1



- 50 -

B

SR A W S T

Fig. 2.9(b)

the first 500nsec o



- Lo -

The next records show the effect of increasing the randew
noise level, whilst keeping the level of correlated noice constant
at P = 0.0 db. Since a multichannel filter is designed with the
specific intention'of vassing one ranpge of moveouts and rejecting

another range of moveouts, 1t may be suspected "a priori’ Tthat the

filter will fare less well when presented with an infinite aunber of

large nmoveouts, l.e, when presented with a large content ol random

noise. The results confirm that this in fact the case.

fige 2.70 shows an input‘record of wncorrclated nolze Level
Y = 0.0 db. The filtered result (Fig. 2.711) is guite pgood, signal
detection Eeing very much in evidence. Increasing the random noise
by =6.0 db (Fig. 2.12) leads to a poorer filtered result (Fig. 2.1%),
but some signél detection is still good. Increasing this noise by a
further =-6.0 db (Pig. 2.14), however, completely destroys the filtered

,

result (Fig. 2.15).

An example of high correlated noise ( P = -15.0 db) and

.appreciable uncorrelated noise (VW = =6.0 db) is presented in Fig. 2.16

with the filtered result as Fig. 2.17. Signél recovery and rejection
of correlated noise are both good(

Cancellation of random noise is primarily due to the stacking
process by which each filtered 6utput trace is derived from a set of
single channel filtered traces., Some "rejection' of random noise
occurs, of course, due to the number of random moveouts that are
enconpassed by the reject region of the filter. Une would expect,
therefore, that wide angle reject regions would be more successiul
in the cancellation of random noise than would narrow angle regiocns,.
An illustration of this is given by Fige 2.18 = Fige 2.2%. Zig. 2.0
shows an input record for a correlated noise level of P = 0.0 db,

And an uncorrelated noise level of V = =9.,0 db. The result of filtcring

)
™

nis record by a narrow angle filter (*FR8), & medium angle Filter

(**R9) and a wide angle filter (*PR10), are presented as ¥Fig. 2.79,

P
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Mge 220 and I'ige 2.21, respectively. It is imuwediately ap

that a wide angle reject region filter can we

()

from thnese results

guite efficacious in the cancellation of uncorrelated noise.

The results of this section have shown, thercfore, that
multichannel filtering is a very powerful tool for the cotcciion of
low power eventsj/EQen in the vresence of aprreciable Qubu“ related
noise. Consicerable levels of correlated noisc can be successiully
rejected, with wide angle filters having particular application for
high random noise. As might be expected, the filtering process is
far more seasitive to the level of uncorrelated noise thaa it iz fo
correlated nqise. The method was '"broken™ by a level of =3C.0 dbo of
correlated noise, whereas a level of only -12.0 db of uncorrelatzd

noise was necessary to achieve a similar result.

and

\A

4n interesting comparison is made between Fig. 2.

Al

1 o
s ¢

Tige 2411. Both these filtered records have the same general al‘gc“rncc
though the unfiltered records, Iig. 2.4 and ¥ig. 2.10, are markedly
different. Slmllarly, Pige 2.4 and Fige. 2.16 share soime comon
characteristics, though a greater difference is revealed in the
filtered records Fig. 2.5 and TFig. 2.17. This would suggest the
following "two=tier” interpretation of the filteriny yrocess. The
first stage is where the filter itself tries to (i) pass the sicnal

and (ii) reject the correlated noise, as specified by the Tilter

-

designe The uncorrelated noise is not greatly affected by the filter

"
)

2]

unless the reject region is particularly wide. The second stage is
the stacking process, where the ampiitude of the signal is enhancced

relative to that of any residual correlated noise, together with a
concomitant reduction ¢f the random noise. The quality of the final
result may largely depend upon the residual level of randon nelse, I
the filtering could have been quite successful, with good sirmd

recovery and rejection of correlated noise, but waether oxr not such



Pl o

a result would be in evidence could be determined by the eificacy oif
the stack.in cancelling the uncorrelated noise.

tultichannel filtering may then have aprlication, not only
as an Yoptional extra™ to be included in the common-depth-point

stacking process, but alsc in the removal of residual noveouts frouw

conventional conmmon~depth-noint stackse
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The coefficients of a multichannel filter may be

by performing a correlation analysis on the input traces thomselves

(Davies and ilercado, 1968). An alternative apuroach, namel

4
0
Y
[}
o]

the desired filter outvut (& unit spike) and the time windouw
confimuration, is used in this thesis. Applying one filitcr Irom a
set of pre~calculated filters involves, of course, the poscibilivy
of selecting the wrong filter. ‘he purpoese of this sceciion 1o to

investipate the sensitivity of multichannel filter wperiormance o

the agreement between a moveout in the data it is desired 10 reject

=)

and the reject moveout actually specified for the filter.
Fige 2.5 showed the result of filtering Fig. 2.4 with pass/

reject Tilter *PR1. The correlated noise moveout in

o
o
[0}
[nt
I
o
jul
&
6]
-

sample per trace, and the filter was designed to reject a movcout of
1.0 £ 0.5 sanples per trace. This é%me record, rig. 2 2elty was taen
filtered by pass/rejéct filter *PR7, a filter designed to reject
moveouts in the range 1.5 & O.25,_hnd also by pass/reject £ilt
*YR2, a Tilter designed to reject moveocuts iﬁ the range 2.0 & 0.25,
samples per trace, These filtered results are givean as Flg. 2.22 and
Filge. 2.23, respectivelj. The degradation of cuality in the filtered
records from FPig. 2.5, through Fig. 2.22 to Fig. 2.23, is immediately
apparent,.

Hence it may be concluded That multichaanel filtering is
a very sénsitive method that largely depends upon an accurate ‘nmatch!

between the moveouts of filter and data for its success.
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2e205 nunber of Traces in filter desiyo

o

were exactly the same, save for that of the number of traces.

Accordingly, therefore, in comparing the periormance of the two
filters used in this section, the 12 trace filter *¥x1 and the 6§ trace
filter *PR%, the difference in the weighting factor V¢ nmust be talen
into consideration (Ref. Table 2.%). Both these filters werc designcd
for the same time window configufétion, randon noise wnlg;tinw and
similar mean square errore.

" The result of applyiag filter *“rRY to the input record of

-2

Fig. 2.4 is presented as Fige 2.24. Comparison of i'ig. 2.24 witn
Fige. 2.5 shows that the signal re;overy and rejection of corrcinted
noise by filter *iRk% is not ncarlj 50 goo@ as that of Lilter -iitl.
Apvlying filter *kih once again to the filtered resull of Fig. 2424
sives the "double-filtered" result of Fig.lZ.L&. Comporison of ip.
2.24% and ¥ige. 2.25 shows that the signal recovery and rcjicction of
correlated noise for the latter caée is considerably better than that
cf the former case.
in so far as the single application of a 12 trace filiter is

oumparable torthe dOuble aprlication of a 6 trace filter, ome would
expect that the filtered result of Fig. 2.5 should be similar to
of Pige 2.25. Comparison of these results certainly show that they eore
similar, and that Fige. 2.25 is a much closer "match' to Fige 2.5 than

is Fig. 2.24. Such differences as exist between Fig. 2.5 and rip

t
rom,
o

-]

[k
AN

are probably'ﬁue to the differences in the correlated noise wiishting
factor o .

It may'be concluded from this section, therelfore, that
wany itraces as possible should be included in the filter desi

practicable for the particular problem under analysis.
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The analysis of all records so far have besn concerncd with
correlated noise of linear moveout. The purvose of tThis section is

to investigate records for which the correlated noise possesses a

guadratic moveout, whilst retaining the linecar moveout for the sign

,.
W
}__Y
3

in order to effect a more suitable comparison with the results of

linear moveout filtering, three examples were chosen with signal o

Lo
noise ratio conditions the same as Ior the linear casc.

[s3h’

Three records of qguadratic correlated noise moveout,

(=N

oxr
signal to noise conditioms of (i) p = =15.0, V= 6.0 db, (ii) / = C.0,

~-6,0 db, are presented as Fi

i

VY = 0,0 db and (iii) P = 0.0, ¥V
2.26, Fige 2028 and Fig. 2.30, respectively. The results of arnlying
the set of gquadratic filters Q1- 13 (quadratic filter "() to theosec
records are presented as Fig. 2.27, Fig. 2.29 and Fige 237,
respectivelye. |

Comparison of Fige 2.27 with Fig. 2.5, and Fig. 2.29 with
Fige 2.11, immediatgly shows that:the general features of guadratic
filtering are directly comparable to that'af linear filtering. Soth
these results of guadratic filtering, in fact, are a little better
than their linear countervarts. This is probably due to the exitra
cancellation of random noise caused by the higher weightings siven
to the random noise factor, )/ , of the quadratic filters. Comparison
of Fige 231 with Fig. 2,13, for which the uncorrelated noise level
was =0.0 db, would tend to confirm this view.

To conclude this section; the quadratic input record of
Fig. 2.26 was filtered by the linear pass/reject filber *FR1. As
might be expected, the result (Fige 2.32) is very poor,

This section has shown that the results of muitichannel

guadratic filtering are in good agreement with those of linear filter
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o5 Filter amwplications to real data

il

[y
<

ering techniques to the real data of Chapter 1, and to asscos
to what extent the findings from the synthetic data resulis ore
applicable to the real case. Details of the records chosen and tho

filters apvlied may be found in Table 2.4. Labelling of axes and
presentation of plots are the same s for synthetic dats. It must

be remenmbered, of course, that the concepts of signal to necise ratio

are now somewhatlt different due to the "distributi

l..J
O
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i-
¢t
oy
(6]
r

>

4

3

h
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G
(U

along the lengith of the real traces.

Uf particular interest in tdisAsection is the introduciion
of the "multichannel filter scan'', i.e. the applying of a sel of
rmultichannel filters to the date in the hope that at least one of
then will show something useful. Yhis ié important since, not only
could a good result be ot herw1oe ﬁissed, but & filter may actually
rroduce a record that was worse than the Of:iginale

Filge 2633, Figs 2.3% and Fig. 2.35 show the resulis of

pplying filters *IRE, *1R9 and *rr10 to Shbtpoint 4005 (Fige b,
respectively. The first two of these results show very 1ilttlie in Lo
way of signal recovery or in rejection of corrclated noige. ia sone
respects they are definitely worse than the original unfiliered

record. Fige. 2.35, however, does show the rccovery of sipnal, wiuh

some break up of correlated noise., For the sake of completencuos, the

filter *PR10 was also applied to the 24 trace version of pig. 7

the result being prescnted as Yige 2030. Compurison of e e o and

Fige 2.%6 shows that the latier picture contains less sipaal inforuaiion

and noise rejection is less good. Hence the necessiiy

H

oy choosing
the 23 trace records for analysise
In practice, one would seek to rewmove the presence of oround

roll from a record by the suitable apolication of a vand pass filter

accordingly, therefore, a multicnannel filfer scan was performed on



AN
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unfiltered

nuinber Fige Hoo. Fige 0o nane
3005 1ol 2033 “1RE
5005 Tolt 2.5 FRY
3005 Tolt 2435 +Rr10
3005 1ol 2.36 £2R10
3005 1.8 2.37 1R
3005 1.3 2.38 FRS
3005 168 2.39 810
3005 1.8 2.40 qQ
3002 1e2 241 “FRY
3002 62 2.42 ER10
3002 ) a7 2,43 * FRY
3002 17 2okl “ PRI0
3003 2,45 * IR :

3003
3005

3007

.Y O, - .Y
. . [ ©
oy W N W

Q

“R10

Table 2.4

Index of multichamnnel filteri

ng

Tor real

data
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] %

the band pass filtered versilon of ghotupolnt 300!

filters were *PRE, *IR9, *VYR10 and @, with the filicred results beolng
DPresented as Flge 2.57, Fige 2.38, Fig. 2.39 and Fig. 2.40,

respectively, Once agzain, the first two of these resulls are noil

very good, but the third recult (I'igs. 2.29) cleorly shows the Lrosencs

of signal along the whole lenpth of the record, with alnoest coaplete
PR

rejection of correlated neoisce Comparison oi Mire 2.9 with Firg. 7.0

»

shows that multichanncel filtering con procuce very good reoulits foo

real data. Fige. 2.40, the result of aﬁpiyiﬁg the oul
also shows good recovery of siznal, but is less good in itue rojeciion
of correlated noise.

Better removal of ground roll by multichannel filtering is
““OVldea by shotpoint 3002 (Fige 1.2). The wesult of applyinc filters
*rR9 and *rR10 Yo this record are'pr@sented as Fige 2.47 and Fig. 2.%2,
respectively. Comparison of these resulis shows that the second of
these filters has succeeded in removing much of the pground rolil. soth
these filtered records show good éignal recovery, and sihare the oome
general appearancg, except for the roll. Cne would assume, thereiore
that applying these filters to the band pass filtered version of
shotpoint 3002 (Fige. 1.7) would produce quite similar resulis, Thesc.

results are presented as Fig. 2.43 (filter *FRY) and Fig. 2.0 (Tilter

Gﬂ

*PR10), where it seen that they are very simller in appearance. It
will be noticed that the absence of signal recovery in the resion of

the residual ground roll of Fig. 2.42 may well be attributed to the

I
19

physical lack of such signal, as may be deduced from Fig. Z.43% and

Figo 2.44. R

"

The next few results illustrate the use of a multichanuel

@

er in sinply Ycleaning up' a given input record. Shoitnoint %003

A

ot

il

y

(Fige 1.3) was filtered by filters *¥R1, @, and *PR10, the resulus
being presented as Fige 2.45, Fig. 2.46 and Fig. 2.47, respectively.

g 2.45 does not show any great improvement on the unfiltered wrecord,



“as

but Fipge 2046 certainly does, particularly in the later stages of
record. L similar result to the gquadratic filtering of Fip. Z.40 is
piven by the wide angle filtering of Tige 2.47. These resuvlic cro
similar due to the moveout rejection range of the quadratic Willor
being largely encompassed by that of the wide angle Filtor.

The final result of this chonter, Fige 2,40, shows the

filtering of shotpoint 3007 (Fige 1.6) by quadratic filter (. Ao

v

-

exvected, the genefal aprearance of the original record has becn
invroved.

This section has showa that the gencrol concluclons Lhal wiro
derived from the analysis of synthetic data arc alsoe valld for rool

N

data. Very good results can be obtained from rcal doto by mulbichnunged

filters, provided that adeguate notice is taken of the importance ol
atching the movequt of the filter to‘th&t of the dati.
It is instructive to coﬁpare these findings Lo those of
Davies and Hercado (1968). They obtained very poor results from reul

data, which they ¢afgely attributed to the computation of the Filtiar

coefficients from a correia*'on analysis of the input traces. Yheo

O

correlation estimates were generally not sufficiently accurate to
give good filter coefficients. This problem has been aveided in this

thesis by choosing pre-computed filters for specific tiuwe windows,

but has introduced the problem of possibly sclecting the wrong filter,
The potential quality of the re ulbs that may be obtained, however,

. /
malte this a problem worth accepting. & further difference Leotwsoen the

work of Davies and lMercado and the present work is in the nuvber of
traces used for the design of the multichannel filter. “he formoer
workx only used 2 or 3 traces, whereas 12 traces were uscd in the

latter work. This difference could well be of prime importance.
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o oswraight forviard application of & nuaber of filters to the TR
data may suifice, or it may be advisable to apvly o ~{ilier Lo

the data bsfore veriorsing sueh a filter scane L sccond wonroach 1s
to apply different analytical technigues to the data, that would
specifica;ly,reﬁeal the moveout information necessary to which

filter should be used. The methods of the aulocorrelation watyrix and

.

Fourier Transform technigues are developed in the next two

with this aim in nmind.




} [

Lo

CHAPIER 3
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In this chapter{the autocorrelation mavrix is deidned and
an averaglng technigue eﬁployed to improve the éccuracy of tho
crosscorrelation estimates. The ability of the method to detect lou
power signals or correlated noise from_synthetic data is investigated
over a range of different noise levels, for both linear and cuadratic
moveout. It is shown that the use of multichannel filters can groatly
assist this detection of low power events. Variocus rpre~filterin
experinents are discussed and the resulis reviewed with those of the
previous chapter., Experiments ere also conducted on the real data

records of Chapter 1.

3.1 Autocorrelation theory

27,1 definition of autocorrelation matrix

Correlation is a councept by which the similarity between

ot

seismic traces may be guantified. Essentially, the process is one by
which the similarity in waveform shape between the two traces are

neasured for different relative displacements of the two trace

6]
v

Let x5 (t) and Xj t) represent two seismic traces, sampled
at intervals At = 1, and let the second trace be displaced by an

amount T relative to the first trace. The crosscorrelation function,

?5ij(7:), for these two traces is defined by the relation

. g
¢..(T) = _1 inm % (6=T) 3 (T = 0,eve,n)
J o -7 — J

where m = maximunm relative displacement (ls.e. the mawiin
lag or length of correlation)

length of each trace

s
1}



"
—

when 1 = the trace is correlated with itszelf to mive

et

the autocorrelatitn function ?ﬁii(”t)e

1 %)

It should be noted that, strictly spealing, the fvnciion
Qsij('t) is an estimate of the covariance function for wiich the
traces xi(ﬁ) and xj(t) each have a zero meén valud; These nmean valucs
are assumed to be zero, in accord with the previous chapter, and ithe
term ”crosscérrélation function” will be used in placce of 'covariance
function.

The sample function defined above gives an unblased estinoctc
of the crosscorrelation funétione However, a snall bics in this
estimate would be desirable iI the variance of the estinate could be
reduced accordingly. Weighvting these estimates with a Bartlett window
achieves this result, reducing the amplitude of spuriocus peaks ail

large la and i1s obtained by using the following alternative definition
) (%]

for the crosscorrelation function :

T
¢ij(1‘) = % in(t) xj('t-tj .; (T= Oyeon,in)
=t

The bias becomes negligible, of course, for ndy .

Y

t

Since all the traces of a given record used in this thesis
are each of the same length, the division by the factor '"an" is not
necessary. Hence the form of the sample crosscorrelation function uscd
in this thesis,is given by

. mn-T
- ¢ij(z) = E % () % (4=T) 5 (T = 0yeve,m)e
+=i
This is the same one-sided crosscorrelation function as is given in
Robinson (1967a)e It is shown in the next section, however, that it
is advantageous to use the two-sided crosscorrelation function, so
that (T = =m,..e,m) giving 2m+1 samples in total.
Iif ¢jj(‘t) is determined for every pair of traces xi(t) and

K%
<t

xj(t), then the complete set of these functions may be exoressed
the matriz ¢ (T ), where
(t) = f”)..(f)k.
@ LglJ

This matrix is defined as the Yautocorrelation matrix’ or as the
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"first-order autocorrelation metrix’s It will often be Jound

convenient to refer to this by simply "auto-1". The leading dicgonzl

cf this natrix censists of the autocorrelation funcitions, eod the
off-diagonal elemente the crosscorrelaticn functionss

Theorems and properiies pertaining to crosscorrelation

functions mey be found in Lee (1960). Of particular interest to the
later discussion are
(i) the symmetry property, ¢’..(1 )= @..{-T .
U i it
(ii) that for random noisec, <¢ij('t) = é 1.(‘C), where éi is
+J

the familiar xronecker delta.

2.1.2 detection ol moveoup

As was discussed in Chapter 1, the movecut of correlated
neise at a given point in the seismic record is greater thon that
of signal at the same point. The purbose cf autocorrelation matriz
methods are to detect these moveouts and to present them in a forn
suitable for interpretation.

The crosscorrelation functicn will have a marked peak at

lag equal te the relative moveout of -an event cn the two trace
in question. This may.be deduced from the-following simple analysis
| iﬂ:ﬁ&): 5“«&)
Z S(¢- cﬂé(ic oAy -T)
S S AL" (= o5)]

i.e. peaks occur in the (ﬁij(T) at T = (L -0l

H

then - ;. (0)

pictorial presentation of this example is given in Fig. 3.1.
Fige. 3.2 shows the two-sided autocorrelati ilon watrix for
traces of the form X;(t) = s(%) + r(t~%5i), where § 5i. ifote
that by presenting the two-sided crosscorrelation functions in the
autocorrelation watrix, all the necessary moveout information is
mn

contained in one column of the matrix. Hence, only one column of $hi

matrix need ve displayed. For synthetic data of linear wmoveout,

.
»
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column 12 for a 24% frace record. For syanthetlc data of cuudratic
moveout, however, column 1 was chosen due to the decisn of the tine

window for the guadratic

e
ft
—
o
(0]
L ]
~~
ey

Tiltering of this colurn is dicuszed
later).

In practice, of course, the dﬁgfee vo wile correlation
peaks are visible depend upon many factors, such as the constituent
signal to noise power ratios, the number of moveouts in The sectior

and the statistical accuracy of the estimates. These

1

j ol
13
f
k)
£)
3
g}
o
¢
L]
‘_‘
(%]
0.

factors are studied in this chapter and are illusitrated
exanples. Mentioﬁ must also be made of the opresence of other pealis
in the autocorrelation‘matrixo Some of these peaks will be due to
the coincidence of randown evenits adding together in phase, and m

be identified as such since they appear irregularly across the

&
o
]
i
L4

!
&

,.
i
3

Cther peaks, however, can occur due to the correlation of sipgnal
and correlated noise. The presence of these 'pseudo~corrclation'’t

pealts may be deduced from the following analysis :

i

let :ci(t) s(t—o(i) + r(t—-f@i)

Ly = Y Dsleadee(eoB] [sle-ssov) v (e 55-T)]

-}

~\ K2

oo by = o S(k-o)) sle-oty =T) + Y wl-p)<fb-8;-T)
' ‘ 1= : =

+ }i s(t-aki) < (£-Bi-T) * Zf(%—@ﬁi{%wé;f T)
1= ) £z

The first two terms of this expression glve the true correlatiion
peaks, for signal and correlated noise, at T = (eﬂi - .) and

T = (Egi - ﬁj) respectively; whereas the last two terms gzive the

1

rseudo-correlation peaks at T= (o, - ﬁj) and T ({3i »{xj). In
general, the signal and correlated noise waveforums will be sufliciently
different so that thcse pseudo~correlated peaks will have & smaller

amplitude than that of the true correlated pesks (ideally, one would
-\

have E s(t)r(t) = 0). However, it must be remembercd ithat cases



can arise where the amplitude of randon

peaks are greater than the amplitude of the desired corrclation

ceaks. 1t 1s for this reason that manuval intervention, in the Zorn

of 'gquality controll, in correlatioﬁ analyscs is preferable (in %
opinion of the author) to automatic peak-picitineg devices. Wi
line—upé across the autocorrelation matrix may not always ianvolive
those peaks of the highest amplitudes.

%.163 second-order autocorreclation matyrix

From ipge. 3.2 1t is clear that the auvtocorrclation matrix

s
T
[e
£
4]
]
e
v
o
T
]
o
[
-
O
]
O
C
F -
"3
I
3
|9
cv
i

gives r estimates of the moveout information, where r is the nunber

of ianput tréces. The signal to noise ratio in the presentation o
this moveout information can be improved by taking the averagze of
these r estimates and presenting this‘average as a single result.
This averaging process (Hubral, 19703 nay be effected through the
crosscorrelation of the columns of the autocorrelation matrix, in

a panner described below :

A pseudo—trace,"‘k(t)g is constructed from the columi v
k4

by the relation

.

Vo) = Z¢ip [t - (i-1)T] , where T = 3u.
' L=

The "average crosscorrelation function" is then defined by

Y ogle) = Zypm Pt -T)

s

The Vaverage autocorrelation matrix' or 'second-order autocorrciatioc
. Ps

matrix" ‘is then defined by

T ) = {0

A pictorial presentabdon of this process for the example of TFig. 5.2

is given in Fig., %.%. Nolte {that the sense of the moveount peaks in

the second-order autocorrelation matrix is the reverse of that i

e

the autocorrelation matrix. This may alsoc be demonstrated by the

following analysis :
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let $..(t) = $LT - (-]
9)13( / L % 3
Since T < m, and T = 3m, it follows thalt crosc-terms involving facicrs
of T will be zero, hence
T i
I (T N !!w‘f.s:,, (ol ~od )'i\ {\ Sf{-_ {oi--c,\}\«‘il\}
= VI TRl (L ST G T TS B it~ \ .
,Y}pq wt\ L LS T P ’U.\:f._z 3 Y /
{-":,‘ = =t
it also follows, from Fig. 3.5, that dl = &ﬁ, hence

K
+3
pf\
A
0
Gy
™
=
i
o,
&
i
Q.
<3
=

i

is.e. géij('a) has peaks at T= (o, - &L,)

1l

S
]

S

T - ) 1 s

and ’\fij( T ) has peaks at T

It will often be found convenient to refer to the second~order zutow
correlation matrix by sinvly fauto-2Y,.

Z.lelt statistical cousiderations of the autocorrelation matrix

technigue
In the analysis of Seismic records it is the aim to obtazin
clear and accurate estimates of particular seismic peranmcters, such
as moveout or signal to noise ratios. Different scientific
considerations very often place opposing constraints on the desired
value of a given processing parameter, such as record length. In any
case of practical interest a compromise in several differcat directions
is generally necessary, and the validity of a particular comypromise
can only be Judged by the quality of the results obtaincd. Soue of
the considerations necessary for the optimal choice of record Lengti
and maximum corrclation lay are presented as follows
(a) In many cases of physical intorest the relabive woveoul of Lhie
sigpal i comparablé\to that of the. correlated nolse. PTheooe movoout
differences are wore clearly revealed by taking a large number of
traces for analysis, and by restricting the record length to incliude
only one or tﬁo moveouts of interest (where poosible). ulte clenrly,
a large reeord 1en§th would include a large number of dificrent

i

moveouts that would all interfere with cach other in the autccorrelation

—
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natrix. The aumber of traces céken in this work was 24 for syntheiilc
.data and 2% for real'data (ref. Chapter 1).

(b) Discussion of record length with regard to ctationcrity and
cancellation of uncorrelated noise have been given in Chapier Z.

~ -

(c¢) The number of degreecs of irceaozﬁiﬁ the corrclution cztinmate
is given by 2n/m (Bendat and Fiersol, 1966}, where n is the record
length and m tne maximunm correlation lag. Hence, for statistical
accuracy, it is necessary to have n S»m. A sufficient practical
consideration is given by n > 5m, a result derived from studies of
band-limitced white noise.

It is important, of course, thab the maximunn correlation
lag should bear some relation to the moveout of the events it is
desired to detect. Large moveout events would reguire a larger raximum
lag then would low moveout events. The choice of the maximun
correlation lag will, therefore, be the result of a compromise between
the requirements of record length (ref. (b) ), statistical accuracy
{(ref. (¢) ) and the moveouts present in the data.

Due to these con81doratlons a maximum correlation lag of 50
sanples was taken for the real data records, which were each of length
250 samples.‘

The synthetic data of linear moveout used in this chapter
was computed for <Xi = 0 and Bi = i, Hence the correlated noise
wavelets were displaced progressiveiy across the record to a maxinmun
of 24 sanmples. The length of the given Butterworth wavelets were
typicaily 50 Samples, hence a reasonable choice for the maximun
correlation iagiis giyeﬁ.by n o= 25‘samples. in order to effect scue
sort of coumparison between ;ue results of synthetic and real date

correlations, the synthetic record length was generally talken to be

125 samples.
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5.2 Applications to synthetic data

Details of all synthetic data records nay be found in
Yable 3.7, with corresponding details of correlation anulyscs perrormed
on these records being given in Table 3.2 aund Yable 3.7

The purpose of this section is to (i) investizate the ability
of the autocorrelation matrix method to detect low power ecvenis Ior
different conditions of signal to noise ratio, (ii) %o show the elfcct
of varyiang record length on the correlation cstimates and (iii) to
illustrate the advantages of ‘aprlying a pre-~filter to the input data
before performing the correlstion aralysis.

Guite clearly, one may either pass the si:

noise, or reject the signal and pass the nolse. This latfter arpraocch
was often used in this chapter in order to denmconstrate the gencral
applicability of the method. Timing lines were drawn across the auto-
correlation columns at maxinim, minimum and zero lag.

3e20o1 developnment of analytical approach

The first order autocorrelation matriz for the record of
Pige 3.4 was compufed, of which column 12 is displayed as Fige 3.5.
Very little presence of the correlated noise can be seen here, though
the signal, of course, is very much in evidence. This column wos then
filtered by reject/pass filter *“RP1, and the result presented as fi:.
o 3.6. It is seen that some‘evidence of correlated noise is given,

though not a great deal. The previously discussed second orde

[9]
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correlation matrix technique was then appilied, column 12 of

&
:

D
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order autocorrelation matrix belng crosscorrelated with all 2

N
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ot
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columns of that matrix, in order to yield coluwmn 12 of the second
.

_order autocorrelsgtion matrix (Fige 3.7). The results at this stage

however, are still rather disarppointing. When this second order coluun

is filtered by reject/pass filter *RP1, however, the result of Tig. 3.0

&

is obtained, which clearly shows the presence of the reguire

4
po)
Lef]

~correlated noise., Similarity of waveform shape across this fipure
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Fi@uge /3 3/ 4 .ﬁ nunber of length of traccs %
number | {db) (&b Lo traces (in saaplos) g
3,4 6.0 | 6.0 {0 | 1 2l 125 |
3,11 0.0 | 3.0 1o i 2k 125 §
%016 340 3,0 |0 i 2k 125 §
3,20 3.0 | 0.0 |0 i 2k 60

3424 z.0° ] 0.0 | o - 2 125

3,28 3,0 0.0 | 0 i 2h 200

34733 %40 3,0 10 i 24 125

3,37 9.0 3.0 | O i 2 125 |
3.47 | 15.0 3.0 | O i ok 125 §
345 3.0 | =3.,0 | O i ok 125 |
3e49 3.0- | ~6.0 | 0 i 2k 125 3
3.55 |-15.0 | 6.0 | 0 |3%/2k 2k 125 |
5057 | =9.0 | 0.0 |0 |i%/2h 2l 125

3.61 | 0.0 [-6.0 | 0 |if/24 ok | 125

Table 3.1 Index of syanthetic data records
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good, and the moveout can ve accurately meosurcd. Comporison of ¥i.
3.8 with Fige 3.6 shows the acvantage of the double crosscorriialion
techniques

A priori ne doe know which filter <
A priori, of coursc, one does not kv 1 iter to

‘fence the required column of the second order mairix must

by a number of different filters and th
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side. An exanple of such a filter scan is provi&ed by Fige 3.6 (7.7,
Fige 3.9 (¥1’¥10) and Fig. 3.10 (*Ri7), for filters designed to reject
moveouts in the range 1.0 & 0.5, 2.0 & 0.5 and 3.0 © 0.5 samnlces per
trace, respectivelj. As before, the recovery of the desired event is
contingent upon the correct match of the moveout of The data and thal
of the filter. Thié sensitivity allows quite accurate moveout
measurenent to be performed.

) From these results it would be concluded that the record of

Figs 3.4 should be filtered by reject/pass filter ‘Ri1. The result o

(N

this filtering is presented in Fig. 3.65.

The poor guality of Fig. 3.7, with regard to detection of
correlated noise, may be attributed to the interference between this
noise and the signal. This nmay be demonstrated oy talcing the invut
record of Fig. .11, for which signal and correlated noise are of the
same power, and the filtering. the secogd order column by vass/reject
filter *PR1 (Figs 3.14) and by reject/pass filter 1 (Fig. 3.15). Whe
former filtering has clearly revealed the presence of signal, and the
latter that of correlated noise. Such information is not readily
available from the second order column alone (Fige 3.13). Fecnce the

inportance of filteriyg the second order column.

The next question to consider is how well the wethod wi

bt
%.J
e

resolve signal and correlated noise solely on the vasis of moveout
alone, i.e. the signal and correlated noise wavelets are taken to %
the sane, bq(t) = bz(t)° These resulis are presented &s Fige 3.0 -

Figes %419, where it is seen that the recovery of the correlated noise



event, of moveout 1 sample per trace, has been eatirely successiuls

.
.

This section has shown that a suitable "modus oy

correlation analysis is to (i) compute the first order autocorrelation
matrix, (ii) dompute a column of the second order autoccrrelation
matrix and (iii) apply a multichannel filicr scmn to this second order
columne

t is counvenlent, at this stage, to return to the guestion

this chapter show that there is little or no veértical shift in €h

functions, hence the removal ¢f the average amplitudes ig not necessary.
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2.2¢2 importance of record lengsth

-

rach hés already becn saidd on the conpidcratiocns cf record
length in previous chapters. The purpose of this section is simnly to
snow that correlation estimates improve with increasing record lensth,
rrovided that all other things remain cegual. Yhis improvement is duc
to both better cancellation of random noise and to bebter ntatisticnl
accuracys

Pige 3.20 = Fige 3.23 show a correlation analyasis for a rccord
length of 60 saumples, FPig. 3.24 = Fig. 3.27 that for a rccord leagth
of 125 samples, and Pige 3.28 ~ ©ige 30357 that for a rccord loengith of
200 samples. Signal to noise ratios for cach input'rocord weree, 5.0 dn
for correlated noise and 0.0 db fﬁr uncorrelated noice. RCjCCt/pu;u
filter *RP1 was aprlied to each of the second order columns. Conrarison
of these filtered second order columns, Fige %.253, Fige. %.27 and Tis.

e
Uil

3+31, show the expected improvement with increasing record len
2 X
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Various experiments were performed on i

signal to noise ratios, but of similar record length aznd moveout

specifications, in order to determine the limitations of tne Tilverad
second order autocorrelaﬁion natrix technique. "hese resulis are
sunmarised in Iig. 3.32, where an asbterisl ™ denotes a particular
experiment and an encircled astegibk 6; denotes a result presented
/

in this thesis. The dashed 1ines\represent readablility coatours”
derived frém a study of these results. ‘he classification of very gocd,
good, poor or bad refers to the relative recovery of the correlatoed
noise event of moveout 1 sample per trace. Reject/pass filter “R:1
was used throughout on all second order colunns.

It is, of course, somewhat subjectlive as to which particular
classification a given result should be assigned. Variations in record

length, for example, can afiect the quality of the filtered result,

and so it nay be séén>that the exact position of these contours is
rather arbitrary« They should be interﬁreted, thercfore, as beingr a
representative average of a number of possible contours that could have
arisen from slightly different considerations.

The performance 0f the correlation method for decreasing

levels of correlated noise, in a constant background of random ncise,

bz

is given by'the comparison of Fig. 3.15, Fige 3«30, Fige 3.40 and Pig.
3olilt, The successive degradation of these results is immediately
apparente.

Similarly, the performance of the correlation nmethod for
increasing levels of random noise and‘a constant level of correlasted
noise, is given by a comparigon of Tige 3.30, I'ige 3.27, Fig. 3,40 and
Fige 3.52. Once again, the successive degradation of these results is

immediately apparent.



-~ 101 -

bad
- s
o s
# e
-~ ypoor
-~ -~
% w o e -
-
// // gOOd
el o -~ 7
. - // -~
v T 7@ very
s ~ good
Ve
rQ 70 <) :
e -~
7 s
e %
¢/ 7
~6.,0 =%.0 0.0 3.0 6.0 vV —
Pigs 3.32 Medp of experiments conducted

on syathetic data

An encircled asterisk (0 denoctes a result presented in

plain asterisk denotes a result not presented in



4 BT

. P e,

input record,

bY

3.0 db

S ALY R NS

(9

LDt

r
L)

a
s 3
auto-1

4
+
I
Wt

s -

ig. 3.36 auto-2

filtered by *RP1l

IR AT

O
o



VAU C ' A MANFA
\/ »,\J',l \[\/ '},\/;\/ \V,-,‘ ’N[ 14 ([l
. Vo

B Q) DY e

e
Nw\/ﬁ/‘ e,
N\ \ Ny
e AN
,/\/‘/\\/\\ 5]
~/

Fig. 3.37 irput record,

P =9.0, ¥ =3.0d

e B L 2 e a - Sadas e

Fig. 3.38 auto-l

-

K
;o)

/ﬂ\
s
POV

\
/
W

o
1S

4
<

5
AN

57
<
T
)

)

\
P

L
)

<
/

)
cies
§>§>

<
>

. \>>(‘\ 3
e e _E:_”_‘*'-<
g )/ >
K - .
>,

)
Y

e

Fig. 3.39 auto-2.

Fig. 3.40 auto-2

filtered by *#RP1

- <ol



| J (O
{ p\A A,M N o
vmvmwauuw ﬁW b 2
A s 5 ¥
O .
RS AN S =T
fwwmw.w:ﬂmw SR
] T TS < . ]
Ralado il S
m

|
<

- G8529¢SG LICLS

Qe o~ o I T
— N N N W~ O e~ e e - .Z?Z,n.UZ

et mmmwmwmmwww,
R A

0y

-t

/
e

S e s Y

| W%ﬁ\@m%&w SASSEAEERNE

Lt N T ¥ N 2 T =2 B B B e L T VT N N RN

N

RUIRRTIRNIIN

w o~m,

—~ N M T e m O —

> > =5 s S > >

W/,M/MWwwW WW MNMAJ r o
ST IS e Nl T
Eress——cie ot =

& S < < nl.vu = ﬁAH«JA\
MAMW%W S SS=S MWWM/@JPM
s mwmmwwmwxwwWWWWv\mwwwm
=< ww%f g mm\\mﬂmw M\.wnw e .

\W\WMM@W NTRRTaRate ol
, N = S k\ ST \/ﬁw,ﬁmv
WWMMWM% ey

Fig. 3

T~

Fig. 3.43 auto-2

Fig. 3.42 auto-l

put record,

LUl din

b

3= 3.0

P = 15.0,



=

>

=3

<_’:,
(

EZ

W W =D e W -

é§
=

7 B S B R P

C

85

{

i £ iy Ny ~ o

7

<

25

<

~
>

>

. e
e R T
Panral

j

<
<
2

\
{

N /:‘ﬁ ~
AT

/\\\/X\Jn\ﬁj

input record,

, 'V = -3.0 b

=

—

P R S B C2 T V4 T VAR e}

W fY e

Y ]

filtered by %“RP1




L I LA, T B A R A T B 3 i . o FRICARR = Gt S R T R A T AR R s

)
L
>
\
\

A W%v AR
NV Yl \/\ IV

’\/”A (VASASIUY

ARVIVAIN \ \’“\\ L ’\Nw . AV Ve

- (9} ry
W N
b

/\/\f N \\‘,‘ M\ CAVEVAVI VA PN
/\ /\r\/ i/, \/\ \ \/ ,\/ 5 ! “ :
; Y f ! 7 : . : s
\/ UV ,,\ / Y N - W VTN ~ N\
(S \/"‘ V\;]r\\/\ W £ N\v/\ z % .
J\/\m\/ HYIVIVA A i \*'\ VAL N ‘
N \ A /V‘ /4 r‘ \f\/\f“\\ - %v“\/\uf VAL VAN AV 1 - /[\L/“
% LA \ AV Y N R b NPT
\/\/?//\/\'\/‘ N\/n /\’n\/"/ \/"f\ ;=\ ; . > ! { R '
\/‘\,« ‘j\,. / ‘o \\/‘/ \/'_‘ ' A ,f\v" - . A i ; -
\\ﬁ\;’\ \ },l.\,;/\\dﬁ \J v kf\_\j{* v ‘\ | N ; P\, i
\// \ ’\J/ } vy Y & \L/\\/\/ \!/-’v“\./\‘ ~ /’\/‘ :W\ e A \/v 14 \//\ f\
L A ;v\vxjé\bf’\J?x,~\j' N E " ;
.1..\ ) ‘,,/\.' }’\ . ,‘ ; ,r‘ A\ ri N = L ; - } .
’\/\//\/Ji_\‘\/\y/ﬁ" 7‘\;" }/f / \‘JNA/ h‘. :\\\4 ’ \VI v ,; ! W e ,/_\,_/\/\// 15 W/\/
VIV k{f j\\'/i\"; k\/ - \ IAVY // \f‘n\{.\s’ - ' ! : '
/ «/j \,x/\ \_/\/ t2 MA/
-\ 7 15

RN N B ¥

:
(¢S

3

™,
<
/

<
I
>
Q
5)
)\
,

.‘_,W

g

BN
<
3,

A A B S B
Ly Lo .
<

<

B

b
3\
ny
L)

SR A TR T T I T

~ 9oL -

~ = = {3 @
[

(WA}

L y“,flﬂ.* 4% ! 71
LA > LV s \ x i I ‘ ; v A\l .
4 “ Z L h i R . t o
‘\j L\// - \\// VU,\ K \/ ,\ . \ e Z J’\/, \/ ~ ‘ | ;_, 'lf \//\l ’ Bt o~ A et ettt T AR
AN D] \/ A AT Zz ; ‘ . ! 20 )
\ / :
:

! /\ AN \ / A /L/ e z a N 2 e /l'_\ S 232
!u[’.} f‘: \/ v Vo /\I Yool Vi N \\/J_,\'/ o . - -’\4/: A
: / \ \ - . - N = & .
‘LI, M‘ \ oA / N\ /‘w,/\, - i3 AV AN VOl VAV 3 Fig. 3.52 auto-2
Y] Sl A \ f ) : N / o el
[ ‘// v V4 \/ \"l N .\/ Y \ - /\//;\/\, 4 "\/\/: \/\‘ 24 '
‘ s : i z filtered by ®RP1

Fig. 3.49% input reccrd, , Fig. 3.50 aute-l Fig. 3.51 auto-2 o




i
-
(@]

H

55203071 analysis of syathetic records of cuadrotic nnveoutd

Three reccrds of'quadratic correlated noise moveooul, Vize 5.53,
Fige 3057 and Fige 3.6%, were subjected to a corrclation analysis with
vass/reject filter § being used fTo filter the second order coluine
KNote that column 1 was used in these analyses, and thet the intention
is now to recoverlthe signal, of zero moveout, and to reject the
correlated noise of quadratic moveout,

The first of these fiitered results, Fige 3.5C, has not
succeeded in revealing the presence of the signal. The next resuit,

Fige 3.60, iz a little better though somcewhat ambisruous. he lzoi
result, Fige. 3.64, is very good, clearly showing the presence of sipgnal.
over the'whole recorde. -

Direct coﬁ?&gison of these resulis with those of section %.2.3%
is not possible due to the differences in experimental design. Rejection
of correlated noise in the quadratic case was not as good as the
rejection of signal in the linear case. This is probably due tc the
difference in the relative weights assigned to the pass and rejecct
regions of filters @ and *RF1 (Ref. Table 2.7 and Table 2.2). iione the

less it may be said that, within this context, these quadratic resulis

are in reasonable accord to what one would expect from a study of the

linear results and the quadratic filtering results of Chapter 2.
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3.2.4 vre~filtering experimcents with correclation analvees

1
i
Fige Lo Tige Koo Pig. Hoe column Tige io. oF filter %
of input of of | number filtered ! nane
record auto=1 auto-2 auto=2
3465 3.66 3.67 7
2,27 7 | 3.68 3469 1
370 371 5e72 . 12 373 )

Table 2.3 Index of further correlation analyses
on synthetic data

N.Bo a 125 sample trace version of Fige. 2.27 was used for this section.

Tige 3.65 shows the result of apvylying reject/pass filter
*RP1 to the input record of Fig. 3.4 ( p = 6.0, v = 6.0 do). Column 7
of the first and second order autocorrelation matrices, computed from
Fige 3.65, are presented as Fig. 3.66 and Fig. 3.67, respectively.
Comparison of Fige 3.67 with Fige 3.8 shows that the filtering ol  the
input record before the correlation analysis has.produccd a somewnat
better result than the filtering of the sccond order colunn afiter the
correlation analysis. This difference may be attributed to the faci

that a correlation process will generally magnify the relative

igportance of any correlated event, be it signal or correlated noise.

.

Hence the filtering in Fig. 3.8 has to contend with amplified signal

and amplified correlated noise, vhereas the correlation result of I'ig.

ks

3.67 has only to contéhd with the correlated noise itself, the presence
of signal having been removed by the pre-filter.

Tige 3.68 and Fige 3.69 éhow column 1 of the first and second
order autocorrelation matrices computed from the guadratic filtered

record of Fig. 2.27 (a 125 sample version, thereof), ( P = -15.0,

Y = 6.0 db). Comparison of Fig, 3.069 with Fig. 3.56 clearly shcws the

&
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advantage of a pre~filter.
Uhe would conclude from these resulis, therefore, that in
order to make best use of the sutocorrelation matrix method one zhould

/
first remove any obvious moveouts from the data before commencing the

analysis, since the filter may not be able to remove these chvious
moveouts after analysisa.

A further possibility exists, of course, in that a multi-
channel filter scan could be apllied to the second order column
computed frpm a pre-filtered input record. The result of such a study
is presented as Pig. 3.70 - 'ige 3.73. Fipg. %.70 shows the innut
record of Fige. 3.41 ( P=15.0, ¥ = 3,0 db), after filteriné by reject/
pass filter *RI5. Column 12 - of the first and secound order autocorrelaticon
matrices are given as Fig. 3.71

and Fig. 3.72, respectively, with ¥Fi.,

s

N

3.73 showing the result of applying reject/pass filter “R:5 to I'ig. 5.72.
This last result shows some evidence of the reguired correlated noiue
event (compare with Fige. 3.44), but is certainly not too good.

A better result could no doubt have becn obtained if [ilter

ot
i

o

*Rr1 had been used rather than filter “R¥5., However, the reduction in
the number of output traces caused by using filter *RF1 would have
left a final result of only two traces. Further worl on this topic,

therefore, must await the development of a multichannel filter that

ar

(0]
o

will give the same number of output traces as ther input {traces.
lione the less, some encouragement may be taken from Fig. %.7% in that
some indication of the required event was found, whereas no such

indication could be found elsewherc.



SAINIY
/\/\ \ [\f\/\ \’?\‘v\/’“ - y\— \/ -
x;;\‘b E( \/’\\/\’\f\\[\'
L NV IE ATV
AR \/J*\,,;—&/ e

[N

oo W

e B B R )
W &

Fig, 3.65 vresult of filtering Fig. 3.4

with #RP1

5%

[ N N

22

e

=

SRR
>0

Fig. 3.66 auto-1 -

col.?7

<
=
=

2

¢ Ve -
=

>\<;{\: e
g %’(‘ = (,;, >
e

=
<

Fig. 3.67 auto-2

col.7

~ ¢LL



- 11 -

B %w%w/ (L

T e

%ﬁ%

l«f

v
<L

LGN L i

TSR

o, 5269

kRt
sy

[se]

Y

MA
o
Cry

auto-2, col,’

“anto-T1, -col.

@27,

~
z

(from Fig.

(from Fig. 2e27,.

see text)

See text)



S
/fv/ V\.\ < Nﬂwvﬂm\ nq\/f\d f/
SRS = 33

o

11111

”&/\/\
A

Bty
& %&W% i

\/\/\

S TILEA I SRS £ ST e 4,

T BT

wm ety ww
WVAMN A\ \\XW\\AIJ //Yy\yv AW w
== = MWNM; V < \va\A\
Mmm = oud

mM 2 \& u!,a AMW mWV&AMV

Fig. 3.73 auto-2

Fig. 3,70 result of filterin

filtered by #RP5H

auto-2

Fig. 3.72

Pig. 3.71 auto-1

g Fig. 3.4l

with *RP5



- 15 -

%e% Lwrplications LO real dz2ta

Various exveriments were performed on the real duta of

pass/reject filter, *PRT10, to the band pass filtered verasion o

voint 3006 (fige. 1.9) is presented as Fige 3.74%. Due to the counsidercd

of record length and the presence of high moveout evenls in the dase
a maximum correlation lag of 50 samples was taken throughout this
sectvion. as fpr
autocorrelation 6qlumﬁs at meximum, minimum and zcero la
it is the pﬁréosé:of this section to assess to whalt cxtont

the findings from the analyses of synthetic data are ap

-

the real casey bvearing in mind the earlier discussion on co:;ur¢,ons
between the results of real and synthetic data. In genecral, fhe real
data records were rather better than the earlier synthetic data re
in that some signal could be seen‘on some .0f these real records. ‘‘he

correlation analyses should, therefore, further improve The

of such signal, :

A correlation analysis, btogether with a multichannel filter

scan of the second order column, was conducted on the band pass filte

i,

version of shotpoint 3002 (Fige 1e7)e Fige %75 and Tige 3.70 show
colunn 12 of the first and second order autccorrelaticn meirices

respectively, with Fig. 3.77 (*FR1), Fig. 3.78 (F2R2) and vig

(*FR8) presenting the filtered second order column for the respectiv

better than that of the second order column (Fig. 3.70, though &l

result does show some evidence of such signal). Comparison of %he

three filtered results, together with Fig. 1.7, once &
imgportance of "moveout matching! between filter and dalta, not only

)

with respect to the moveout that is to be passed,; bur also to thav

the synthetic case, timing lines werc draown across bl

&
O

IR

@

Filters. ¥Fige 3.78 clearly shows the presence of a zero moveout signal

Lidne
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i

which 1s to be rejected,

An example of a pre-filtering cxperiment is

5,00 = Fige 34836 Fige 3.00 and Pige. 3.81 are coluun

W

and second order autocdrrelation matrices of shotpoint 7002 (Fig. 1.2)
whereas Fig. 3.82 and Fig. 3.83 are those of the rre-filtercd versicn
of the record (Fig. 2.42, filter *¥R10). Comparison of thnese resulis
iﬁmediately show the benefit of a prefilter for correlation annlysis.
An example of comparing the resulis of Liltering
after correlation analysis is provided ﬁy Fige 3,04 = Fige 3.88.
Fige 3.84 and Fig. 3.05 are column 12 of the first and sccond ordcr

autocorrelation matrices for the band pass- filtered version of shoi-

]

point 3006 (Fige 1.9). The result of filtering Fi

>

filter *PR2 is given in Fige. 3.86. Fige 3.87 and ¥Fig. 3.08 are colum: &
of the first and second order auvtocorrelation matrices for the pre-
filtered version of Fige 1.9 (namely ¥ige 3.74). Comparison of Fif. 3.l

L 1

with Fige 3.038 reveais very little difference. This is probably due to
the lack of appreciable correlated nolse in the original rccord.
Another exanple of filtering before or after correlation
analysis is giveﬁ Ey Fige 3009 10 Fige 3.95. Fige 3.09 and Fige. .90
show column 8 of the fifst and second order autocorrelation matiices

for shotpoint 3003 (Fige 1.3), whereas as Fig. 3.971 and fige %.92

show that for the pre-filtered version of the record (Fig. 2.47, filter

e

-

*PR10). The result of apwvlying filter *¥R10 to Fig. 3.9% is presented

A

.

as Fige 3.95. Comparison of Fig; 5092 with Pige. 3.95 shows that the
former picture is somewhat better than the latter picture. This resuli
is consistent with the earlier discussion on the removal of corrcluted
noise b& a filter before correlation analysis being somewhat easier
than the removél_qf the noise after correlation analysis,

The last results of this chaplter show column 12 of the first

O

and second order autocorrelation matrices for the band pass filtere

version of shotpoint 3005 (Flg. 1.8), presented as Fige 3.96 and Fi7.

S - - K .
Te 5405 by vpass/reject



397, LS

te the sccond order columﬁ (Pige 3.07) is given ag vipr. 2.00. Coonilioon
of {hese results show that the prescuce of signal in rovonlod drx Vo
3.93, whereas no such evidence was Fforthooming Trom iige 590 or i,
3,976 It is of interest to compare Fige. 3.906 witl botlh i 100 and

with the version of this record filtered by pass/reject Tilitar 7i000

(FPige 2439)e '“he evidence of signal is more vromiscat i Fir. Z.00
- ~ - Ty ) - - S » - . e
than it is in Fig. 1.8, though clearly it is not as olrons o il iz

in Fige 239, This is asain an illustration of the dilliculiy ia
"rejecting Yamplified® correlatéd noise,

Yhis section has shown that the recults of corrclotiocn anclyoes
on real data are consistent with those of synthetic data. he seneral
features of the muifféhénnel filter scan on the second order column,

and the benefit of pre-~filtering the data before commencing anclysis,

were poth well illustrated,
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shot~- Fige. Nos Pige Noe Pige iloe column - | Fige 0. of filter
noint of input of of: nunber filtcred nane

aunber recoéd»‘> auto-1 auto=-2 auto=2

3002 1.7 3.75 3.76 12 3,77 iR

3002 147 3475 3.76 12 3.78 R2

3002 1.7 3475 3.76 12 3.79 I8

3002 162 3.80 3631 8

3002 2.42 3.82 3683 8

3006 Te9 %484 3,85 12 3,86 e

3006 3a7h 3.87 3,68 8

3003 13 3489 3.90 8

3003 2,47 3,91 3,92 8

3003 1.3 3.9% 3e 9k 12 3.95 »£R10
3C05 148 3496 3‘.97 12 %98 1R10

Table 3.4 Index of correlation analyses for real data




AVAVAYS

AN
gu\\f\\//\

>

SN

ATA
}f\}d‘\qf\}\\
\f v

S\
M /\ \\\ \\/

// 4 ﬂ\/\f\/\/ \‘
\ﬁ\/\/\ PAVAVAVA
A /\/\/\’\ S
AVAVAVAN \/ VAVAVAYAYAS

AMA NS
y\\fA ) \yf\‘ AN
‘“y/\/\J”\Jf VAVAV-CS VAR
A AVAVAVAVAVAVA U
. ‘f\/\/\/\/ \/\ /,\\ JAVAVAVA S

Fig. 3.75 (left) auto-1l, col.l2,

oSN &« RS B« TN & 2 B S PR S S

W\/\/\\/\J/\ R VAVAN i 1% \/j\ f\/‘\/\ /\ , 5
s . f\ Q .

AV AAVAV A VA SIS ””\ N/\/\/ \YAY \/« S for Fig. 1.7 !

’\/'”\/\/\/,\\/ }\/\\/\/\ e xf\ N/\f\f \/\/ (A ' ~

I \ . ’ .,

/\/\/\/‘\/\//}x\\ /ff‘p\/\/\/\l 11 t ‘\/~\_/\~ \ /\\'/\ﬂ\/‘\ \/\ i1 (Sho‘tpoin‘t 8002) Y

/\uf\~‘\/\j,\/“\J‘V\v/:' 13 Mo \,\/ \/“bf\/\ 12

“[\/v‘j\,/\ / \//\//\_/\, 14 ,\/\4_/-\/\/\/\ \/\\/ \/\: 14 . ;e

ST AL/&/\\}fwf\' 15 \f\/\,/\JﬂLf\,\/\,vﬂx/\' 15 Eig;»ﬁ;]§.k?}gﬂt) auto-2, col.12,

f\/\/\-,/\/ \/ ‘\J’\\J,f\ /\ is M\/\ /\/\ v/'\ AN N2 18 ’ - _'A Fi 1.7

J”\/”QJW\\/”\/A\)F\\/’\df\u/\ e K\\f\\/f\\//\&/ \/f\v/"\/f\df\‘ 17 tOT g L

/\/\f\/\//\ \f"\/\/ 132 »—-\/\ﬂ“\/\/ \/ \/"\/\/\ 27 (Shotpoint 3002)

L/ \/\/\//\/ \//\\f«\___,’\\ / 1-3 x \,\/4\//\ \\/ NN N \ a

”A‘”\/\/\/ \/\/\' NI A N AVAVAVAC AN L

f\/\f\/\/ PAWANAN Z1 }v NN \/';‘\U/ NN 9

v \/ /¥’ T N e -i'/\"'\/\*’/\/t\\ 4 \/ NN .

f’""\/\/\ o \/ \/\/ - L//\//\ 23 ‘.L/\\’—"\J~\,_’.,/"\//§\;/(h'\_//-.\’/*\/-\ &0

!

A vt




OUT. Lq

POJOLYTI Z-09nw

L Ry

UL, Aa
POIDLTIF Z2-0aue

P
Ia o
o 47

LT Ao

POIOATIT Z~0qne

it

YA

N

S e
T BN TR~ TS BN Vo B Y R NS BN

T \’/\/\/ ’\//\{ \'y

i
i

:'“V\/\

YW
\ -/AAN\/\ P

——v\ jﬁijéf\//\/ﬂf\/\,»\_4

T
T T

N Ty =

I
-

T
JURER—

o

Gt

BTN A AT > S Vo T S 3

e s T SO

AV AVAVA %@&\
OGN

<
S
38

B
NS
N
> ‘i ;
oL

S

'"‘“‘7‘{:}5““'
?

,\/\ Y \/ \\

}
IRY,

AAVA AV
Y AVAVAYAY
e, /'\ /\/\/{\\ /W

\\/\/\,..\_/‘“\ P

) AW
NVARY //\ \/\\ \ /{f/\\\J

A%
AVAVAVEE

AVAVAS




- 123

N [s0]
[s0] -
° —
~— O
9] @)
&} ~ —
[Q] S o
- o ™~ o
—~ ] { (@
i N S0} o] [ (<5
o] . ] .
+ — + o} — 2
3 o J .=
© . g . R
it} o] ~ let4] o
~~ o] ol il ) A
FER o o iy D
Uy o} 10} O
o} & ) o o e
~ o} 4} & O 3]
S~ Yy S~ ~— [ ~—r
@] ~—
0 [s0]
80 &
o o
o L
[T N S R AT T oS S B AP RN ;
— o R Ve T Vo T o [ ST 72 B A e et el S R N S S R o T’ .M
/ T Y i
! { "
| \ ‘\ BEREE
{ | Co y
AV
V) |
N L

KOS

-

RS |

“ . i

[ B R R 6 B R s L R o2
- — e

2d

FEEEEN
[SURENY

¢
- e

SRR < T

= o

-~ NN = o nG e e e r
./.

1
\

RO

o~/

NN

o

R . o MR

N e s N

e

/ -

Aw% ,\J\
|
{

SRl

FESPRVPRFESTE FRRIL IR S

- L . w

O |



T

=

S

5

]

5

!

E

i

&

|

:

<

S

3

>
=

..\
Al

</

>
P

;3

2

A
A 2
AVA \%\v/\/v: 3
VAVA SR
WA |
f%%%ji\d/NV/\ j Fig. 3.82 (left) auto-1, col.8,
it \ / \/\//\ .
;AR%st\j:tﬁi j fo% Fig. 2.%2
y \V/\\;Q/\ ™\ e ' _ (Fig. 1.2 filtered
f&ﬁp&/i \j?{ H by *PR10)
DIARA ,
&zg\gz\;\tkﬁ }? Fig. 3.83 (right) auto-2, col.8,
‘ &; \ \ﬁ\/\ h T
For Fig. 2.42

(Fig. 1.2 filtered

by #PR10)

el =

-



QM?\/\/W\ ; AMMMMAA
A < z
VANV A “\/VW\\ TTAA R
AVITA/SVAS IR B B4 A \

NAVAVAVSAAY e I NEAVAVAVIVATAYAVAIE - \

/\/ﬁ \/\f/\/ 5 /0 NN VAVAN _\\ N/ {J/\/ VAR \
Ao I I VYA NA T ‘
BBV AVAVIVAV I v TATAVA I Fig. 280 (left) auto-d, col.12,
s A4 70 A A/\/MN VAVAVAVARE | for Fig. 1.9 '
TISIRRAN | | ARV e
/\/\P\/\//\\\fl AYA I /\/\/\/'7/\;/.\:/:\/\/\/\ L (band pass Filtered version
SVAAVAY N VAVAYAYS IS AAVAYAY AV AVAVAVA IS :
/\f\/\/\/ \/\/W s L/“\/\/\/\/V\\/\/\/\ 13 ' of shotpoint 3006)
N A AVAVAVAVAVAVAVAVAN IR

-—\/\ /K\/\\\( ':\\\/ \/ AN N ) . V,-’\;/\'\ /\\ / \\ [ \t "[ \\é\\;t /t ) Fig. 3.85 (vi
BNAVIVAYIVAVNSNR It RAVAVAVINAVAY AV G Tl 355 (rieht) autors, eot-12,
NS \/\/C,g»«-/—x,\mfx 12 /\/\/\//\ 4 "\\“/ \’/\/\ 57 for Fig. 1.9
AV A S et B A AAV VAVAVAVA\RRE e
/\/\/\/\-/‘;&/\/\-/V = =0 VAVAVAVAY \/\/\/f\/\ 25 : (band pass filtered version
AN AVAVS I\/ N 21 S CAVAVAY AVAWVAWAWAN Zi ‘
ﬂ\_/\'/\\/\/§\\/{:‘\\,/\/\/\ 22 /\_/\/\/r.\ ,’!}\\/\\/\\ RUNERE of shotpoint 3006)
NS \/’\/\/} ;‘\// \ JAAWAN z3 LA /\/\ /,\\;I {\ 7~ /ﬁ\\ N o

. | i | )

i | |




- 126 -

auto=-2

/////

i

s
W
\
W
\»/
Y
\!

t
AV,
\
\
v
\/

filtered by *PR2

(from Fige 1.9)

Pi




= 127 -

o o]

© ©

S =

. © ©

4 4

s —1 = —

L~ o o~ o

. U . Ueq
w [sp]

(o2} ~ (o2}

. . O - -

o'} — — &0 —
o ot s

a0 . oW fy .

80 &0

& e G ed

o 12 >y o fu

Y~ ~—~ 0 U —

by *PR10)

Fig. 3.87 (left) auto-1l, col.8,
Fig. 3.88 (right) auto-2, col.8,

[ eyt =
T R Y S e 2 T~ T SVt PR

- - 7
| S Il Il L
: < S S S S

! R s oy
= o S S N Rt
| T e e e oo e

\R&&.AWNWNWWUMNh

=

e

. )~ &N Y = a0




— ~ D w© -~ [ w [ae] -~

D W =N M s W N e

]

~

o~

L [AS]

3

F=3

R T e
CE S ]

o
[S N e<)

i T T T A T R R D SN B T SR e Bt T B G S SR TR L TS BB Y

Fig. 3.89

Fig. 3.90

\
\

\\
(left) auto-1, col.8,
for Fig. 1.3

(shotpoint 3003)

(right) auto-2, col.8, .

for Fig. 1.3,

(shotpoint 3003)

- 92l



J\f\/\/\/g ; ﬂ\/\/\/\/\/v\/\mf\f . for Fig. 2.47 :

NSV \\4§§§::;\¥/‘ 4 nt;t;t;ij;g/\/\/\/\J\ub s . s filtered 3

\ A ! &/AO\/\JKJQV/ ; (Fig. 1. \?
AN \ m ? f\/\/\/\/\/\/bﬁv vﬂ\/\ﬂf\/ 'S by #pR0)
N\ ’ A4 3 AN
NAANAA A . \/\/\/\/\, .\\{/\&/\/\/\/ |

\\/\/\/\/\/ M :\\J/\/\/\/\/ - . uto-2, col.8,

m/‘kﬁxx 1 W/&M\AC\/ 2 Fig. 3.92 (right) auto-2
W\Qfﬁ - AAVVAVAY [ FAVAAAY B for Pig. 2.47
e || e )
NV VWA I NAAGY lvavavy
“\/\fwf\pv/\/x/\fwﬁp/

by #PR10)



[Ps RV S R ¥ I @ SR O O

e
N )

\/fx\/vv_g%/\»

[ £ Y N

~ D W st G

)

Fig. 3.93 (left) auto-1l, col.12,

for Fig. 1.3

(shotpoint 3003)

Fig. 3.94 (right) auto-2, col.l2,

for Fig. 1.3

(shotpoint 3003)

- 0%l -



- 137 -

filtered by *PR10

(from Fige 1e3)

-~




SVAVAVAVAY S
./ﬂv/\\/\\//\\/ﬁxyf\j\\/\ ?
VAVAVAVAVAVA =
A4 N } //\,_.f’\/\ 4
\b/”\/\vf\/“\/f}w/ﬂ\/«, g
CANANANTUNAN 8
i/\\/ﬂ\fp\/\y//\u/\\/ﬁ\/p !
v/\w/\\//\vxjﬂkﬁ\v/\vf\ 3
‘/\/\//\\J.ﬂ\ AN AN g
*“/§§(>u/?K/\\/“\/\/“ 1o
\-/’\/ ; Y \/ /\.L / -.,\:\f/\/"\\“’/ 1 11
.\_,f‘\_),/ \;/\‘ / j_\‘\ "/ \‘\\ /\/\, 1 /;'
\/\‘/\\4/4\»; ‘/K',f\.\,/\/f 12
NN AN
INAVAVAVE VAVAN AT
:,\/\//‘\—-/\\,-/ l"\\\x/’\_‘,’\ o~ 16
EAVAVAYAVAVAVAVERY
AN N~ 1
vﬁv,Fm“m/auﬁ;ﬂ;ﬁ\/~\\/ﬂ\ 19
T e T TN -
~x¥f«~ﬂ-a,»x,;\;_»\\x’\;//\ 22
T e NN 23

B

3
e mtmn a s

v 4 / /m\/\b/
AVAVAVAYASAYATA

PN \N/"\_/"\//\,,—\‘ e L <O

/\/XJ“\/\/\x L2

\\‘_,-/ \’/\ ~, o~ _3
LIV, BT et

=

Fig.

Fiz. 3.96 (left) auto-1, col.l2,

L=

for Fig. 1.8
(band pass filtered
version of

shotpoint 3005)

3.97 (right) auto-2, col.12,
for Fig. 1.8
(band pass filtered
version of

shotpoint 3005)

AN



—ﬂ/\ /
v /\/sz\/\/\f
— VW

AR A Z&//\/\””*“\
~ S~ N
- &/\/ LY NA—

_,:Jmﬂ\/\/\/Vﬂvf\/m\/\Jmm~M~

AV AVAVAVAVES

4
1
i
|

1
-

!

AV AV A A A A
N \/\/ \/\/\\/\/\/\/\, A-_ﬂ_“%

A~ !\//\/\/\,
Ma_wﬂ/\/~/\ % /\U/

/\f\/\/\

“*“/q/\/\/x

-

— \\ A /\/\Am x

/\/\ \/ \/\/
F‘ﬂﬁ AN AN N

e

R N

Fige 3.98 auto-2
filtered by *¥R10

(from Fige. 1.8)




3.4 Counclusions

my 1

The ourpo se of this chavter was to investigate the anviicaiion
of the autocorelation matrix metnod to the analysis of moveout. Yo
this end, the following results were obtained :

(a) experiments on synthetic data of linear moveout showed

)

positive 1mnrovemcnt in moveout detection brought about by the multi-

channel filtering of th

6}

column computed fronm the second order aunto-
correlation matrix. This detcction was better than that obtained from
filtering the comparable column of the first order autocorrelstion
matrix. The interfercnce of signal and correlated noise in the nocond
order column was demonstrated, and it was shown that variation in
record length affected the quality of the final result (i.e. the
filtered second order column,. The multichannel filter scan of the
second order column was introduced, where the sensitivity of maltching
moveouts in the data to that of the filtéf wag once azain shown.

(b) the limitations of the method with regard to different signal
to noise ratios were investigated, and it was found that low power
correlated events could be detected, provided that the background
random noise was not too severe. It was found (Fig. 3.32) that the
method was approximately equally sensitive to variations in random
noige as it was to variations in correlated noise (unlike the filtercd
results of the previdus chapter). Experiments on synthetic Cdate of
guadratic moveout gave results consistent with the linear case, bearing
in mind the different weights assigned to the pass/reject repgions of
the different filters.

(¢) the benefit of\épplying a multichannel pre~filter to the data,
before commencing the correlation analysis, was demonsirated. 'he
multichannel filter scan of a second order column computed from such
‘pre-filtered data was introduced, but could not be adequately developed

due to the ''trace reduction” inherent in the present set of filters.

It is thought'thét this approach should be of consideradle interest



if filters are devcloned that have the same number of oulpul traces

as there are input traces. Guite clearly, it would not be passiblie to

use the centre ‘trace estimate for each of .these output traces, honce

the quality of the filtered result would be less for the outer traces
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nner traces - none the less, the use of such Filters
would probably be of some ilnterest.

(d) a correlation process will amplify the realtive impori > of

O
L
<h

1
o
i
Q
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O

any correlated event. Counscguently, both signal and corrciated noige
are amplified by the correlation process, the stronzer of the two
sailning more in magﬁitude than the weaker., whether or noi & filter will
be avle to reject, say, the amplified correlated noise will depend vory
riuch upon the filter. The.pass/rejeot filters used in this citudy were
generally unsuccessful ia this respect, with a value of ¢ egual to

about 0.9. The reject/pass filters, however, were very successful in

rejecting the amplified sipgnal, with a value of ¢ squal to 20.0. The

“

conclusion, therefore, is that a multichannel pre-filter ~ould be
applied to remove the presence of any obvious moveoubt in the innut
record if the filter to be used has a low value of 0, This yre-Filter

X

(1

o

is not so inportant for filters with a high value of ¢~ , but
applicatioh of the pre~filter may still be guite usciul.

(e) in the second order autocorrelation matrix method, two actual
correlation processes are performed., One would assume, thercfore, that
the method should find particular application for rccords ol hipgh
randon nolse and moderate correlated noise. To some extent the resulic
from synthetic data confirm this view, par%icularly the last result
from guadratic filtering ( P = 0.0,V = -6;0 éble

(£) a number of experiments were conducted on real daba, the rosulis
of which were consistent with that of the synthelic data. The followinr
features were demonstrated - (i) the inmportence of matching not only
tﬁe sloveout to be passed, but also the moveout to be rejected, bevween

by

the data and the filter, (1i) the benefits of apilying a mswltichaanel

Ry
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pre~filter to the data before comnencing analysis, and (dii)
generally improved appearance of signal in the filtered second order

column over that visible in the original record.

M

Comparison of the resulits from this chopter

rrevious chnapter have been largely dealt wiith obove. rincinel

may be made between (1) the "moveout nmatchiung! of filter and data, ond
(1i) the difficult filtering problem caused by the correlatiocn nroccsc

worsening the signal to correlated noise vower ratio in the column of
the second order autocorrelation matrix, for filters with a low value

of ¥ .




CHAFTER h

THS TWO=DIMINSICNAL PCURILR TRANSIORM AND ITS

APPLICATION WO TiHm AHLLVSTS OF HMOVEOUT

L,0 Introduction

~

The discrete two-dimensional Feourier Transform is defined
and discussed in fhis chapter, and the effects of (i) pre-whitening
the data before taking the transform, and (ii) smootning the svectiral
values before plotting the transform, are illustrated. The ability of
" “the method teo detect low powér events from synthetic data is investigated

over a range of different nolse levels for linear moveout, and the

.beénefit of applying a multichannel pre~filter to the data is shown.
Zxperiments are alse-conducted on both synthetic data of gquadratic
moveout and the real data records ¢of Chapter 1. The results are

/

reviewed with reference to the previous chapters.

L. Fourier Transferm theory

A useful introducfion to Tourier Transform theory may be
found in any one of the standard works on the subject, such as Lee
(1960), Bracewell (1965), Bendat and Piersol {(1966). & number of
theorenms exist felating various concedpts in the time and frequency
domains, (for example, the convolution‘theorem mentioned in Chapter 1),
for which ample coverage is provided by these works. It should be
noted,of course, that the frequency representation does net introduce
more information into the problem, rather it re-orders the information
into a form which may be more suitable for the analysis of a particular

: \

problem. The formal equivalence of the time and fregusncy donains is
previded by the Fourier fransform, for exa“«leq the autocorrelation
function (Zsiif‘c) and the power spectral density function gf(f} fornm
a Fourier Traﬁsform pair, with a similar relationship holding for the

crosscorrelation function ﬁ (T;) and the cross-~power spectral
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L,1.1 definition of the discrete two-dimensional Fouricr Transiorn

PREANS 3

The two-dimensional Fourier Transform of the continuous
functions a(t,x) and A(f,k), where x is distance and k is wavenumber,

is given by

- ]

a(t,x) = g}(ik(f,k) e PP
- -
QO N . y
A(£,k) = J j(a(t,x) em2rllftakn) 4 g
o =
Let us assume that a(t,x) is sampled at ¥ discrete points, T units

apart in the time direction, and at M discrete points AX units
apart in the spatial direction. (Within the seismic context, the
spatial sampling is effected by the array ;f seismic detectors).
Jithout loss of generality one may take AT = AX = 1, so that the

discrete two-dimensional Fourier Transform pair is given by

M- M-
e s Y
anm = | Y bq ezﬁl(np/h * m(]-/“>9 (n:O"'°’H“ﬂf>'ta
Leed (m=0,a0e,l=1).
Pio §F0
oy M-t .
spqg = 1 a e-2ﬂ1(np/w + mq/m), (D=0, 0, 1i=1)
Tt . (q=04eea,ii=1)
MIC MT o

The discrete frequencies are given by f = np/N, and the discrete
wavenumbers by k = mg/M. It has been assumed, in this formulation,.
that \fl < % and ‘\k\ <«  in order to avoid the problems of
aliasing. |

The resolution bandwidth for the discrete two-dimensional
Epurier Transform is given by Af = 1/l for the frequency axis and
Ak = 1/% for the wévenumber'axiso Due o the pericdicity of the

Mf-k!" plane (Bracewell, 1965). ii is sufficient to degcribe the

Vid



4(f,k) in the region 0O ¢ £ < 4,~4 S k ¢

~

noka
&

Twe definition of the Fourier [ransform given above is
deriyed from that of Cooley and Tukey (1965), and leads to the
subroutine algorithm provided by the IBM Scientific Subroutine
tackage library. This subroutine performs the transformation in
ity logeN stepé, where N is the number of data samples per channel,
as opposed to the eaplier N2 algoriﬁhms. It should bec noted that
this definition of the Fourier Ilransform is different to that used
by Hinich and Clay (1963), for example, in that the sign of the
wavenumber exponent is reversed. The result of this is that a refloection
of the Fourier Transform plot occurs about the line k = 0, so that
a line of constant moveout appears in the left hand guadrant rather

" than in the right hand quadrant (seec below).

L,1.2 interpretation of the f-k plane

From<thé previons section it is c¢lear that the function
alt,x) may be thouéht:of aé‘representing a plgne wave of velocity
v = - £/k. This veiocity'is related to the moveout, T , by v = Ax/T .
Hence, Tor Ax = 1, v = 1/ . It follows, therefore,l L = =&/ T ,
i.e. events of linear moveout appear as straight lines in the f-k
olane. Due to the periodicity of the f-k plane, any moveout greater
than 1 saumple per trace will exhibit a "fold-over® at the HNyguist

wavenumber. Fig. 4.1 shows the appearance of an event of moveout

—

C = 1 sanple per trace, and Fig. 4.2 that for T = 2 samples per
trace.

It will be rgcalled that the moveout of corrclated noice is
greater than that of signal at the same point in the sciswic rcecord.
Hence, provided that these moveouts are linear, the taking of the
Fourier Transform of the scigsmic data effects a separation of signal
and correlated noise on this basis.

The square of the modulus of the two-dimensional Fourier



Transform gives the power spectral density function (or power
spectrun); as a function of frequency and wavenumber, i.ce

— .

G (f,x) = {alg,x))

~F

The normalised power spectrum ¢ (f,k) is used exclusively for the
f-k plots presented in this thesis, and is derived from the power

spectorum by

= T
E_P (£.x) = 10 108,44 G (f,k) decibels

where @max(f’k) is the quimum value of éj (£,k)e
Experiments conducted on both real and synthetic data

generally involved the presence of an event of zero moveout. 1t is

for this reason that the spectra are plotted in the raange - ¢k& -,

rather than in the range 04k &1,

77045 = 0.5

~ /i
N & |
1 R 7 NG
N >
£ /<\ hif S . \\1
N N, |
N N |
~ 4+ ~ ~. E
0.0 > 0.0 > !
-0.5 0.0 0.5 -0.5 0.0 0.5
wavenunber, k — wavenumber, k —
Fig. 4.1 example in the - Pig. 4.2 example in the

£~k plane for T = 1, , f-k plane for — = 2.



L,1,% statistical considerations of the Fourier Transform

A very poorly defined power spectrum is obtained whenever
the Fourier Transform is directly applied to seiswmic davta. Dven for
very good data, the f-k plane only shows loang narrow streaks porallel

"

to the wavenumber axis. This is principally due to the following

(a) there is a great disparity between the number of samples in
the freéuencj'éxis‘énd the number of samvles ia the wavenuwver
axis.

(b) corrclated noisc is primarily of low frcquency; hence the
maxima due to signal and correlated noise tend to overlap.

(¢) severe bias can occur due to "leakage' frowm the side lobes
of the Fourier Transformn.

(d) the large variance associated with each estimate of the
power spectrun.

Bach of these difficulties, together‘with their respective remedies,
are now discussed.

Lo1.,3.,1 bias and leakage

The taking of a Fourier Transform of a seisnmic record may
be regarded as scanning the large input bandwidth of the data by a
small analysing filter, of bandwidth Bf = 1/N for the frequency axis
and Bk = 1/M for the wavenumber axis. (From this it may be immediately
observed that incregsed resolution is obtained by increasing the
nunber of samples). Fig. 4.3 shows the estimation of a power spectrunm
by an "ideal! filter, and Fig. h.4 fhat for a Yreal filter - (for
the sake of simplicity only frequency need be considered here). It is
seen that the ideal filter will only pass fregquencies within its
bandwidth, whereags the real filter possesses side lobes that will also

contribute to the estimated power at the fregquency fe. This contribution

) . . . BT - ot - s .
7 . S, v L2
from the side lobes is termed itleakage' or ‘'‘bias anc is particulardiy

important in the estimation of a non-uniform power spectrum such as
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$

Fig, 4.3 spectral estimation by an ideal filter

£

Fizg. L4 spectral estimation by a real filter

B

Fige. 4.5 illustration of error due to leakare



4

Fige He5. A totally erroneous estimate for the power at frequency
would be obtained from Fige 4.5. This problem may be remedied., to
some extent, by ”preéwhitening” the power spectrum before its
estiﬁation.

Fre-whitening is a process by which the power spectrum of
the signal to be estimated is "flattened', so that at every frequency
£ the cenﬁral lobe of the analysing filter will contribute the major
vrortion to the power épectrum at that frequency, i.e. the power spectrun
of Fig. 4.5 is made to approximate that of FTige 4elte The inherent

or 1t to be fully

i

disadvantage of pre-whitening is that, in order
effective, the shape of the input spectrum should be known. In
practice, the adopted procedure used was as follows :

| In principle, the application of an inverse filter to a
seisnic trace should result in the’recovery of the original svike
series (Robinsqn,ﬁ967c)g It has been shownn(Dash and Cbaidullah, 1970),
that the autocdr;elation,function of a seisplic trace is very similar
to that of the signai wéveiet alone, provided that the length of the
function does not e#ceéd that of the wavelet. To this end the auto-
correlation function (sihgle channel) was computed for each trace
and used to design a set of inverse single channel filters, each with
a uhit spike at zero lag as the desired output, by means of subroutine
"BEUREKA" (Robinson, 1967a- this has been corrected). Bach Tiliter was =
then convolved with the appropriate input trace to yield a record of
Uwhitened! traces. The presence of correlated noise on the input
traces, of course, results’in the computed autocorrelation function
being a "couposite of \that due to the sipgnal and correlated noise
wvavelets aloﬁe. Hone the less, this attempt to contract the signal
and correlated noise wavelets to splkes, whilst preserving the
relative moveout information, was quite successful and is illustrated

later in this chaﬁter.
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Lele3,2 distinction between sisnal and correlated noise

In order to accentuate the difference in relative novecout
between the signal and correlated nolse, it is desirable that the
lines of constant moveout in the f-k plane should be as loag o
possibles. This may be effected by boosting the vower of the signal
and correlated noiée at high frequency, a process which occurs in
the pre-whitening of the spectrum discussed in the previous section,

L.1.3.3 wvariance of the spectral estimate

o}

If it can be assumed that the bias in the spectral estinate
is negligible, then the estimated value of the power specirum at a
- _
freguency £, P (£), is equal to the actual value of the power spectrun,
- ' £
. @ (£), at that frequency, i.e. & [ g?(f)x =~ -§?(f)a In voint of

fact, of course, every spectrum contains bias due to the taking o©

L)

<

'y

finite lengih of data, since this is equivalent to multiplying the

infinite seismic trace with a box function, l.e. convolving the true

//

*. spectrunm with a sinc function. As the datavlength increasces, so does
. this sine function approximate. towards a delta function, thereby
appfoaching an unbiassed spectrume. This bias should not be confused
with that of section 4ele301e

It can be shown (Hinich and Clay, 19638), that the large

lad
sample variance of the spectral estimate, var ( @?(f)l , 1s given Ly

n iy B
var [@(f)l ~ @ (£) fork> o0
s ) ~'l./
var [@(f) ~ L& (£) fork =0
Since the variance of the estimate does not approach zero for
increasing sample size, it follows that the Fourier Transform is
not a consistent estimator of the true power spectrum. Taking the
standard deviation as an indication of the error associated with

w

each spectral estimabe, it can be seen that each estimate has a

. Ea g - .
possible error of 100%, i.e. @ (£) = ¢ (£} 4+ ¢ (£).
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is also kng%n (Hiniéh and Clay?v1968), that a small bandwidtih,
desirable for 1a£ée :esqluﬁion, leads to a larpge variance. In practice,
thefefore, a compromise haé 10 be made between the resolution of
the spectral estimates and the variance of those estimates, & simple
method to reduce the variance of the power spectrum is to use the
following spectral smoothing procedure (Hinich and Clay, 1968) :

The N spec%ral values are divided up intsc r equal blocks of
length K samples. The K samples within each block are then averazed
together to give one smoothed estimate for each block. The variance

M

of the smoothed spectral estimates, ﬁzav(f), is given by

w [$,0] 2 o

o

and the bandwidth resolution is given by A f = r/H. For the work in

this thesis, a value of K = & was generally taken. In order for this
3 F2)

procedure to be successful, it iz desirable that the srpectrum to be

smoothed should be reasonably flat. This is another reason for the

application of the pre-~whitening process described earlier.

L.1.%.4t sampling disparity between frequency and wavenunmber axes

The great disparity between the sampling of the frequency
axis and that of the wavenumber axis, leads to a rather poor visual
display. For "squareness’” of plot it is deéirable to have Af v Ak,
hence the number of samples on the frequency axis should be reduced
in relation to that on the wavenuwmber axis, This reduction is anply

satisfied by the spectral smoothing process described earlier.
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L,2 Apvlications to synthetic dat

o
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The purpose of this section is to investigate (1)
of the Fourier Transform method to detect low power correlated eventis,
for different conditions of signal to noise ratio, and (ii) the benefit
in applying a multichannel filter to the input data beiore cofmuencing
the Fourier analysis.

An index of the synthetic data records, that have not been

encountered earlier in this thesis, is presented in Table 4.1 A

u
@
-
4

complete index for the Fourier Transform analyses on syathetic dcs

s presented in Table 4.2. It should be noted that in all of the

i

1

Fourier Transform plots (also referred to as "f-k" plots, for brevity),
the vertical scale corresvonds to frequency (in ¢.Pe.sS.) and the
horizontal scale to wavenumber (in fractions of the liyguist wavenuuberj.
In order to assist the interpretation of these plots, each contour was
assigned a specific colour (Ref,. ”Geodat“JChayter 1)e ALL speciral
values in the two-dimensional array were normalised by the maximun

amplitude present in that array, and the contours were plotted on a

scale ranging from 0.0 db to -30.0C db.

/

4,2.1 developmeni of analytical approach

Section 4.1 discussed the importance of pre-whitening the
input data before the taking of the Fourier Transform, and also of
smoothing the spectfal values before the plotting of this Transfors.
A demonstration of this importance is given by the comparison of
Fige 4.14, Fige 4.15 and Fig. 4.16. Fige 4.14 shows the Fourier

Transform of the inputs data of Fig. 4.6, with spectral smeothing but

without pre-whitening; Fig. 4.15 that with spectral swoothing and with
pre-whitening;.and Fig. %16 that without spectral smoothing but with
yrg—whitening. The neqessity for both bre~whitening and spectral
smoothing is inmmediately apparente.

—

It will be noticed from Fige 4.15 that although signal and



—
=
~3

Figure P vV number of length of traces
number {db) (4v) g; traces (in ocamples)
.6 0.0 | 6.0 i 2l 250

L7 0.0 6.0 i 2k 250

-9.0 2i

4.8 6.0 6.0 i 2k 250

4.9 3.0 0.0 i 2l 250

L 10 0.0 6.0 i 24 250

Ly 6.0 0.0 i 2k 250

k12 9.0 2i 24 250

Table 4.1 Index of synthetic data records

The result of apply.ng reject/pass filter *Ri10 to the¢ data of

Fige 412 is presented as Fig. 4.73. Hote that the data of Fig. k.7

contains two correlated noise eventse.
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Fige. Noe of Tige No. of Fige Hoe Of | Fige 10e OF
| input (£=k) input &f—é)
record plot record olot
Lo6 byl ) 4,26
Lo6 ko5 2ok o279
L L6 La16 2.26 L,28
4,10 lo17 2.28 L,29
L,7 4,15 2.5 L350
2.10 ke19 2.22 L 39

- 4420 2.23 k.32
2.12 ho22 2.27 ba33
2.4 4,23 2.29 ho3h
Lo9 L2k L,12 L 35
a7 Lo25 4,13 4,36

Table 4.2 Index of TFourier Transform analyses on

synthetic data

I1.B. the input record for the (f-k) plot of Fige 4.20 was a 450

sample version of Fige H4e6.
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Figs 4,14 (f=k) plot for Fige 4.6, no pre-whitening,

P = 0.0, V= 6.0 db



[lg %.0% B8l plot for Fig. =.6, with pre-whitening, P ®0.0, ¥ 45.0db

Fige 4,15 (f=k) plot for Fige. 4.6, with pre-whitening,

P = 0.0, V = 600 db



%0.0, ¥ 26.0d>

for Fig. 4.6, without spectral smoothing, 14

Fig. 4.16 (f-k) plot

Pige 4o1 (f-k) plot for Fig. 4.6, without spectral

S

smoothing, P = 0.0, ¥ = 6.0 db



correlated noise are of the same power, the signal shows up rather
nore clearly. Whe reason for tais is two=fold - (i) there is nore

signal than correlated noise at high frequency, in the syanthetic data,

to benefit from the pre-whitening boost, and (ii) the spectral

smoothing takes place parallel to the freguency axis, hence the average

of spectral values parallel to the frequency axis and within the

smoothing "window" will be greater than that for values oblique to

this window. The Fourier Transform for the input data of Fig. 4.10,
data for which the Butterworth wavelets for signal and correlated
noise were the same, is presented as Fig. 4.17. 4s expected, the
relative difference between signal and correlated noise (on the basis
of pre-whitening) is now less, evidence of this noilse being found as
high as the Nyquist frequency. “he fragmentary apvearance of the
correlated noise lobe, due to the spectral smoothing process, is also
well in evidence,

From now on, all Fourier “Wransform plots are shown with pre-
whitening and spectral‘smoothing having been applied,.

An exanmple of 'fold-over' at the Hyquist wavenumber is given
by Fige 4.18, the Fourier Transform of the input data of Fige. 4.7. This
data contains two correlated noise events, the one of signal to
correlated noise power ratio of 0.0 db and moveout 1 sample per trace,
and the other that of «9.0 db and moveout 2 samples per trace. The
observed fold-over is produced by the latter event, a result that may
be compared to Fige 4e2. Mére on this plot will be said later on in
this chapter,

From earlier discussion, one would expect a lower contribution
\

ot

\O

SHoOWS

from random noise as the record length was increased. ©lige 4.1

h

ct

the Fourier “ransform for the input data of Fige 2.70 (record leng
of 250 samples),and Fig. 4.20 that for the same noise conditions (
P = 0.0, ¥V = 0.0 db) but a record length of 450 samples. Conparison

of these results show that a general lowering of the backpground randon

EY



noiée‘has taken.place in Pige 4.20, as expected, leading to a better
moveout determination for the correlated noise. -

This section has denmonstrated several of the points raised
in earlier discussion, namely (i) the importance of pre-whitcning the

input data before taking the Fourier Transform, (ii) the importance of

i
w

f

smoothing the spectral values before plotiting the Transform, (iii) the

-

occurrence of fold-over at the wavenumber boundary for events of

1

moveout greater than 1 sample per trace, and (iv) the better cancellation

of random noise due to increasing record lengthe.



Fig. 4.17 (£-k) plot for Fig. 4.A0, by(r) & by{t), P4 0.0, V= 6.0 db

Fige 4.17 (f-k) plot for Fige 4.10, b,(t) = b (t),

P = 0.0, ¥ = 6.0 db



Fig. 4.18 (f-k) plot for Fig. 4. 7. £ # 0.0, Pl * -3.0, ¥ #6.0db

Fige 4418 (f=k) plot for Fig. 4.7, P. = 0.0, F?. = =9,0,

Y = 6,0 db
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Fige 4,19 (f-k) plot for Fig. 2.10, f = 0.0, V

0.0

db
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Fige 4420 (£-k) plot for Fig. 2.10 (a 450 sample per

trace version, thereof), /J = 0.0, Y = 0,0 db



L,2.2 effects of different noise levels

Various experiments were performed on records of differecnt
signal to noise ratios, but of similar record length and moveout
specifications, in order to determine the limitations of fthe ‘ourier

i

Iransforn téchniéue; These results are summarised in Fig. 4.21, where
an asterisk * denotes a particular experiment and an encircled asterisk
‘3 denotes a result presented in this thesis. As in the previous
chanter, the dashed lines represent 'readability contours® derived
from a study of the results. The classification of very good, good,
poor or bad refers to the relative recovery of the corrclated noise
event of moveout 1 sample per trace. Discussion on the position of
these contours hay be found in section 3.2e3.
The performance of the Fourier Transform meihod for detecting
a constant level of correlated noise, in a background of increasing
random noise, is given by the.compérison of Fig. 4.15, Fig. 4.19, Fig.
:v4.22 and Fige 4.23. It is seen that the relative difference between
the main amplitudes of the correlated noise and the general background
noise decreases for increasing random noise level, as expected. The
~12.,0 db contour o?/ﬁig. L.15, for example, reveals the presence of
correlated noilse at very high frequency. Differentiation between this
-contour and the g%neral background is quite good. The next result (Firg.
4.19), however, shows that this differentiation for the -12.0 db contour
has now been lost, the required moveout being revealed oy the =6.0 &b
contour at a.much lower frequency. The result of Tig. 4.22 shows that
the method is now beginning to fail. Although the correlated noise
moveout may be seen at 70 CePoBe, 1t 1ls very doubtful whether one would
, \
assign, a priori; a great importance to these peaks. The last result,
Fig. 4.23, is quite bad. )
The next results, Fig. 4.19, Fig. &.20 and Fig. 4.25, show the
effect of decreasing the correlaﬁed noise level in a constant level of
randon nolse. One would expect that the general features of these plots

would be the same, except that the amplitudes of the correlated noise



veaks should become smaller. Comparison of these results confirms th

viewe Comparison of Fige. 415 with Fige 4.26 also shows this expected
J-' b R PFa

deteriorationa
These results show that the Fourier Transform method works
quite a predictable manner. Lowering the power of correlated noise,

exauple, leads to a direct reduction in the amplitude of such npeaks

the f-k plane. This gives the Fourier Transform method a degree of ¥

3
e

=)
EN

that was not so apparent in the autocorrclation matrix method. 4 more

meaningful relationship, therefore, can be established between the

experimental desipn and the final result.

A general comparison of the f-k plots with their respective

input records, for example, comparing Fig. 4.19 with Fig. 2.10, show

overall improvement in the detection of the correlated noise event,

P~

=]

<

[~

e

el

an

without the necessary application of a multichannel filter to the inwut

data. The Fouriler Transform method has also shown to be of varticular

relevance to the detection of signal in a high background of randonm

noise. IFig. 4.22, for example, clearly shows the presence of sipgnal,

whereas no such indication could be evinced from the input record of

Fige 2012¢ A similar comparison may also be made bebween Fig. &4.27 and

Fige 24k
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Fige ‘4,21 Map of experiments conducted on

synthetic data

An encircled asterisk @ denotes a result presented in the thnesis,

a plain asterisk denotes a result not presented in the thesis.
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Fige 4,22 (f-k) plot for Fig. 2.12, p = 0.0, Y= =6.0 db
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Fige k.23 (f-k) plot for Fig. 2,14, P = 0.0, ¥ = -12,0 db

Uttt 5 Rel



Fige L2k (f-k) plot for Fige 4.9, P = 3,0, ¥ = 0,0 db
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Fige 4e25 (f=-k) plot for Tige. 411, P = 6.0, Y = 0,0 adb



Fige 426

Fig. 4.26 (f-k} plot for Fig. 4.8, P #6.0, V & 8.0 db

(f=k) plot for Fige 48
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4e2.2.1 analysis of synthetic records of guadratic moveout

An inherent linmitation of the Mouricer Trancsform method is
that it is only strictly applicable to the analysis of events of lincnr
moveout. Since real data records contailn a number of events of non-

linear moveout, it will be instructive to investigate the appearance

of the f~k plane for events of guadratic moveout.
: q

/
A comparison of two results, for input data of the same signal
to noise ratios but the one with linear moveout and the other with

uadratic moveout, is given by Fige H.27 and Pig. %.28, respectively.
3 & 9

Ze
“he latter result reveals several interesting featurcs. The general
appearance of this plot would suggest, at first sight, the presence of

a linear correlated noise event of moveout 1.3 samples wper trace.
However, a closer study of this result, together with the earlier results
fof linear moveout, show that the degree of resolution and line up of
‘coherent energy is not as good as 6ne would expect for linear moveoutb.
The appearance of the -12,0 &b contour, for example, shows three distiﬁct
lobes -~ a feature that was not observed in the earlier plots for one ,
correlated noise event. Cune may conclude, therefore, that the Fourier

Transform has "tried" to approximate the quadratic moveout by a

succession of linear moveouts, and has prosented the finnl recult as a

conglomeration of these linear moveoutsgﬁgJ
This leads to a certain ambiguity in the interyretation of a
Fourier Transform result. Pig. 4.18 shows the Fourier Transform for
data that possesses two correlated noise efents, both of which are
visibls in the Transform. Un this basis, therefore, it is difficult %o
deternine whether the fesult of Tig. 4.28 was derived from data of
quadratic moveout, or ffom data that genuinely contained more than onec
event of correlated nolse. However, this is a somevhat artificial
example in that a-study of the respective input records would clearly
reveal whether the data for Iig. 4,28 was linear or guadratic. Vhis
mnerely illusirates the necessity for considering each plot in relation

to the data that created it.
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f

Fige 4429 shows the Fourier Transform for the inrut data of
Fig. 2.28, Comparison of this result with Fige. L.19 once again saows
the vossibility of an ambipguous interpretation. Further comparison of

these results, however, show that the marked separation between signal
and correlated noise is far more pronounced for the linear case than
for the guadratic case.

This section haé shown that the interpretation of Fourier
Tfansform plots must be effected with great care. One must not only
consider the absolute position of major peaks (0.0 = -~5.,0 db) in the
f-k plane, but also the reiative position of these peaks both in
reiation to each other and to the =-12.0 db contour. The shape of the
~12.0 db contour itself may also ge of conslderable importance. ‘ith
these points in mind, the possibility of an ambiguous interpretation

is very much reduced.



Fig, 8.27 (f-%) plot for Fig. 2.4, P w -15.0, vV » 6.0 db

Figs 4.27 (£-k) plot for Fige 2.4, P = =15.0, ¥ = 6.0 db
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Fig. 4.28 (f-k) plot for Fig. 2.:6, P = =.8.

Tige 4,28 (f-k) plot for Fige 2426, P = =15.0, Y = 6,0 db,

quadratic moveout
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Fige 4«29 (f=k) plot for Fige. 2.28, p = 0.0, Y = 0.0 db,

quadratic moveout



4,3 vre-filtering experiments in TFourier analysis

" The apvlicability of the Fourier Transform method is greatly
extended by removing the obvious moveouts, from the input reccord, by

a multichannel filter. Fig. 4.30 shows the result of taking the Yourier
Transform of the input record of Fig. 2.5, i1.es the input data of Tig
2.4 filtered by pass/reject filter *IR1. Comparison of this result with
that of Fige L4.27 clearly shows‘the benefit of the pre-filter.

As bvefore, the possibility of choosing the wrong filter will
now ve investigated. T'ig. L.%1 shows the Fourier iransform for the
input recofd of Figf/§;2é (Fize 2.4 filtered by pass/reject filter
"¥R7), and Fig. 4,32 that for the input record of Tig. 2.23 (Pig. 2.%
filtered by pass/reject filter *PR2). Comparison of these results with
Fig. 4.30 clearly show the presence of the correlated noise 'misszed”
by the wrong filter.

One‘would expect tnat thehgeneral apprearance of Tig. 4,30
would be shared by the f-k plots for the input records of ¥Fig. 2.27
and Fige 229, ise. the guadratic data having been filtered by filter Qe
These results are presented as Tig. 4.33% and Fig. 4.34%, respectively,
where it is seen that the expected similarity is well showne

The use of a multichannel pre?filter, cf course, can help to
reduce the ambiguity associated with the interpretation of f-k prlots
for guadratic data. Zven if one had not seen the input record of Fig.

2.26, one would conclude from a comparison of Fige. L,33 with Tige. 4.20
that the dominant moveout in the inputffégsfé ﬁasxqua&ratico Comparison
of Fige Uo3h with Fig. 4.29 would also vérify the correct choice of a
quadratic pre-filter, for this case.

Finally, one'may consider the invérse problem of rejecting the
signal and pas§ing the correlated noise. Fig. 4.35 shows the Tourier
Tfansform foxr theAinput data pf Fige he12. Thé evidence for the

correlated noise event, of moveout 2 samples per trace, is given by the

-12.0 db contours. Filtering the data of Fig. %.12 by reject/vess

3
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filter *RP10 gives the input record of Fige. 4.13, of which the Touricr

Transform is presented as Fige 4e%6. It is immediately appareat that

the level of correlated noise has been greatly amplified by this process

and that considerable rejection of signal has also token place, The fac
that some sipgnal is still present at high frequency is probably due
to a property of the filter.

This section has shown that the application of a mulitichannel
filter to the input data, before cowrencing the Fourier analysis, can
not only extend the power of the method for detecting wesk events, but
is also useful for the clarification of an otherwise somewhal ambiguous

interpretations



Fige 4430 (f-k) plot for Fige 2¢5, the filtered

version of Fige. 2.4 by *PR1
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tered version of Fig. 2.% by “PR7

Fige 4.31 (f-k) plot for Fig. 2.22, the filtered

version of Fig. 2.4 by *PR7
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Fig. 4.32 (£-X) plot for Fig. 2.23, the filtersd version of Fig. 2.4 by #PR2

Fige 4.32 (f-k) plot for Tige 2.23, the filtered

version of Fige 2.4 by *rR2
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Fige 4e33 (f-k) plot for Figs. 2.27, the filtered

version of Fige. 2.26 by Q
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Fige 4434k (f-k) plot for Fig. 2.29, the filtered

version of Fige. 2.28 by §
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Fige 435 (£f-k) plot for Fige 4.12, P = 9.0, ¥V = 6.0 db,

T=2 samples per trace
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Fige 4,36 (£f-k) plot for Fige 4.13, the filtered

version of Fig. 4.12 by *RP10



L.4  Avplications to real data

A number of experiments were performed on real dafa in order
to ascertain to what extent the findings from the analyses of syntaetic
data are épplicable to the real case., Two more real data reéords wer
necessary for this study, namely Fige 4.37 (the band pass filtered
version of shotpolint 3005, filtergd by pass/reject filter (), and Fig
4,38 (shotpoint 3001, filtered by reject/pass filter *R¥1). An index

5

of the real data expveriments is given by Table 4.3. Several difficultie

£

~
A

o

in the comparison of real and gynthetic resulis have been discuss
in ealier chapters, and need not be repeated here., The general suitabil
of the lourier Transform mevhod for real data is complicatéd, of course
by the presence of non-linear moveouts.

Tige &.5§‘shoWs the Fourief Transform of shetvoint 3001 (Fig.

o

1e1)e s expectei‘from‘a s%u@y of the input record, there is strong
evidence for a signal'of zero moveout and a suggestion of correlated
noise. Fig. 4.40 shows the Fourier Transform of the filfered datza frow
Fige 4.38. This result shows considerable rejection of the signal, with
some indilcation for a correlated noise event of moveout 1 sample nar
trace,

Fige Lak1 and Fige bo42 show the effect, in the f-k plane, of
applyiﬁg the band pass filter to shotpoint 3002. As expected, the
Fourier Transform of the bénd pass filtered data (Fig. 4.42) shows less
evidence of the ground roll. The appearance of the signal on both these
plots is raéher interesting. This signal possesses a general frasmentod
and “offset” character, probably due to the presence of events of
either guadratic/hyperpolic moveout and/or events of very low linear
moveoult per trace. Both of these results show the 'many-lobed’ ~12,0 db
contour previo%sly éncountered in the quadratic moveout case of Tig.
.28, T“he final result for this shotpoint, Fige. 4.43, shows the Fourier

Transform of the filtered data of Fig. 2.44. This result clearly shows

the presence of zero moveout signal, as well as revealing the presence

3

ity

?



)

high moveout correlated noise missed by the filter. The width ol tihe

=

o
central lobe of this f-k plane would suggest the prescnee of very low
noveout signal (about a moveout of 0.25 samples per trace).

L

The presence of very low moveout signals is again demonstratcd

)

by a comparison of Fig. h.il, the TFourier Transform for the data o
shotpoint 3003 (I'ige Te%), with Figs 445, the Fourier Translform of
the filtered data of Fig; 2.47. The residual presence of thesc low
noveout events is due to their moveout range beilng encompassed by thatl
of the 'pass! regién of the filter. (uite cleérly, a narrower nass
region would be necessary for thelr sunpression.

The next result, Fig. 4.46, shows the Fourier Uransform of
shotpoint 3005 (Fige 1e4). The presence of correlated noise is well

established, as is that of some non-linear signal, The Fourier ransfor

for the filtered version of shotpoint 23005 (Fig. 2.39

N~

y 15 siven by

LL7, Here it is seen that some residual. corrclated noise.is still

G

remaining, with the noveout character of the signal being nore
falthfully presented. The sushicion that this correlated noise is non-
-linear may be tested by applying pass/reject filter ¢ to the inrut data
and computing %he Fourie“ Traasiori. The result of this presented as
LFig. L 48, where it may be seen that some of the character of this
event has been reduced. A rore avyropriate non-linear filter would
propbably achieve a better result,

The last two results, ¥ig. 4.49 and Fige 4.50, show the

Fourier Yransform of shotpoint 3006 (Fige 1.9, the band pass filtered

version), and the filtered version of Pig. 3.7k, respectively. Tre

general benefit of this pre-filtering process is dmmediately avrarent,
\
This section has shown that the results from the analvses of
real data are consistent with those of synthetic data. ihe detection of

snal, and the benefit of pre~filtering the data before commencing

analysis, were both well demonstrated.
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shotpoint igs. Ho., of 'ig. Noe of
number input record (£-k) plot
3001 : Te v4,39
3001 k.38 ko
3002 1.2 O ke
3062 o 167 holLp
3002 | 2.4k 13
3003 13 b by
3003 2.47 L ks
3005 i.h b k6
3005 . 2639 L b7
3005 k.37 4,48
3006 | 1.9 L o9
3006 : ‘ | 2 4450

Table 4.% Index of Fourier Transform analyses

for real daté
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Fige 4.39 (f-k) plot for Fig. 11, shotpoint 3001
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Fige 4.40 (f-k) plot for Fig. 4.38, the result of

filtering Fige 1.1 with *RP1



Fige 441 (f-k) plot for Fige 1.2, shotpoint 3002
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Fige ko k2 (f-k) plot for Fig. 1.7, the band pass

filtered version of Fige. 1.2
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Fige 4 43 (f-k) plot for TFig, 2,44, the filtered

version of Fig. 1.7 by *PR10



Fige 4oith (f-k) plot for Figs 1.3, shotpoint 3003



- 195 =

Fige 445 (f-k) plot for Fige 2.47, the filtered

version of Fige. 1.3 by *PR10
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Fige 4.46 (f-k) plot for Fig. 1.4, shotpoint 3005
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Fige 4o47 (f=k) plot for Fig. 2439, the filtered

version of Fige. 1.8 by *PR10
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Fige 4 48 (£-k) plot for Fige. 4.37, the filtered

version of Tige 1.3 by Q
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Fige 4449 (f-k) plot for Fig. 1.9, the band pass

filtered version of Fig. 1.6
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Fige 4450 (£-k) plot for Fig. 3.74%, the filtered

version of Figs 1.9 by *PR10



- 201 -

4,5 Conclusions

The pufpose of this chapter was vo investigate the ap
of the discrete two-dimensional Fourier Transform to the analysis of
-moveout, to this end the following results were obtained :

(a) the benefits of pre-whitening the input data before the toking
of the Fourier Transform, and of smoothing the spectral valucs vefore
the pnlotiing of this Transform, were demonstrated. The appearznce of
the plots were discussed, and the effect of increasing the record
length of one particular exanmple was examined. Due to the direction of
the spectral smoothing (parallel to the fregquency axis), it is possible
that the introduction of a true two~dimensional smoothing Mscan' would
produce better results for events of non-zero moveout., It would be
desirable to rotate the smoothing window about the origin of the f-Ik
vlane for a number of different angles, whereupon those correlated
events that were fully enconmpassed by such'a window would be suitably
“amplified“.

(b) the limitations of the Fourier Transform method with regard
to the detection of low power correlated events, for different conditions
of signal to noise ratio, were investigated for synthetic data records

L

of linear moveout and the resulis summarised by Fige 4.21. It was

shown that moderate levels of correla?ed noise could be identified,
rrovided that the background randoh noise was not too severe., Analysis
of synthetic records of qqadratic'correlated noise moveout showed that
an ambiguous interpretation of the f~k plane could result if one were
only expecting linear noveouts to be present. To some extent, the
Tourier Tfansform "approximated" a large gquadratic curve by a succession
of small linear cufves, and gave the final result as a conglomeration

of these mino; curves. Further comparison of gquadratic and linear
results for records of similar noise conditions, however, revealed soume

differences that may well be characteristic, namely (i) the scparation

at low frequency of signal and correlated noise, (ii) the seneral



avpearance of the“ﬁiéh:cqntours (0.0 = ~6.0 db) and the -12.0 db
contour, both with_feépéc%lfo themselves and in relation to each other,

(¢) various pre-filtéfing experinents were conducted, where it
was found, as éxpected, that the application of the method was pgreatly
extended by the removal of obvious moveouts, by a multichaannel filter,
from the inéut‘data. Filtering out the guadratic correlated noise, for
exanple, pave very géod results in the f-k plane, thereby affordiug a
technique for reducing the vossibility of an ambiguous interoretation.
The effects of applying the wrong filter were studied, and the resulils
found to be in general agreement with those of pfevious chapters.

(d) a number of exveriments were conducted on the real data records
of earlier chapters. These results were generally consistent with that
exvected from a study of the synthetic results. The prescuce of non-
linear moveouts caused some difficglty, as did that of very low moveout
gquasi-linear events; The Fourier Transform of records, bvefore and after
band pass filtering, showed very little difference excent at low
frequency, as expected. The benefit of 5pplying a rmultichannel pre-~
filter to the data was again demonstrated, as was the importance of
matching the moveouts to be rejected in the data to that of the filiter,

A comparisbn between the Fourier Transform and autocorrelation
matrix methods, for synthetic data of different signal {0 noise ratios,
may be effected by comparing Fig. 4.21 with'Figo 3432« It must be
remembered, of course, that the former results do not involve the use
of a multichannel filter, whercas the latter results use the multi-
channel filter scan of the second order column. Within this context it
can be seen that the autocorrelation matrix method is generally nmore
_applicable than the Fourier Transform methode. If no filtering is
allowed, however, the latter method is the more useful.

The presence of non-linear nmoveouts may favour the use of the

autocorrelation matrix method, over the Fourier Transform method, Tor

some cases. none the less it is felt that these two methods shouvld be



rather than being in direct comvetition. in conclusion, therelore,
the Fourier Yransform has shown to be a useful addition to the muler

of tools available for seismic data processing.



CHAVYTER 5

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESIHSARCIH

The basic discussion of results and detailed conclusions have,
of course, been given where appropriate in the thesis. It is the purnpose
of this section to draw togefher the various ﬁhemes of this work into
one coherent whole,

The purposé of this study was %to investigate the auto-
correlation matrix and TFourier Transform techniques in relation %o
the estimation of moveout. From such moveout information it was howed
%o establish which multiéhannel moveout filter, out of a number of
possibie filters, should be chosen to filter the given input data.

To this end the following results were obtained :

(a) '"The corre;ation process will generally amplify the vresence
of any correlated event, be it siénal or correlated nolse. Conseqguently,
theréfore, these events will interfere wi?h one another in the column
of the second order.autocorrelation'matrix, unless a suitable multi-
channel filter is appliede. It was shown, for synthetic data records,
that the use of a multichannel filter scan on this column of the second
order autocorrelation}matrix could give quite accurate estimates of
the requiréd moveout for events of considerably low power. The benefit
of applying a mul?ighannel pre-filter to the input data, before
commencing the correlation analysis, was also demonstrated on synthetic
‘data; A number o% experiments were conducted on real data, the resulis
of‘which were consistent with‘that from synthetic data.

(b) The Fourier Transform was shown ?o be cavable of detecting
low power correlated eveantls, from synthetic data of linear moveout ,
particularly ?f these moveouts were #ery small. Detection of large
moveout correlated energy suffered from the non-alignment of the
gpecﬁral émoothing window,y though good accuracy could still be obtained.

Ho multichannel filter was used in those studies, though the resul

o
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were generally not cuite so good as those of the autocorrelaticn
later incorvoration of a multichannel Dre-filiter,
as in (a), greatly imvroved Tthe applicability of the method, Resulis

from the analyses of real data records were gencrally consistent with

those of synthetic data,

(¢) tiuch attention was given to a study of the muliichannel
filters used in the above analyses. It was generally fournd that good

filtered reuul*ﬂ could only be obtained if {the noveoutls Precent in
the data were Ql“ec ly comparable to those specified in the [il{
designe. The filtering process waé shown to be extremely sensitive to
this "moveout-matching', énd the application of the wrong filler gave
conpletely poor results, It is inportant to not only match the noveouts
to be passed, but also those to belrejectedo Some discussion was given
on the number of traces used in the filter design, and to the values

.

assigned to the weighﬁing factors for correlated and uncorrelated

noilses The ap§1i¢ation of a multichannel iilter scan to the input record
alone, gave good. feoulCS for both real and synthetic data. For some

of these cases, in fact,'no further analysis.may be necessary.

In cqnclusion, it has been shown that in order to ascertain
which filter shall be used on a given input record, an aultocorrelation
matrlx analysis and/or a TFourier lransform analysis may well yield the
reguired information. Considerable sensitivity in moveout selection
can be obtained by the use of these methods, and it is to be hoped
that they will find suitable application in seismic data processirgu

To finally conclude this work, some areas in which further
research may be pursyed are given below :

(i) a étudy of tﬁe problems in mululchannel Tilter design. To
some extent tpis was covered by Hubral (1970), but more work should
be done on the problems of filter stability and filter verformance,

L comvrehensive comparative situdy of different filters, in both the

time and frequency domains, could well be of interest. Of particular
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importance is the developnent of multichannel filters thal sive the
sane nunmber of output traces as there are invut traceSe.

in the

o

(ii) A variable angle spectral smoothing scheme, for us
f-k plane, should be developed in order to fully recover correlated
energy oI non-zZero moveout.

(iii) The development of the multichannel filter scan of the

he socond
order autocorrelation matrix column computed from pre-filtered invui

datae. As mentioned in Chapter 3, this depends upon the successiul

desipn of the many output trace multichaunel filter of vt (i) nbove.

(iv) For the analysis of large volumes of data it would Dbe uscful

to produce output tapes that could be played bacl: on, say, a drum

plotter, so that "“variable area" displays could be obtained in addition

to the existing twiggle trace'! presentation.
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"Geodat!" - a moveout analysis data processing vackage

This package is designed to perform Pourier Transforns,
correlalklion aﬁalyses and multichannel filtering, together with the
rlotting of the results on either a "Kingmalic” or '"Calcomp' plotter.
' The whole program is written in FORTRAN IV, with a modular structurec,
for use on the Imperial College CDC 6400. Communication between the
modules is effected through the use of appropriate disc files,.

The pacgage may operate in any one of eight different modes,
each mode being defined by the parameter "IDJOBY as follows :

IDJOB = 1, TFourier Transform of a selsmic record,

IDJCB = 2, Fourier Transforms of both a seismic record and a
pre-filtered version of the record.
IDJOB = 3, ~Fourier Transform of a pre-filtered seismic records

IDJOB = 4, second-order autocorrelation of a seismié record,
together with a post-filter scan of this autocorrclation,

IDJOB

5, second-order autocorrelation of a pre-filtered seisnic
record, together with a post-filter scan of this
autocorrelationa

IDJOB = 6, filter scan of the input record, together with the

second-order autocorrelation, for each filtered record.

IDJCB

]
-q

filter scan of a seismic reccord.
IDJOB = 8, filter scan of a pre-filtered seismic record.
The operation of the "Géodat“ package may be deduced from the
given flowchart. The encircled numbers refer to the particular "IDJCBY
option mentioned above, and‘the other numbers to the name of a

particular disc¢ file,
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The colour code for the contours of the Frourier ransiorm

vlots (Chapter 4) is given as follows

0.0 db {red) -%,0 b (green). -18.0 db (blue)
'..1‘.0 db (black) -5.0 db (blaclk) 24,0 db (red)
-2.0 db (red) -6,0 db (black) -30.0 db (blaclk)
~3.0 db (blue) ~12.0 db (green)



