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ABSERACT 

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 data, 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 present in the data and those 

specified for the particular filter design. Application of these 

filters to real data records give results. in good agreement to that 

expected from a study of the synthetic case. 

The analytical methods,of (i).  the autocorrelation matrix, and 

(ii) the Fourier Transform, are presented and discussed. The "average" 

or second order autocorrelation 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 a multichannel filter, from the input 

data before commencing analysis, is also demonstrated. Results from the 

analyses of real data records are generally consistent with those of 

the synthetic case. 
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CHAI:TER 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. By means of multichannel 

filtering techniques it was hoped to improve the quality of seismic 

records by using information from several data channels, that could 

not be obtained from the use of one channel alone. For example, it 

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

have a lower trace-to-trace "moveout" than the unwanted reflections 

(the "correlated noise"). In principle, a multichannel filter could 

be designed that would "pass" the low-moveout signals and "reject" the 

high-moveout correlated noise. 

The results from multichannel filtering processes have, however, 

been rather disappointing when applied to real data. The reasons for 

this are many and varied. Lindsey (1970), for example, states that the 

channel to channel perturbations in a multichannel recording system 

set 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 stationarity (e.g. Wadsworth et al., 1953), preclude 

the taking of a large record length for processing. Schneider in fact, 

(1971), refers to multichannel filtering as a "processing curiosity". 

None the less, it is the purpose of this thesis to investigate the 

analytical methods of correlation and Fourier analysis, and to assess to 

what extent these methods may be successfully applied to multichannel 

moveout filters. 

The filter used in this thesis is the multichannel ',:dener 

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

part of a continuing research programme at Imperial College into the 
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theory, design and application of multichannel filters. The Tyrevious 

thesis to this (Hubral, 1970), showed that the -donor filter wa:73 

very good moveout filter. The choice is vindicated by the cluality 

of results shown in this thesis. In the context of this thesis it 

should be noted that a "multichannel filter" will be taken to moan 

a "multichannel moveout filter of the Wiener type". 

Chapter two deals with the application of a number of 

multichannel Wiener filters to a variety of synthetic data, in order 

to gain some insight into the performance of such filters. It is 

shown that these filters form a useful pirocessing tool, in their own 

right. Chapter three investigates various aspects of the correlation 

analysis of seismic traces, and shows how multichannel filters may 

'be used to good effect in this analysis. Chapter four describes a 

similar investigoation on the two-dimensional Fourier analysis of 

a seismic section, though with a rather more restricted use of multi- 

channel filters. The methods were tried on such exainrles of real data 

as were available, and discussion of these results, together with 

comparisons between the different methods, are presented where 

appropriate. 

All computing work was effected through the use of the seismic 

moveout data processing package "Geodat". This package was designed 

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 maps 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 sufficiently clear to enable the 

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 required 

on a particular topic may be obtained through one of the references 

quoted in the text. 

1.1 Background discussion 

Although no truly comprehensive text-book of seismic data 

processing is currently available, of which the author is aware, none 

the less a great many papers and books have been published that deal 

with particular. aspects of the subject, to some degree (Finetti et al, 

1971, give, a long list of suitable references). It is the purpose of 

this section only to bring together the salient points necessary for 

an understanding of the context in which this work was set. These points 

are listed below, together with a few sentences on each 

1.1.1 linearity and the convolution theorem  

The earth is assumed to behave as a linear system. Any linear 

system may be characterised by its "unit-impulse response function" ,  

i.e. the response of the system to a unit-impulse (Z). The output 

function, y(t), of a linear system of unit-impulse response function 

a(t), to an input function, x(t), is given by the convolution (denoted 

by the symbol * ) of the input function with the unit-impulse response 

function. Hence, y(t) = x(t) * a(t). In the frequency domain this 

result becomes Y(f) = X(f).A(f), i.e. convolution in the time doliain 

is equivalent to multiplication in the frequency domain (convolution 

theorem). The functions 11(f), X(f) and A(f) are the Fourier transforms 

of y(t), x(t) and a(t) respectively. 

1.1.2 statistical assumptions 

The seismogram that is observed is regarded as being only one 

out of a large number of possible seismograms that could have been 

observed. This vast collection of seismograms is termed an "en:;erAble", 

X(t), and the observed seismogram is a particular "realisation" of it, 

xi(t), i.e. xi(t)  E lx(t)\ . 



It is assumed that a seismic trace constitutes a "stationary" 

time series, i.e. that measurements of autocorrelation functions, 

power spectral estimates and so on, do not depend upon the time origin 

chosen for their measurement. Such an assumption is generally only 

true, in real data, for short record lengths (Wadsworth et al., 1953). 

It is further assumed (ergodic hypothesis) that the time average and 

the ensemble average are the same, i.e. that the average value of 

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

equal to that obtained by averaging over, all the traces at one time, 

hence x.(t) = tX(t.)\ . These notions of average behaviour form the 

cornerstone of statistical .communication theory, from which much of 

current data processing is derived. Further discussion may be found 

in Lee (1960). 

1.1.3 Wold Decom-Osition Theorem  

This theorem states that a stationary time series, of 

absolutely continuous spectral distribution function, may be regarded 

as the convolution of a minimum-delay wavelet with a random spike 

series (Robinson, 1967a). 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. Briefly, 

a minimum-delay wavelet is that wavelet which has the most rapid build 

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 

random spike series represents the random reflection coefficients of 

the different seismic reflectors. The random position of these 

reflectors lead to arandomness in the spacing of the random spikes. 

1.1.4 Sampling theorem 

The Shannon, sampling theorem states that a continuous 

function may only be recovered from its samples if the continuous 

function contains no components of greater frequency than half the 

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



is termed "aliasing", a concept that is readily understood in the 

frequency domain ; 

Let the bandwidth of a continuous function x(t) be given by 

2B, then, if this function is sampled every T units of time, the 

spectrum of the continuous series will be repeated every 1/T cycles 

per time unit in the frequency domain. The Shannon theorem requires  

that T 	1/213. if T > 1/2E, then the repeated spectra will overlay 

to give "Nyquist foldoveriT or "aliasing". The limiting frequency is 

termed the "Nyquist frequency" and is equal to 0.fj cycles per time unit. 

chenever continuous data is sampled, or discrete data 

resampled, an appropriate anti-alias filter should always be incorporated. 

Further discussion on sampling may be found in Bendat and 1-iersol 

(1966). 

1.2 Synthetic data seismic model  

The seismic model chosen for the computation of synthetic 

data in this thesis is defined-by the following relation 

xi(t) = s(t-Ui) 	1.r(t-Pi) 	1.ni(t) 	(i=1,"?,N) 

where i = trace number (or channel number) 

N = total number of traces 

t = discrete time index, at unit sampling interval 

xi(t) = output trace on channel i 

s(t) = signal trace component 

r(t) = correlated noise trace component 

n.(t) = uncorrelated noise trace component for channel i 

0 = signal moveout on channel i 

= correlated noise moveout on channel i 

= signal to correlated noise power ratio 

= signal to uncorrelated noise power ratio 
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After the fashion of Wold and Robinson (1.1.3), the three consituent 

traces s(t), r(t) and n(t) were constructed from minimum-delay 

wavelets and random spike series according to 

s(t) = b1(t) 

r(t) = b
2(t) 	(t) 

ni(t) = b3(t) 

The functions b1(t), b2(t) and b3(t) were the minimum-delay wavelets, 

and were each taken to be the impulse response of an appropriate 

Butterworth filter. Defining such a filter by (f1/m1 	f2/m2) where 

f1 and f2 are the half-power frequencies (in cycles per second) and 

m1 and a2 are the slopes through those frequencies (in decibels per 

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

b1(t) = 20/24 - 80/18, (signal wavelet) 

b2(t) 	10/12 - 50/18, (correlated noise wavelet) 

b
3
(t) = 15/24 - 80/18, (uncorrelated noise wavelet) 

• The functions 11(t), 	(t) and i(t) were all different sets of 

random numbers, each set having a rectangular probability distribution 

function and giving random amplitudes, within the interval (-/5, v/75), 

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

considered necessary to have a random distribution for the arrival 

times of these random amplitudes, particularly since the position of 

a large reflection in the synthetic record would be random, 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 Nyquist frequency of 250 c.p.s, 

1.2.1 movebut functions  

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

linear moveouts require many more filters than that for linear 

moveouts. Accordingly, it was .felt sufficient for the present content 

to deal largely with linear moveouts. The moveout function 	the 
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signal was 'taken to be Zero Samples per grace, 	= 	 , and that for 

the correlated noise was taken to be 1, 2, 3 or 4 samples per trace 

as the particular example demanded. 

For a few examples a quadratic moveout function was taken 

for the correlated noise, 13 i. 	12/24. /24. Strictly speaking, a hyperbolic 

function should have been_chosen, but duo to difficulties with the 

filter design in the present filter-producing program (writ'Gea by 

Hubral and based on Robinson, 1967a), a quadratic function was t;1;:en. 

This distinction is unlikely to be of importance for the presont 

Further discussion on moveout may be found in :obinson (1970b) 	ja 

Robinson (1972). 

1.2.2 discussion of model  

In addition to what has already been said, it should be 

noted that the gain level and signal to noise ratios are constant 

for each trace in the synthetic record. This is unlikely to be the 

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

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

whole record is statistically stationary. None the less it is envis 

that the model used will suffice for the particular problems studied 

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

introduction of other features into it. 

1.3 Real data  

The real data used for this thesis was a "noise spread" 

provided by British Petroleum (Sunbury), to whom the author is 

greatly indebted. The records contained many linear or quasi-linear 

moveout events, and gave several different examples of signal to 

noise conditions. The sampling rate of this digitised data was 2 msee. 

The records are uncorrected and correspond to a unique field 

experiment in geophone group research, in which continuous offset 

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 appropriately 

displaced for each shot. 

For ease of later comparison in the thesis, the differeat 

sections taken from the spread are presented as Fig 1.1 - Pig 1.6. 

The table below lists the relevant information for these records 

Figure 

number 

shot-point 

number 

number of 

traces 

length of trace 

(in samples) 

offset of trace 

(in samples) 

1.1 3001 24 250 275 

1.2 3002 24 250 75 

1.3 3003 24 250 4.5 

1.4 3005 24 250 375 

1.5 3006 24 250 375 

1.6 3007 24r 250 210 

Table 1.1 Index of real data 

It should be noted that each 24-trace record consists of two 

12-trace records, the last and first traces of which overlap (i.e. 

traces 12 and 13 are the same). This leads, of course, to a "kink" 

in any moveout straddling the middle traces. In order to overcome 

this effect a 23-trace record was used for processing, consisting of 

traces 1 - 11 and traces 13 - 21+, renumbered as traces 1 - 23. 

Comparison of these results clearly show the presence of 

ground roll on Fig. 1.2, Fig. 1.1+ and Fig. 1.5. Some of the work in 

this thesis necessitated the removal of this ground roll, a task that 

was effected by the application of a simple band pass filter, designed 

pass frequencies in the range 30 c.p.s. to 250 c.p.s. (the ::yquist 

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

records. The results are referred to as the "band pass filtered version 
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FiF. 1.1 shotpoint 3001, 24 traces (upper), 23 traces (lower) 
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Fig®  1.2 shotpoint 3002, 24 traces (upper), 23 traces (lower) 
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Fig..  1.4 shotpoint 3005, 24 traces (upper), 23 traces (lower) 
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Fig.  1.5 shotpoint 3006, 24 traces (upper), 23 traces (lower) 
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of the record', and are presented as Fig. 1.7 (shotpoint 3002), 

Fig. 1.8 (shotpoint 3005) and Fig. 1._9 (shotpoint 3006). This 

information is summarised in Table 1.2. 

Figure 

number 

shot-point 

number 

number of 

traces 

ir,,Inth 	of 	Lrac(J 

(in samples) 

1.7 3002 23 298 

1.8 	. 3005 23  298 

1.9 3006 23 298 

Table 1.2 Index of band pass filtered real data records 
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Fig.  1.7 (upper) band-pass filtered shotpoint 3002 

Fig.  1.8 (lower) band-pass filtered shotpoint 3005 
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Fig., 1.9 band-pass filtered shotpoint 3006 
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rISP, , C1W 

LULTICHAN= 	EOVEOUT FILTERS 

SEISEIC DATA 1;ROChSS 

2.,0 Introduction 

The purpose of this chapter is to develop a certain 0f,-el" 

for multichannel Wiener moveout filters, so that one may educe, for 

a given situation, just what it is that these filters may be ex:Lbcted 

to achieve. The filter used, in fact, is the optimum multichannel 

stacking filter of P. Hubral (1970), which is a development of the 

Wiener filter (1949). however, the term 'multichannel filter" will 

still suffice. 

In the comparison between results produced by different 

filters it should be noted that the design characteristics of each 

filter were generally different. Although_ it would have been desirable 

for all filters to have the same design characteristics, such as 

the same weightings on the reject regions, sane noise stabilising 

power and so on, this was just not possible. For example, the same 

noise stabilising power on two reject/pass filters would produce a 

mean-square-error of %) for one and 	for the other. The compromise 

solution that was reached was to ensure that each filter had a mean-

square-error at maximum lag that was less than 1(%that of zero lag. 

Hence, some difference in the filtered results would be expected on 

this basis alone. However, it is felt that these differences will not 

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 thems ves. 

The purpose of a multichannel moveout filter is to pass 

those events of one moveout range, and to reject those events of 

another moveout range. For this thesis the phrase "noveout of the 
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filter" will be taken to mean ,, that moveout for which t, , filter was 

designed to pass/reject". 

The two 1pasic questions to be inves gated in this chaeter, 

by the application of multichannel filters to a variety of real ant 

synthetic'data, are (i) to what extent is the performance of a multi-

channel filter dependent upon different signal to noise ratios?, an(. 

(ii) to what accuracy must the moveout of the filter be matched to 

the.moveout of the data? 

2.1 Filter theory and design 

The optimum multichannel stacking filter, designed to pass 

one set of moveouts and to reject another set of moveouts, requires 

that the error between the desired and actual output traces shall be 

a minimum, in a least squares sense (Treitel; 1970; Finetti et al. 

1971). This criterion leads to the following set of normal equations : 

A.
1 
 (f) 	.(f) 	G.(f), 	(j=1,999F) 

i=1 
where A (f) = required filter components 

R. .(f)- 	.(fA +0-E .(4 + ij 	ij 	s 	
j 	r 	oo.,.(1 ).J ii  

G .(f) = E 	.(f)1 

N = number of traces 

and 	ij(f) = cross-power soectrum of input traces i,j 

(i
j
(f) = cross-power spectrum of output.trace j with the 

signal on input trace j 

Et 	= the expected value of the quantity in brackets 

= weighting factor for correlated noise 

= weighting factor for uncorrelated noise 



box (f) = 1, for 	box (f) 
	= 

and box (f) 	0, for ‘1:k > 

1, for i = j;
ij 

= 0, for i 	00 

Quiteclearlyt thetermsforRij(f) refer to contributions from signal, 

correlated noise and uncorrelated noise. Note that it has been 

assumed that the input signals are broad-band, i.e.  

{a) ..(f) 	box (f). 4. 34 

The arrival time of the signal, etj, is regarded as a rando 

variable and is confined to arrive within a time window specified by 

t. and t.
J 
 + At.. A reference trace r is chosen so that 

= t • 
J 
 + A t . 

J 
	It i  + 	i  

2 	4Str  

The parameters 	and 
J

7.are both random variables, of probability 

distribution functions given by 

10("11 ) = 1 box(14/41tr), 	• P 	 I box( j/ tc ) 
Ctr  

From these relations it can be seen that the random variable 

forces the arrival times of the signals to fall on non-overlapping 

curves, dividing the window for each trace in the same ratio. The 

<4,• 
random variable 	. allows for some random deviation from any curve 

determined by 71 on each trace. The parameter tc is termed the "chatter 

parameter" (cf. Galbraith and Wiggins, 1968). 

All these considerations are included in the filter-producing 

',Program of Hubral, which uses many of the subroutines presented by 

Robinson (1967a). For this present work it is sufficient to merely 

consider those features that are directly relevant to the computation 

of a multichannel moveout filter. 

Figure 2.1 showS a typical time window used for the computation 

of linear moveout Wiener filters. Such a time window would pass (reject) 

moveouts in the range I-ell:1:c, and reject (pass) moveouts in the 

range C4.; 1 	V. 	. It is possible, of course, to introduce 

more regions into the time window so' as to reject more 
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than one range of moveouts. however, it has been shown (Hubrali that 

the performance of a filter is generally better for fewer design 

regions. A number of filters were computed for different moveeuts, 

and the specifications are presented in Table 2.1. The length chosen 

for a filter was generally taken to be twice that of the maximum 

moveout displacement encompassed by the number of filter components, 

e.g. a 12-trace filter designed to reject a moveout 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 appear as follows 

filter name = name by which the filter will be referred. 

ID, NUMB. = filter code for use with the "Geodat" package. 

= critical moveout it is desired to accept/reject 

for the central region, in samples per trace. 

principal moveout it,is desired to accept/reject 

for the outer regions, in samples per trace. 

tolerated difference aboutl, in samples per trece. 

eat, 	parameters determining the boundaries of the 

outer regions. 

NF = number of filter components. 

LF = length of each filter component, in sampler;. 

mean square error at maximum lag, as a 	of th, 

at zero lag. 

0-6 = weighting factor for correlated noise 

weighting factor for uncorrelated noise, i.e. 

the noise stabilising power. 

From Figure 2.1 it can be seen that ab  = 	-at ).14/ 2. 

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

designed to reject moveouts in the range I'Citz. 0.5, and to pass moveouts 

in the range 1. 	VC1 2.5. 
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The differences between the desired and actual characteristics 

of a multichannel filter, and the effects of varying the design 

parameters on these characteristics, have been discussed by hubral, 

(1970). 

The chatter parameter for all filters was taken to be 0.01, 

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

took, place. 

trace I 

trace 2 

trace 

Fig.  2.1 time window for a moveout filter 

The application of a multichannel filter was effected 

through the use of the "Geodat" package. The input traces, 

(x.(t), i=1„,N), were convolved with the appropriate filter 

components, (f.(t), j=1,„M), to give the filtered output traces, 

(yk(t), k=1„,N-N+1), according 4-  to 

yk(t) = 
j=1 

f,(t) 

The relation for the number of output traces may be derived as 

follows : 

Let max(q).  denote the maximum value of the parameter q. 

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

..max(k) 	max(j) - 1 = N 

But max(j) = M, 

,*.max(k) = N 	1 
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It should be noted that each filtered output trace has undergone an 

--fold stacking process. Hence it can be expected that each out -cut 

trace would have an H-fold reduction in the signal to uncerrelated 

noise power ratio (Robinson, 1970a). 

If it is desired to filter a given record more than once, 

then it is clearly necessary to choose the number of filter components 

in each filter very carefully. If both filters have a large nuhiber of 

components, then the number of output traces will be very few; 

conversely, fewer filter components will lead to more output traces, 

but these traces will probably be of a poorer quality than those of 

the former case. Each individual filtering problem has to be considered 

. on its own merits, but one should aim to have at least six traces in 

the final record -inorder to ascertain the presence of any residual 

moveouts. ■ 

The analysis so far is only valid for linear moveout. 'Eccause 

linear moveout is linear (sic) the same filter 	f.(t) may be a, 

(N-1.4+1) times in succession to the 	sets of input traces. However, 

for hyperbolic moveout, each of the (N-Ilii-1) applications require a 

different filter - hence 	 f.A becomes f.(t) . Hyperbolic 

moveout filters have the problem that the random variable 11 does not 

divide the window for each trace in the same ratio. This problem does 

not exist, however, for quadratic moveout filters. Accordingly, 

therefore, a quadratic filter will be taken in order to effect a more 

suitable comparison between the results of linear and non-linear 

filtering. 

It was decided to compute a "quadratic analogue" of filter 

*PRI, that would pass low moveout linear events, and reject high 

moveout quadratic events. Consequently, the time window of Figure 2.1 

was taken, with the boundaries of the outer regions now being 

quadratic rather than linear. The widths of the upper and lower 

extremities of these regions are, of course, now different. In order 
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to filter out a moveout of the form 	= q2/24, where q  is the trace 

number, the set of filters presented in Table 2.2 were comDuted. The 

filters were designed to pass linear moveouts 	t 0.25, and to 

reject quadratic moveouts q
2
/24 - A ci -;1 	E q2/24 4. 6 q, where 

2 	q2 
ref  

2 -  a2 
qmax 'ref 

and gref = reference trace number 

q 	= maximum trace number max 

The total set of quadratic filters needed to filter out a 

given moveout will often be referred to as a "quadratic filter". The 

equationsfortheinner(b.)and outer 
(bout)  boundaries of the in 

quadratic regions were given by 

b 	1 1 
. rbOut = , 	+ 

z 
 in 24 2 

	

gref 	gref 

a2 . where z = 	-Jcef 	
d 	,-• and d = 1.0 (window width at lower 

t 2 	2 2 	- g kg 	,) max 	re.. extremity) 

The set of filters g1 - Q13 will often be referred to by the filter 

name Nu. 
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REJ 
	

FILTERS 

filter 

naue 

filter code  

. 1A-C1) 
Nrk: 	1 	LT- 

ID NUEI3 

*RP1 

R22 

*-3, X14. ..., 

*R14 

*R25 

*RP7 

*RP10 

2 

2 

2 

2 

2 

2 

2 

1 

2 

3 

4 

5 

7 

10 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

1.0 

2.0 

4.0 

3.0 

1.0 

3.0 

2.0 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

1 

3 

7 

5 

1 

5 

3 

3 

5 

9 

7 

3 

7 

5 

12 

6 

- 0 

6 

6 

9 i 

10 

25 

25 

50 r,- 5 

38 

13 

-b ) r 

40 

3 

5 

1 

3 

20 

20 

20 

20 

20 

25 

20 

5.0 

1.0 

1.0 

0.5 

0.5 

4.0 

2.0 

PASS-REJECT FILTERS 

filter 

name 

filter code 
NI: LF C- 

1 
I 

ID ::-Cil.3 

*PR1 1 1 0.25 1.0 0.5 2 6 12 25 
L

.
1 

G
  
0
 
0
 C
O

  

1.0 0.05  

*PR2 1 2 0.25 2.0 0.25 7 9 10 41 0. 0.05 

,F pR  3 1 3 0.25 0.6 0.4 1 L4 12 25 0.9 0.05 

*:R4 1 4 0.25 1.0 0.5 2 6 6 25 0.5 0.05 

*.h-R6 1 6 0.25 0.5 0.25 1 3 12 25 0.3 0.05 

*PR7 1 7 0.25 1.5 0.25 5 7 12 32 1.0 0.05 

*20 1 8 0.25 3.0 0.5 10 14 9 5/1 0.9 0.05 

kPR9 1 9 0.25 3.0 1.0 8 16 9 54 0.6 s).05 

*1210 1 10 0.25 5.0 2.0 /I 20 0  54 0.6 °.('5  

Table 2.1 specifications for linear moveout filterc; 
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l'ASS-REJECT FILTERS  

filter filter code 

name ID 11= 

Q1  5 1 0.25 12 25 5 	0.3 0.8 

Q2 5 2 0.25 12 25 3 	o.8 0.8 

Q3 5 3 0.25 12 25 6 	0.9 0.5 

q4 5 4 0.25 12 25 5 	0.9 0.5 

05 5 5 0.25 12 25 3 	0.8 1.o 

ct'S 5 6 0.25 12 25 3 	0.8 1.0 

Q7 5 7 0.25 12 25 2 	0.3 I.o 

0 5 8 ' 0.25 12 25 8 	0.9 0.3  

Q9 5 9 0.25 12 25 9 	0.9 0.9 

Q10 5 10 0.25 12 25 7 	0.9 0.3 

01 5 11 0.25 12 25 7 	0.9 0.3 

',:.;12 5 12 0.25 12 25 6 1.0 0.2 

Q13 5 13 0.25 12 25 6 1.0 0.2 

Table 2.2 specifications for quadratic moveout filters 
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2.2 Filter applications to synthetic data 

The specifications for all the synthetic data computed in 

this chapter, together with the appropriate filtering information, 

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. Each plot was normalised by the 

maximum trace amplitude present in that plot, and was also assigned 

a unique figure number. All the synthetic records. consist of 24 

traces, corresponding to the common "end-on" shooting arrangement, 

with trace 1 nearest the shot. A little further discussion on the 

synthetic data is now appropriate. 

The analyses of noise theory (e.g. Bracewell, 1965), require. 

that the average amplitude of the noise component shall be zero. cite 

clearly it is impossible to guarantee this condition for real data, 

so consequently no attempt was made to satisfy this requirement for 

synthetic data. The taking of large record lengths, of course, improves 

the statistical independence of the random noise and also causes the 

average amplitude of this noise to tend towards zero. However, as 

was indicated in the previous chapter, very large record lengths of 

real data have to be excluded due to problems of stationarity. 

Furthermore, it was not considered necessary to remove the average 

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

translation of the autocorrelation functions could be observed ( oe 

Chapter 3). It is assumed, therefore, that the average amplitude of 

each trace is either zero or very nearly zero, with a similar 

assumption for the random noise component. These two assumptions 

apply to both real and synthetic data. 

In comparing the results from real and synthetic data it 

must be remembered that real data will generally contain fewer 

reflections per unit record length" than will synthetic data. Hence, 

a given signal to noise ratio for real data will result in a more 
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"readable" record than that for synthetic data. Un this bacis of 

signal to noise ratio, then, one would:c±ect better results from 

real data than from synthetic data. Other considerations, however, 

such as those. mentioned in the previous chapter, will degrade the 

real data results. 

11.B. In all the riots of input traces and filtered recol-0,  ..--, the 

vertical scale corresponds to the trace numbering system and 

the horizontal scale to time (in milliseconds). A "timing line" iz 

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

samples). The origin is always taken to be 0 msec., and the traces 

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

IUNFILT2RED RECORDS FILTERED REL'ULTS 
c 

Figure /3 1 
	1 unfiltered filtered .Pilter 

iA a.• 
number qi) (a) - a Fig. No. Fic. 	:: name 

. 
2.2 -6.0 6.0 0 i 2.2 2.3 '':R1 

2.4 -15.0 6.0 0 i. 2  . k 2.5 "1--R1 

2.6 -20.0 6.0 0 i 2.6 2.7 *1.1 

2.8 -30.0 6.0 0 i ,. 0.o 0 2.9 '-i1Z1 i 
i 

2.10 0.0 0.0 0 i 2.10 2.11 '1-R1 

2.12 0.0 -6.0 0 i 2.12 2.13 *:2,1 

2.14 0.0 -12.0 0 i 2.14 2.15 ',21 

2.16 -15.0 -6.0 0 i 2.16 2.17 *1:21 

2.18 0.0 -9.0 0 3i 2.18 2.19 ',--1-23 

2.18 2.20 '-R9 

2.18 2.21 "I'R10 

2.4 2.22 '5.-R7 

2.4 2.23 *1'22 

2.4 2.24 - ±',1?.4 

2.4 2.25 *:LT.:4 
(twice) 

2.26 -15.0 6.0 0 i2/24 2.26 2.27 Q 

2.28 0.0 0.0 0 i2/24 2.28 2.29 

2.30 0.0 -6.0 0 ±2/21+ 2.30 2.31 , 

2.26 2.32 "T-Ill 
fi 

Table 2.3 specifications for synthetic data 



2.2.1 effects of different noise levels 

This section is concerned with the effect of different 

signal to noise ratios, for both correlated and uncorrelated noise, 

on the performance of a multichannel filter. All moveout and filterin 

information may be found in Table 2.3. 

Fig. 2.2 shows an input record for a correlated noise level 

of p = -6.0 db, and an uncorrelated noise level of -1) = 6.0 db. 

Applying pass/reject filter *I'R1 gives the result of 	g. 2.3, 

it is seen that the correlated noise has been completely removed 

that the signal has been successfully rucovred. 	rAviLy 

shape across the record is very good. 

Increasing the correlated noise level in successive stages, 

whilst keeping the random noise level constant at 6.0 db, gives t e 

input records of Fig. 2.4 ( f  . -15.0 db), Fig. 2.6 ( ID = -20.0 db) 

and Fig. 2.8 ( it)  . -30.0 db).,The results of applying filter 4-11 

are given as Fig. 2.5, Fig. 2.7 and Fig. 2.9, respectively. 7ig. 2.5 

shows that the very strong correlated noise of Fig. 2.4 has been 

almost completely removed, and that signal recovery compares quite 

favourably with Fig. 2.3. Comparing the input data of Fig. 2.2 and 

Fig. 2.4, together with their respective filtered results, show that 

the multichannel filter has certainly achieved a quite remarkable 

result. Increasing the correlated noise level (Fig. 2.6) leads to a 

deterioration in the rejection of correlated noise (Fig. 2.7), 

though the detection of signal is still apparent. Increasing the 

correlated noise still further -(Fig.2.8) leads to a complete break-

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. 

is given in Fig. 2.9(b) - the former picture has a "suppressed'i 

appearance due to the presence of very large amplitudes at the end 

of the record, accordingly, the latter picture consists of the first 

500 cosec. of the former picture). 
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The next records show the effect of increasing the random 

noise level, whilst keeping the level of correlated noise constant • 

at p = 0.0 db. Since a multichannel filter is designed with the 

specific intention of passing one range of moveouts and rejecting 

another range of moveouts, it may be suspected "a priori" that the 

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

large moveouts, i.e. when presented with a large content of random 

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

Fig. 2.10 shows an input record of uncorrelated noise level 

0.0 db. The filtered result (Fig. 2.11) is quite good, 

detection being very much in evidence. Increasing the random noise 

by -6.0 db (Fig. 2.12) leads to a poorer filtered result (Fig. 2.13), 

but some signal detection is still good. increasing this noise by a 

further -6.0 db (Fig. 2.14), however, completely destroys the filtered 

result (Fig. 2.15). 

An example of high correlated noise ( 0 . -15.0 db) and 
.appreciable uncorrelated noise (1.?:. =, -6.0 db) is presented in Fig. 2.16, 

with the filtered result as Fig. 2.17. Signal recovery and rejection 

of correlated noise are both good. 

Cancellation of random noise is primarily due to the stacking 

process by which each filtered output 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 

encompassed by the reject region of the filter. One would expect, 

therefore, that wide angle reject regions would be more successful 

in the cancellation of random noise than would narrow angle regions. 

An illustration of this is given by Fig. 2.13 - Fig. 2.21,. Fig. 2. 

. shows an input record for a correlated noise level of 	0.0 db, 

and an uncorrelated noise level of V = -9.0 db. The result of filtering:  

this record by a narrow angle filter (FP8), a medium angle filter 

(*i;R9) and a wide angle filter (*FRIO), are presented as Fig. 
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Fig. 2.20 and Fig. 2.21, respectively. It is imhiadiately 

from these results that a wide angle reject region filter cab oc 

Quite efficacious in the cancellation of uncorrelated noise. 

The results of this section have shown, therefore, that 

multichannel filtering is a very powerful tool for the (Iotection of 

low power events;- even in the presence of appreciable 1.1oorrolate:1 

noise. Oonsideriable levels of correlated noise can be successfully 

rejected, with wide angle filters having particular application for 

high random noise. As might be expected, the filtering 7)rocess i8 

far more sensitive to the level of uncorrelated noise than it is to 

correlated noise. The method was "broken" by a level of -50.0 db of 

correlated noise, whereas a level of only -12.0 db of uncorrelated 

noise was necessary to achieve a similar result. 

An interesting comparison is made between Fig. 2. j and 

Fig. 2.11. Both these filtered records have the same general a. ,-,3cara cc, 

though the unfiltered records, Fig. 2.4 and Fig. 2.10, are markedly 

different. Similarly, Fig. 2.4 and Fig. 2.16 share some comon 

characteristics, though a greater difference is revealed in the 

filtered records Fig. 2.5 and Fig. 2.17. This would suggest the 

following "two-tier" interpretation of the filter-1_, process. The 

first stage is where the filter itself tries to (i) pass the signal 

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

design. The uncorrelated noise is not greatly affected by the filter, 

unless the reject region is particularly wide. The second stage is 

the stacking process, where the amplitude of the signal is enhanced 

relative to that of any residual correlated noise, together with a 

concomitant reduction of the random noise. The quality of the final 

'result may largely depend upon the residual level of random noise, i.e. 

the filtering could have been quite successful, with good sign al 

recovery and rejection of correlated noise, but whether or not each. 



), 0 

a result would be in evidence could be determined by the efficacy of 

the stack in cancelling the uncorrelated noise. 

1,1ultichannel filtering may then have ap-aication, not only 

as an "optional extra' to be included in the common-depth-point 

Stacking process, but also in the removal of residual moveouto from 

conventional common-depth-point stacks* 



2.2.2 matching 	moveout between filter' and d ' 

The coefficients of a multichannel filter may be obtainc,i 

by performing a correlation'analysis on the input traces thcl,selvec 

(Davies and Mercado, 1968). An alternative aptroach, namely soiyi 

the desired filter output (a unit splice) and the time window 

configuration, is used in this thesis. Applying one filter from a 

set of pre-calculated filters involves, of course, the possibility 

of selecting the wrong filter. The purl:02e Of thi 	ction irJ to 

investigate the sensitivity of multichannel filter Iiriorance,  to 

the agreement between a moveout in the data it is desired to reject, 

and the reject moveout actually specified for the filter. 

Fig. 2.5 showed the result of filtering Fig. 2.4 with pass/ 

reject filter *PR1. The correlated noise moveout in the data was 1 

sample per trace, and the filter was designed to reject a moveout of 

1.0 t0.5 samples per trace.' This same record, Fig. 2.4, was then 

filtered by pass/reject filter *PR7, a filter designed to reject 

moveouts in the range 1.5 t 0.25,,and also by pass/reject filter 

*1-',R2, a filter designed to reject moveouts in the range 2.0 ± 0.25, 

samples per trace. These filtered results are given as Fig. 2.22 a.r..d 

Fig. 2.23, respectively. The degradation of quality in the filtered 

records from Fig. 2.5, through Fig. 2.22 to Fig. 2.23, is immediately 

apparent. 

Hence it may be concluded that multichannel filtering is 

a very sensitive method that largely depends upon an accurate "match' 

between the moveouts of filter and data for its success. 
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2.2.5 number of traces in filter  des 

It is felt that the number of t'.2a;;es vze 	desi 

a multichannel filter can be of considerable importance. Unfortunatel 

for reasons mentioned earlier, it was not possible to comare the 

performance of two filters for which all design characteristics 

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

Accordingly, therefore, in comparing the performance of the two 

filters used in this section, the 12 trace filter b1 and the 6 trace 

filter 'PR4, the difference in the weighting factor "cr'" must bc•taken 

into consideration (Ref. Table 2.1). Loth these filters were desic,:ned 

for the same time window configuration, random noise weighting: and 

similar mean square error. 

The result of applying filter *:PR4 to the input record of 

Fig. 2.4 is presented as Fig. 2.24. Comparison of Fig. 2.24 with 

Fig. 2.5 shows that the signal recovery and rejection of correlated 

noise by filter *I'R4 is not nearly so good as that of-filter 

Applying filter *PA once again to the filtered result of Fig. 2.2;i 

gives the "double-filtered" result of Fig. 2.25. Comparison of Fig. 

2.24 and Fig. 2.25 shows that the signal recovery and rejection of 

correlated noise for the latter case is considerably better than that 

of the former case. 

In so far as the single application of a 12 trace filter is 

comparable to the double application of a 6 trace filter, one would 

expect that the filtered result of Fig. 2.5 should be similar to that 

of Fig. 2.25. Comparison of these results certainly show that they are 

similar, and that Fig. 2.25 is a much closer "match" to Fig. 2.5 ;h an 

is Fig. 2.24. Such differences as exist between Fig. 2.5 and 	g. 2.25 

are probably due to the differences in the correlated noise wghting 

factor T. 

It may be concluded from this section, therefore, that as 

many traces as possible should be included in the filter design as is 

Practicable for the particular problem under analysis. 



\ 
\/\!\,r 	\ 	I 	,\„ r ,' 	v 	 \\'' jf 	 \ 

/\., 	 I 	 . 
, 	„ - 	 \\V - 	‘7 

,7\ 	f 	
JAI 

\ 	 6 r 

--J\ 	
p   j 

----- \-1 	 - , --- 
' 	

r 
A  

	r_," A 

\ 	 , 
c 	 / 	s 

., 	7, .„ 

1 I \\ 

Fir. 2.24 result of filtering Fig. 2.4 with '1-PYr 

- 

■.‘ 	 r  
, 	\ f 	- 	•••• - A4 

\.,,A f 	\\ I / \' \ \, fv- ,,, i i  / -\:,..„, , ,,,i 	r„, -\ 	■./- --- ,,, 	„. --..7-v---  t'-'" \,,',\' ' . 7.-- 	\I  ■ 	,,I,,,., .r .,\ ,„, 	_ 	, 1 ,\ 	i. 	' ,,'''' \..I  '. :''' .1.  

/`- 	,-/P-  '.1 1-''''''.  1 '',:\ 	 f-'.''''' 	' rl. , ,, ,,\Y .{' \fvu ,..,7,,,„\---P\.,, \''\..r'\l f ,(1. \IT- \''. I ''' -' I
; 	_,,,,,,_„_f -  \ 	/'-"IA ...c.\ / 	z.\''-'_ r '') -- 	' 	\.....„. R 

■., 	\_. ,,v, , -\i 
,,,,,V7,7-\ ,,\_'r  \i'\''' 

,,,--\rv 	r 
\, \. i\ fv-\//--,_,,'\'',1' , 	,i--...,,A,,A,/,,c-,-(` /v \r--.../- 	\-,,,,,/ 1 	

1 

• 

Fir 2.25 result of filterinr 	r 2 4  1.Htb 0, 	, 



- 5?) - 

2.2.4 Quadraticfjltering 

The analysis of all records so far have been concerned with 

correlated noise of linear moveout. The purpose of this section is 

to investigate records for which the correlated noise possesses a 

quadratic moveout, whilst retaining the linear moveout for the signal. 

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

linear moveout filtering, three examples were chosen with signal to 

noise ratio conditions the same as for the linear case. 

Three records of quadratic correlated noise moveout, for 

signal to noise conditions of (i) p = -15.0, V = 6.0 db, (ii) ;> = 0.0. 

V = 0.0 db and (iii) 0 = 0.0, V= -6.0 db, are presented as 72i 

2.26, Fig. 2.28 and Fig. 2.30, respectively. The results of applying 

the set of quadratic filters C11- 413 (quadratic filter "Q,'') to these 

records are presented as Fig. 2.270  Fig. 2.29 and Fig. 2.31, 

respectively. 

Comparison of Fig. 2.27 with Fig. 2.5, and Fig. 2.29 with 

Fig. 2.11, immediately shows that the general features of quadratic 

filtering are directly comparable to that of linear filtering. ;--;oth 

these results of quadratic filtering, in fact, are a little better 

than their linear counterparts. This is probably due to the extra 

cancellation of random noise caused by the higher weightings given 

to the random noise factor, )) , of the quadratic filters. Comparison 

of Fig. 2.31 with Fig. 2.13, for which the uncorrelated noise level 

was -6.0 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 filter *FR1. As 

might be expected, the result (Fig. 2.32) is very poor. 

This section has shown that the results of multichannel 

quadratic filtering are in good agreement with those of linear filter 



 
(
\ 

/\.,j( (Vr-V\-\,N/ \ •  \ J 

‘\?1\  

\r\-1  

Air\`' 
/ 

r  riv.) 

\ 	\f\r'-' 	1\-/ 
„,/ 	1 	r„\\• 	\-•1 	 ( 

i 1-'• , 	•, 
■ Il 	• 	 - f  

   ' I 

	

 5/ 	. 	, 
,„  

/ ',,,,,,,,, ,•1 	,. \ i 	..,, I 	,,,, 	, , , ' \ s  , , , , , / , 	,., 	, , i  	, . / 

I. 	„.....,..., 	.,, \ 	I 	•, 	-...„ ..._, - 	 , ,  . ; , , , , , - - - 	- \ \ , f - 	 , 	V 	, .,,    	\ \ , „ i 	. 	:., 	„ . 	,,,, 	., 	7 ,  \ r\, ,. \ ' ' l - \ r \.., 	\li- „,..-. 	, 
i l -\\,  \i i 	\i` ( -/-\r\ 	\., /-„,.,,, 	4, s/1  V\ j 	\_------/ \i" - -,-, 	\  	, \,- I, 

 \i  \i'' \v,/ ,\ 5_,,f,.(\\,,,,L,.-,,..-.._,, , 	\, 	, 

	

r 	
_ 	 ITA / \- 	i 	,., / \i\ 	- \ ' ' / 

	

. 	. 

	

\../\l' \r-----\ / 	\ / If 	. .7- \  \s-• 	, 	. , , 	/ Ii/ 	\.--, fv:i  \ r  \ 7, \\ .7) ' ,...1 ,\.,,,-,, /\,/ - - - \ \- 1 \ 7/  ;\\:9 rii\  '.. „_,, -1  ; 1 •.:,‘•,\ ' 1 ( 2 ,' t.\  - ' -• •''' 	, ... ir ,- `, ; \ I c, 	\--I r  -, 1 -\ 	\ / / ,„j \ • 	,,- 	..-....- f \..,-- \\,' ,„, 	1 	 ),, ,',..'' / 	',"--- 	/ 	/ / \ T\ i 	\i 	..- -- i 	/\- \--- 	\ 	i  ,--. / ,-„, , . , \ \ 7 , 	.,- „,„ ./ 	i ,  [_n,  \,,,\  7  - \I-  \:1-1,, ' \i‘.\ y\,.\/:\ 7 --  \',1 \:: ( ,, \\ ,11 /\ ,,__, - / v  , ( \.."l /,/ ,., 	 - /- .\- 7 , 7 ' • I 	\ ) 	
\\. f 	\ 	' , 	,, ', 	/ 	.. "  

H ■_A t 1./ \.) . '-i.  T\ f' \ f\ f\\-11\-1\-/-\:\,/—  V 
' Q 	r I ',,, ' f  v:, 7 „ 	/\'' 	i ,---,, , f r  r 	-\\ ,\J iv, ,,r,.7------\ 	_ 	 ,... ,,,-„,,.,71, --- 	 1 ___/ ,,\./ i - I-  -,__,.../ 1– ------,.."x --v \- 	 .,  r .,\ ,  	i   

	

,.. ....-, /-\ f l  \ 	, - 	t-,,,,,, i  

--(-"r WI  

	

-,-....---,/- 1 s:‘ 	 // 

	

\-\..- 	r 	1 -- 	\ , r. \ , 	\ 	- 	V\  	,' , . ,.,, 	7 - --\, 	5 5. L- -1 \ r ,  r\ j , 1\.1-\_,..\i v-\_,J\/----,/ - \, .-,,,-\1 - i\v [_  	—• 	 /  ii  
r\ir\:"--ip\f"\–,- 	- 	\-,, \-, 	\..1.  „" 	/ 	-1, --\ . ;  

	

r\., r  „--„, 	_  
---1  V (\.,-, 1.-V \ -` i\--/  \ 1v - \ I \-  r , 	, 

• 

2.26 input record, is = -15.0, 1,1 = 6.0 

11 	A 	 \ 

V-1\- 	Q 	• 	' 	' 	' ';,' r 
). i 	/\_ ,--r.1\ ,v11 ,' \\' /"•\ f\ 	7  ; '-`,' ''' r'-'' l'-  \ / 	,1  \,' ss.' A 	 .\ r 	'‘ • \ -I  \ • ., \ ,' -• --..._'' \ ' 	_' - •-' 	,- •.,' ` ' 	i \ - • ,' / r / \ , 	l'-7'—' \I r  1), I v\____,r-\vr\l/ \,/\" i , , / ,\,./ 	 '',i -1  ' \--,../ V, • 7- 	\Jr  7\-kil\ i 	, , /, IVA \' i `' '' /q -  'Ii- ''' '''. i ' t-.- ' ' \ /  

\/\ \ V rj 1  , \-(\,_. r\,/ -V\ i \iNi f■ -\ 	‘ / 	' r •._ r' \ 	j• 

ry, 	 1\-,7"Vv r-  J 

• \• 	v-  /Ai   

	

„, 	• 

\ 	 / \ f \----1""\(\l A9 

	

S-I
r \ 	,A7-srv- 	\ry j• ,rft 	f:\ • \ 	 r\ 

j\ " 
/ /\/-vs,f 	 1 \-\\\-• 	V\r- 

• \ 	 V 	 r\41 	 , 	. 	' 
_______/'-v\i-  \ --1  \ / \',- r...,  \ j, v 	I ■I f  \ A 	"v - A, ,' ' 	\ 1  , , / ,,,, ' \ ' / \ - - - ,-„ ,. r  ,,• _ / i  ,, \ 

,\•ir --- / -v,,,../;\::/t ill\:,../' 
rtjr .\1\--7■_At 	h'" 	 1\\/' 	\/\,1 	 ( 

\ 

c  \ 	\ 1 
1k1 	/ 	A  

'li-V\i 11\-\.-,Py r  •\\ r - 	 \,,,-,_,..,„ 	 ,, ri, 	 ,, ; , 1\\I (\j\._ 	`7\,4 	/ 7. 	- . 	:1 I 

Fig.  2.27 result of filtering Fig 2.26 with filt- 

I 	 



• 
V 	jj\--A.Pr 

(j\-/\1n1/ v-',  
' 10/f'  

zr 
7 ^ 

.446 	4,44444.4 

n i\ 1\ 	 fiTh 	 "■,,A-\ 
7\ Yrs, f 	■,7\ 

	/ 

'\1\  
\;\(\r -V\-1-1\ /\'1\ 	"k 	A ,A, 	, \ 

\ 	\ 7 " 	 \ / • • 

\ 	/7\ 	-- 
f , 

1,,\A r\,,„_Jr\/\A-'V./\_ \  
\./\ 	 r 

	

/1) 	„‘,/ 	 - A  \ 	) 	/yr, 	 ' .1\c7v\p'.. 	 /V\  I V 	 f „\,,  ' - ss. is,  

	

v\f\,.,\ 	:\,\, j'\1\1\ 	 \I -"\ , 

	

\I 	, r 'r\I\ nj\r\A'r 	 V\P\I --\\p'\, \ y\/ \ \J-\ ] 	▪ A ; \ 
Ir\fl4 	I\  \ 	

c 	

rVvc,......:1:1 	\11. 

iA V / 

V \ 

	

\A7VNid 	-\'\& 	 \r— sur --

- 

\‘'; \  

_ 1\/\/\ _1\\C. 	i\rv \ 	\ 
\I\1\-----vrv\ 	./\/\-,./V\l` , 

\ 	 „ 	„,-/\ \',‘ (7, 	/ 
\,/ 	\IV/ 	N,'„/■;1 	f, ,/ 

Fig. 2.28 input record, 	= 0.0, 	= 0.0 

t 

Fig. 2.29 result of filtering Fig. 2.2 with fite-r' 



	

- 1, 	
12 

,•1 	,  
. 	l'' 	p 	 ' 	1 -'"-- 	 -  r .p/ 	(•',, 	''f , 	f ' 	, ., 

• - 

	

/-",f 	
I,I 

AL, 	
V r 
	- r • 

\I  
\, 	 \r\r ,J1 

r \I 

\\1 	t\ (/),- r  1\I \ , 

7■ 

v('N  
J% 

1\-\,r-NPAI- p 
(\,/1 

/\ H A r t, 	,-r 
`1 	 'yNj 

isam..sraargilmairricracammarerprasom.varmarreammusarforemormarationicsmaz......sa....A.Warsuessaza•Aa*anossWa.. 

f 	 V \liV \'1J  

A ,; 	r-vY\y,\X 	f\ A 	r 	/0VA/ 	 I \'j 	■ 	V: 
rt 01 \f \Ar /\/\''' \'/ 1 	''% •' 

Fip. 2.30 input record, p , 0.0, 	= -6.0 

/ 	\Lp, /-\ f\,-- 	\ 	6 	\ - A \I  
\ 	\ 	I"' I \ _17 	\ 	- -J\1 \I / 	r- • I 	• • • • 7 	A \- 	" 	 \/ 	"/ '.,!• 	' , 1 

2.31 result of filtering Fig. 2.30 with 



- 57 -- 

 7  •,\'11  
Ai ] 

fvv----\-7\ 1  • 	 Pov 	 f's‘d r.s,   
v 

17 1\—,--A-\N kr , 	\ f 

J\ f\nuA,Jy-/\.1 	
//\,./- f\"\ 

,f\---ri\ 

rvp v 
r\‘ 

' ArN, 

i\x /  - 	/, „1"\\• -, 

f -, / 

11 'V 

--- A"'\ 	 \/ 	./V:" \ 	/ 

r 	 / , 	,„ 
\ 	 / 

\ 

  

I /•\.' , 	' ■ , /' / • v 

   

Fig. 2.32 result of filtering Fig. 2.26 with ''11 



2...) Filter a,n1-ications to real data 

The purpose of this section is to apply multichannel 

filtering techniques to the real data of Chapter 	and to assess 

to what extent the findings from the synthetic data results 3.2C 

applicable to the real case. Details of the records chosen and the 

filters apPlied may be found in Table 2.4. Labelling of axes and 

presentation of plots are the same as for synthetic data It must 

be remembered, of course, that the concepts of signal to noise ratio 

are now somewhat different due to the "distribution" of those ratios 

along the length of the real traces. 

Of particular interest in this section is the introduction 

of the "multichannel filter scan", i.e. the applying of a set of 

multichannel filters to the data in the hope that at least one of 

them will show something useful. This is important since, not only 

could a good result be otherwise missed, but 	filter may actually 

produce a record that was worse than the original. 

Fig. 2.33, Fig. 2.34 andeFig. 2.35 show the results of 

applying filters **.L'R8, *I:129 and *jelflO to shotpoint 3005 (Fig. 1.4), 

respectively. The first two of these results show very little in !Le 

way of signal recovery or in rejection of correlated noise. In some 

respects they are definitely worse than the original unfiltered 

record. Fig. 2.35, however, does show the recovery of signal, uith 

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

filter *PRI° was also applied to the 24 trace version of ii- 

the result being presented as Fig. 2.36. Comparison of 	2.35 L'e.1. 

Fig. 2.36 shows that the latter picture contains less ignal infor 

and noise rejection is less good. Hence the necessity for choosing 

the 23 trace records for analysis. 

In practice, one would seek to remove the presence 

roll from a record by the suitable apvaication of a band 1.)ass 

.-%ccordingly, therefore, a multichannel filter scan was performed on 



filtered f-;1tor 

  

Fio. No. 	name 

2.33 

2.34 

2.35 

2.36  

2.37  

2.38 

2.39 

2.40 

2.41 

	

2.42 	''YR10 

2.43  

	

2.44 	'N210 

	

2.45 	'NR1 

	

. 2.46 	Q 

	

2.47 	*1210 

I 	2.48 	Q. 

shotroint 

number 

unfiltered 

Fig. No 

3005 1.4 

3005 1.4 

3005 1.4 

3005 1,4 

3005 1.8 

3005 1.8 

3005 1.8 

3005 1.8 

3002 1.2 

3002 ---1.2 

3002 1.7 

3002 1.7 

3003 1.3 

3003 1.3 

3003 1.3 

3007 1.6 

Table 2.4 Index of multichannel filtering for real data 
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then and pass filtered version of shotpoint 3005 ..L'hese 

filters were *P-28, 	PR10 and (1, with the filtered results C) -, 

Presented as gig. 2.37, Fig. 2.38, Fig. 2.59 and Fig. 2.40, 

respectively. Once again, the first two of these results are not 

very good, but the third result (Fig. 2.39) clearly :;, ows thc: 

of signal along the whole length of the record, with ra-i or.;-;_; 	lete 

rejection of correlated noise. Comparison of 	2.?/) with F 

shows that multichannel filtering can prceuse v- ry good r-sults for 

real data. Fig. 2.40, the result of applying t:Ae To.ao Ale filter, 

also shows good recovery of signal, but is less good in the rejectia-1 

of correlated noise. 

Better removal of ground roll by multichannel filtering is 

provided by shotpoint 3002 (Fig. 1.2). The result of applying filters 

-R9 and *.FR10 to this record are presented as Fig. 2.41 and Fig. 2.42, 

respectively. Comparison of these results shows that the second of 

these filters has succeeded in removing much of the ground roll. Both 

these filtered records show good signal recovery, and share the came 

general appearance, except for the roll. One would assume, therefore, 

that applying these filters to the band pass filtered version of 

shotpoint 3002 (Fig. 1.7) would produce quite similar results. These, 

results are presented as Fig. 2.43 (filter *1-29) and Fig. 2.44 (filter 

*PR10), where it seen that they are very similar in appearance. It 

will be noticed that the absence of signal recovery in the region of 

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

physical lack of such signal, as may be deduced from Fig.  2.45 and 

Fis. 2.44. 

The next few results illustrate the use of a multichannel 

filter in simply "cleaning up" a given input record. 2hotpoint 3003 

(Fig. 1.3) was filtered by filters *PRI, Q, and *PR10, the resuls 

being presented as Fig. 2.45, Fig. 2.46 and Fig. 2.47, respectively. 

Fig 2.45 does not show any great improvement on the unfiltered record 



but :fig. 2.46 certainly does, 3)articularly in the later stages of tne 

record. A similar result to the quadratic filtering of Yic. 2.46 

given by the wide angle filtering of 	These rasuitc aro 

similar due to the moveout rejection range of the quadratic -Zilter 

being largely encompassed by that of the wide angle filter. 

The final result of this chapter, Fig. 2.4, shows 

filtering of shotpoint 3007 (Pig. 1.6) by quadratic filter h. AJ 

expected, the general appearance of the original record has been 

improved. 

This section has shown that the general conclusions th,:.„ 

derived from the analysis of synthetic data arc also valid: for r:::Jd. 

data. Very good results can be obtained from real data by multicln.1 

filters, provided that adequate notice is taken of the importance of 

matching the moveout of the filter to that of the data. 

It is instructive to compare these findings to thor_;c of 

Davies and Mercado (1968). They obtained very poor results from real 

data, which they largely attributed to the computation of the filter 

coefficients from a correlation analysis of the input traces. These 

-- correlation estimates were generally not sufficiently accurate to 

give good filter coefficients. This problem has been avoided in this 

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

but has introduced he problem of possibly selecting the wrong filter. 

The potential quality of the results that may be obtained, however, 

make this a problem worth accepting. A further difference between cbs 

work of Davies and Mercado and the present work is in the number of 

traces used for the design of the multichannel filter. The former 

work only used 2 or 3 traces, whereas 12 traces were used in the 

latter work. This difference could well be of prime im-oortance. 
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2.4 Conclusions 

The puruose of this chapter was to apply nalitieh.annel 

filters to a variety of real and synthetic data, in order to assess 

how these filters may perform in a given situation. To this eara 

following results were obtained 

(a) experiments on synthetic data of linear moveout showed 
• 

that signals as low in power as 20 db below that of the correlated 

noise could be successfully detected, provided that the background 

noise was not too severe. It was also shown that the filtering method 

was far more sensitive to the level of uncorrelated noise than it was 

to that of correlated noised Filters of wide angle reject regions 

were shown to have particular application to the cancellation of 

random noise. 

(b) the importance of the number of traces used in the filtor 

design was discussed, and the sensitivity of'the filtering process 

to the selection .of ,a wrong filter wasdemonstrated. It was found 

that a very close match must exist between the moveouts of the tuba 

and those of the filter. 

(c) experiments conducted on synthetic data of quadratic moveout 

gave results in good agreement with those of the linear case. 

(d) a number of experiments were conducted on real data records 

that generally confirmed the findings of the synthetic case. The 

sensitivity of moveout rejection to the filter choice was again 

demonstrated, and good results wree obtained from wide angle rejecLioe 

filtering. The use of a r610 ,:hroc.:1 	to ,,c1n. 1A ," 

rc.:oc,pd war; shown, arldthe IJItofii. la upidyint; a iH1■1( hwld 

filter to removc: the presence of ;::round roll w:ti_; 

It may be cohclued, Lhureforo, that ultich:uij .11 

is a very towerful, though (Jom:.:what sc- nr;itivo, tool Lou tiv:! 

of seismic data. 

Since one may not generally know, a priori, what filter to 



'11y, some additional aroach is necessary. In sof'ie cases, of cour.;_:-::, 

a straight forward application 2 a number of filters to the :ho:iJ, 

data may suffice, or it may be acIvisable to arTly a -.pro-filte to 

the data before perforffiino such a filter scan. A second 1A::::roach is 

to avoly different analytical techniques to the data that would 

specifically reveal the moveout information necessary to de-I:Inc, which 

filter should be used The methods of the autocorrelation 	any 

FourierTransform techniques are developed in the ne::t two charters 

with this aim in mind. 



CHAPTER 3 

THE AUTOCOMELATION MAT'RIX AND ITS Al'PLaCATION 

TO THE ANALYSIS OF 1.'10VEOUT 

3.0 introduction  

In this chapter the autocorrelation matrix is defined and 

an averaging technique employed to improve the accuracy of ths 

crosscorrelation estimates. The ability of the method to detect low 

power signals or correlated noise from synthetic data is invetigated 

over a range of different noise levels, for both linear and cuadrat,ic 

moveout. It is shown that the use of multichannel filters can greatly 

assist this detection of low power events. Various pre-filtering 

experiments are discussed and the results reviewed with those of the 

previous charter. Experiments are also conducted on the real data 

records of Chapter 1. 

3.1 Autocorrelation theory  

3.1.1 definition of autocorrelation matrix 

Correlation is a concept by which the similarity between two 

seismic traces may be quantified. Essentially, the process is one by 

which the similarity in waveform shape between the two traces are 

measured for different relative displacements of the two traces. 

Letx.(t)andx.(t) represent two seismic traces, sampled  
3 

at intervals At = 1, and let the second trace be displaced by an 

amount 	relative to the first trace. The crosscorrelation function, 

0ii(1:), for these two traces is defined by the relation 

. 	) = 	1 	x1(t) x3(t-1: ) 	(-r  
- 

where m = maximum relative displacement (i.e. the maximna 

• lag or length of correlation) 

n = length of each trace 



When i = j the trace is correlated with itself to T;ive 

the autocorrelatilon function 

It should be noted that, strictly speaking, the fa. action 

ij(-C) is an estimate of the covariance function for which the 

traces xi  (t) and x.(t) each have a zero mean value. These mean values 

are assumed to be zero, in accord with the previous chapter, and the 

term "crosscorrelation function" will be used in place of "covariance 

function". 

The sample function defined above gives an unbiased estimate 

of the crosscorrelation function. However, a small bias in this 

estimate would be desirable if the variance of the estimate could be 

reduced accordingly. Weighting these estimates with a Bartlett window 

achieves this result, reducing the amplitude of spurious peaks at 

large lag, and is obtained by using the following alternative definition 

for the crosscorrelation function : 
-14-T 

ij ( 	) 	
= 	1 	x.(t) xi 	; ...,m) 

t.,11 

The bias becomes negligible, of course, for n Y),  m. 

Since all the traces of a given record used in this thesis 

are each of the same length, the division by the factor "n" is not 

necessary. Hence the form of the sample crosscorrelation function,uscd 

in this thesis) is given by 

1j .(T) = 	E xi(t) 	; 	= 0,...,m). 

This is the same one-sided crosscorrelation function as is given in 

Robinson (1967a),It is shown in the next section, however, that it 

is advantageous to use the two-sided crosscorrelation function, so 

that (1:= -m,...,m) giving 2m+1 samples in total. 

If  ij—(-C)iscletermineciforeverYpairoftracesx.(16) and 

x.(t), then the complete set of these functions may be expressed by 

the matrix O(t), where 

0 (13 ) 

This matrix is defined as the "autocorrelation matrix or as tho' 



• "first-orderautocorrelation matrix°. It will often be founc: 

convenient to refer to this by simply "auto-I°. The leading diagonal 

of this matrix consists of the autocorrelation functions, and the 

off-diagonal elements the crosscorrelation functions. 

Theorems and properties pertaining to crosscorrelation 

functions may be found in Lee (1960). Of particular interest to the 

later discussion are 

(i) the symmetry property, Oij(--C) =  

(ii) that for random noise, 	= cc..(1:), where 	. is 
lj 	 lj 

the familiar 1".ronecker delta. 

3.1.2 detection of moveout  

As was discussed in Chapter 1, the moveout of correlated 

noise at a given point in the seismic record is greater than that 

of signal at the same point. The purpose of autocorrelation matrix 

methods are to detect these moveouts and to present them in a form 

suitable for interpretation. 

The crosscorrelation function will have a marked peak at 

a lag equal to the relative moveout of an event on the two traces 

in question. This maybe deduced from the following simple analysis 

let x(t)  

then•(c) 	R 	(-L 

- 0-1 

	

i.e. peaks occur in the 	ii(1:) at 1: = ( 	-C4j) 

A pictorial presentation of this example is given in Fig. 3.1. 

Fig. 3.2 shows the two-sided autocorrelation matrix for 

	

traces of the form Ni(t) = s(t) 	r(t-), where 	rote 

that by presenting the two-sided crosscorrelation functions in the 

autocorrelation matrix, all the necessary moveout information is 

contained in one column of the matrix. Hence, only one column of this 

matrix need be displayed. For synthetic data of linear moveout, 

this column was taken to be the "middle" column of the mat-,-ix, i.e. 



' 

traces xi(t) and  x.(t) or zero lag 

Xjt) 

traces x.(t) and x.(t) for a lag L 

-c=vc--(3) 
crosscorrelation function 

3.1 Illustration of crosscorrelation moveout detection 



incut traces 

I 

i q 

V-...,....,,,,,,,/ i \-."." -,---",/,4  

evA 
—1,11 

column one of 	 column two of 

autocorrelation matrix autocorrelation matrix 

(-c) 

column three of 

autocorrelation matrix 

'9A1 

Figs  3.2 Example of an autocorrelation matrix 



column 12 for a 24 trace record. Zor synthetic data of quadratic 

moveout, however, column 1 was chosen due to the design of the time 

window for the quadratic filter (filtering of this col= is dicussed 

later). 

In practice, of course, the dew e -Go 	cor_ elation. 

peaks are visible depend upon many factors, such as the constituent 

signal to noise power ratios, the number of moveouts in the section 

and the statistical accuracy of the estimates. These particular 

factors are studied in this chapter and are illustrated with a-oprop late 

examples. Mention must also be made of the presence of other 

in the autocorrelation matrix. Some of these peaks will be due to 

the coincidence of random events adding together in phase and may 

be identified as such since they appear irregularly across the matrix. 

Other peaks, however, can occur due to the correlation of signal 

and correlated noise. The presence of these "pseudo-correlation'' 

peaks may be deduced from the following analysis 

let xi(t) = s(t- 	r(t- ?)5 ) 

s(k—ds) 	— 
tr.% 

The first two terms of this expression give the true correlation 

peaks,forsignaland'oorrelatednoise,at nd 

-C= (pi  - 	respeCtively; whereas the last two terms give the 

pseudo-correlation peaks at 1:= 	- 3,1 ) and 7.:= (P i  -04j). In 

general, the signal and correlated noise waveforms will be sufficiently 

different so that these pseudo-correlated peaks will have a smaller 

amplitude than that of the true correlated peaks (ideally, one would 

have (t)r(t) =,0). However, it must be remembered that cases 



- 

can arise where the amplitude of random peaks. and Pseudo-cc,rrelation 

peaks are greater than the amplitude of the desired correlation 

eaks. It is for this reason that manual intervention, in the form 

of "quality control", in correlation analyses is preferable (in the 

opinion of the author) to automatic peak-picking devices. L;ignificant 

line-ups across the autocorrelation matrix may not always involve 

those peaks of the highest amplitudes. 

3.1.3 second-order autocorrelation. matrix  

From .eig. 3.2 it is clear that the autocorrelation matrix 

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

of input traces. The signal to noise ratio in the presentation of 

this moveout information can be improved by taking the average of 

these r estimates and presenting this average as a single result. 

This averaging process (Hubral, 1970) may be effected through the 

crosscorrelation of the columns of the autocorrelation matrix, in 

a manner described below : 

A pseudo-trace, 	t), is constructed from the columf,  p 

by the relation 

-* p( t) 	LT, [t 	(i-1)T] , where T = 

The "average crosscorrelation function" is then defined by 

= 	p  ( t ) 	( t - ) 

The "average autocorrelation matrix" or "second-order autocorrelation 

matrix" is then defined by 

(c) tqrpoi  
A pictorial presentation of this process for the example of Fig. 3.2 

is given in Fig. 3.3. Note that the sense of the moveout peaks in 

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

the autocorrelation matrix. This may also be demonstrated by the 

following analysis : 



column 1 of the second order 

autocorrelation matrix (left) 

	'>1 

construction of 	(t) (above) 

Fig. 3.3 Example of a second order autocorrelation matrix 



let 95
i
..(t) = 

Since "7: m, and T = 3m, it follows that cross-terms involvil cto 'a 

of T will be zero, hence 

1 
C1 d 

-7-  I 

It also follows, from Fig. 3.3, that u.Z. = 	, hence 

= S 

	

i.e. 	. 	) has peaks at 	= („)(i  - 04i  ) 

	

and 
	

) has peaks at -1„ = ( 	- i) 

It will often be found convenient to refer to the second-order auto-

correlation matrix by simply "auto-2". 

3.1.4 statistical considerations of the autocorrelation matrix 

technicue 

In the analysis of Seismic records it is the aim to obtain 

clear and accurate estimates of particular seismic parameters, 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 different 	ctions 

is generally necessary, and the validity of a particular comrromise 

can only be judged by the quality of the results obtained. Some of 

the considerations necessary for the optimal choice of record length 

and maximum correlation lag are presented as follows 

(a) in many cases of physical interest the relative m)vee ,  

signal is comparable to that of the. correlated noise, Those ilovcout 

differences are more clearly revealed by taking a large number of 

traces for analysis, and by restricting the record length to  

only one or two moveouts of interest (where possible)..suite clearly, 

a large record length would include a large number of different 

moveouts that would all interfere with each other in the autocorrelati 

■-• 
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matrix. The number of traces taken in this work was 24 for synthetic 

data and 23 for real data (ref. Chapter 1). 

(b) Discussion of record length with regard to stationar 	and 

cancellation of uncorrelated noise have been given in Chapter 2. 

(c) The number of degrees of freedom in the oorrciatio.n estimate 

is given by 2n/m (Bendat and l'iersol, 1966), where 	is the record 

length and m the maximum correlation lag. Hence, for statistical 

accuracy, it is necessary to have 	A sufficient practical 

consideration is given, by n y 5m, a result derived from studies of 

band-limited white noise. 

It is important, of course, that the maximum correlation 

lag should bear some relation to the moveout of the events it is 

desired to detect. Large moveout events would require a lal er maximum 

lag then would low moveout events. The choice of the maximum 

correlation lag wjall  therefore, be the result of a compromise between 

the requirements of record length (ref. (b) ), statistical accuracy 

(ref. (c) ) and the moveouts present in the data. 

Due to these considerations a maximum correlation lag of 50 

samples was taken for the real data records, which were each of length 

250 samples. 

The synthetic data of linear moveout used in this chapter 

wascomputedforo . Hence the correlated noise 

wavelets were displaced progressively across the record to a maximum 

of 24 samples. The length of the given :Butterworth wavelets were 

typically 50 samples, hence a reasonable Choice for the maximum 

correlation lag. is given by m = 25 samples. In order to effect some 

sort of comparison between the results of synthetic and real data 

correlations, the synthetic record length was generally taken to be 

125 samples. 
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322 e piications  to synthetic data 

Details of all synthetic data records may be found 

Table 3.1, with corresponding details of correlation analyses orored 

on these records being given in Table 3.2 and Table 3.3. 

The purpose of this section is to (1) investigate the ability 

of the autocorrelation matrix method to detect low power events for 

different conditions of signal to noise ratio, (ii) to show the effect 

of varying record length'on the correlation estimates and (iii) to 

illustrate the advantages of applying a pre-filter to the iny:ut data 

before Performing the correlation analysis. 

:cite clearly, one may either pass the signal and reject the 

• noise, or reject the signal and pass the noise. This latter arracch 

was often used in this chapter in order to demonstrate the general 

applicability of the method. Timing lines were drawn across the auto-

correlation columns at maximum, minimum and zero lag. 

3.2.1 development of analytical ap roach 

The first order autocorrelation matrix for the recore, of 

Fig. 3.4 was computed, of which column 12 is displayed as Fig. 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 wac, then 

filtered by reject/pass filter *RP1, and the result presented as 

3.6. It is seen that some evidence of correlated noise is given, 

though not a great deal. The previously discussed second order auto-

correlation matrix technique was then applied, column 12 of the first 

order autocorrelation matrix being crosscorrelated with all the other 

columns of that matrix, in order to yield column 12 of the second 

order autocorrel2tion matrix (wig. 3.?). The results at this stage, 

however, are still rather disarpointing. -vTh.en this second order column 

is filtered by reject/pass filter '..1R11, however, the result of aig. 3.6 

is obtained, which clearly shows the presence of the required 

. correlated noise. Similarity of waveform shape across this 	is 



Yigure 	p 
number 	Cab) ((k0 

. 
L 

. 
' 

number of 

traces 

lenujth of 	t'ccL; 

(in samy,:les) 

3.4 	6.0 6.0 0 i 24 125 

3.11 	0.0 3.o 0 i 24 
. 

125 
, 

3.16 	30 3.0 0 1 24 ' 	125 

3.20 	3.0 0.0 o i 24 60 

3.24- 3.0 , ox o . i 24  125 

3.28 3.0 0.0 0 i 24 . 200 

3.33 3.0 3.0 0 i 24 125 

3.37 	9.0 3.0 o i 24 125 

3.41 	15.0 3.0 0 i 24 125 

3.45 	3.0 -:3.0 o i 24 125 

3.49 	3.0,  -6.0 0 1  24 125 

3.53 -15.0 6.0 0 12/24 24 125 

3.57 -9.o 0.0 0 12/24 24 125 

3.61  0.0 -6,0 0 12/24 24 125 

Table 3.1 Index of synthetic data records 



record 

3.4 

3.4 

3.4 

3.11. 

. 3.11 

3.16 

3.20 

3.24 

3.28 

3.33 

3.37 

3.41 

3.45 

3.49 

3.53 

3.57 

3.61 

(col 12) 

3.5 

3.5 

3.5 

3.12 

3.12 

3.17 

3.21 

3.25 

3.29 • 

3.34 

3.38 

3.42 

3.46 

3.50 

3.54 

3.58 

3.62 ' 

(col 12) 

3.7 

3.7 

3.? 

3.13 

3.13 

3.18 

3.22 

3.26 

3.30 

3.35 

3.39 

3.43.  

3.47 

3.51 

0L 

filerc 

auto-2 

3.55 

3.59 

3.63 

3.9 

3.Io 

3.14 

3.15 

3.19 

3.23 

3.2? 

3.36 

3.40 

3.44 

3.46 

3.52 

3.56 

3.60 

3.64  

1 

Fig. No. of 	Fig. NO. of 	Fig. No. of 

input 	auto-1 	auto-2 

Table  3.2 Index of correlation analyses for synthetic data 
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good, and the moveout can be accurately measured. Cozen 'son of 

3,8 with Fig. 3.6 shows the advantage of the double crosscorrelation 

technique. 

A priori, of course, one does not know which filter 

Hence the required column of the second order matrix must be scanne 

by a number of different filters and the results displayed side by 

side. An example of such a filter scan is provided by Fig. 3.8 ('_ 

. 3.9 (tR110) and Fig. 3.10 (*RI7), for filters designed to reject 

moveouts in the range 1.0 ± 0.5, 2.0 x. 0.5 and 3.0 t 0.5 samples per 

trace, respectively. As before, the recovery of the desired event is 

contingent upon the correct match of the moveout o± the data and that 

of the filter. This sensitivity allows quite accurate moveout 

measurement to be performed. 

From these results it would be concluded that the record of 

Fig. 3.4 should be filtered by reject/pass filter Rrl. The result cp -i' 

this filtering is presented in Fig. 3.65. 

The poor quality of Fig. 3.7, with regard to detection of 

correlated noise, may be attributed to the interference between this 

noise and the signal. This may be demonstrated by taking the input 

record of Fig. 3.11, for which signal and correlated noise are of the 

same power, and the filtering, the second order column by pass/reject 

filter *FR1 (Fig. 3.14) and by reject/pass filter *R-i?1 (Fig. 3.15). 

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 (Fig. 3.13). Hence the 

importance of filtering the second order column. 

The next question to consider is how well the method will 

resolve signal and correlated noise solely on the basis of e. Bout 

alone, i.e. the signal and correlated noise wavelets are taken to be 

the same, b1(t) = b2(t), These results are 'oresented as Pig. 3.16 - 

Fig. 3.19, where it is seen that the recovery of the correlated noise 



On 

event, of inoveout 1 sample per trace, has been entirely successful. 

This section has shown that a suitable "modus oporanji" "%r 

correlation analysis is to (i) compute the first order autocorrelation 

matrix, (ii) coinnute a column of the second order 	ocorrelation 

matrix and (iii) apply a multichannel filter scan to t1:1.s second order 

column. 

It is convenient, at this stage, to return to the question 

of removing the average amplitude of each trace from each trace before 

commencing any analysis. A study of the autocorrelation ft,nctions in 

this chapter show that there is little or no vortical shift in these 

functions, hence the removal of the average amplitudes is not necessary. 
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3.2.2 importance of record length 

Yiuch has already been said on the consideration ci recore, 

length in previous chapters. The purpose of this section is simply to 

snow that correlation estimates improve with increasing record length, 

provided that all other things remain. equal. this improvement is due 

to both better cancellation of random noise and to be ter statistical 

accuracy. 

Fig. 3.20 - Fig. 3.23 show a correlation analysis for a record 

length of 60 samples, Fig. 3.24 - Fig. 3.27 that for a record length 

of 125 samples, and Fig. 3.28 - Fig. 3.31 that for a record length of 

200 samples. ;Signal to noise ratios for each input record were. 3.0 (10 

for correlated noise and 0.0 db for uncorrelated noise. 1?.ejectip:.:- 

filter *RF1  was applied to each of the second order columns. Comparison 

of these filtered second order columns, Fig. 3.23, Fig. 3.27 and Fig. 

3.31, show the expected improvement with increasing record length. 
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3.2.3 effects of different noise 

Various experiments were performed on records 	diffe ent 

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

specifications, in order to determine the limitations of the filterea 

second order autocorrelation matrix technique. These results are 

summarised in Fig. 3.32, where an asterisk * denotes a -particular 

experiment and an encircled asterisk 0 denotes a result presented , ." 

in this thesis. The dashed lines\represent "readability contours" 

derived from a study of these results. The classification .of very good, 

good, poor or bad refers to the relative recovery of the correlated 

noise event of moveout 1 sample per trace. Reject/pass filter 

was used throughout on all second order columns. 

It is, of course, somewhat subjective as to which particular 

classification a given result should be assigned. Variations in record. 

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

and so it may be seen that the exact position of these contours is 

rather arbitrary., They should be interpreted, therefore, as being a 

representative average of a number of possible contours that could have 

arisen from slightly different considerations. 

The performance of the correlation method for decreasing 

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

is given by the comparison of Fig. 3.15, Fig. 3.36, Fig. 3.40 and Fig. 

3.44. The successive degradation of these results is immediately 

apparent. 

Similarly, the performance of the correlation method for 

increasing levels of random noise and a constant level of correlated 

noise, is given by a comparison of Fig. 3.36, Fig. 3.27, Fig. 3.48 and 

Fig. 3.52. Once again, the successive degradation of these results is 

immediately apparent. 
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3.32 Map of experiments conducted 

on synthetic data 

An encircled asterisk (7) denotes'a result presented in the thesis, a 

plain asterisk denotes a result not presented in the thesis. 
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3.2.3.1 analysis of synthetic records of Quadratic 

Three records of quadratic correlated noise moveout, 

Fig. 3.57 and Fig. 3.61, were subjected to a correlation analysis with 

pass/reject filter Q being used to filter the second order colu::,n. 

Note that column I was used in these analyses, and that the intention 

is now to recover the signal, of zero moveout, and to reject the 

correlated noise of quadratic moveout. 

The first of these filtered results, Fig. 3.56, has not 

succeeded in revealing the presence of the signal. The next result, 

Fig. 3.60, is a little better though somewhat ambiguous. The last 

result, Fig. 3.64,'is very good, clearly showing the presence of sign:1.1. 

over the whole record. 

Direct comparison of these results with those of section 3.2.3 

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 to the 

difference in the relative weights assigned to the pass and reject 

regions of filters Q. and *RP1 (Ref. Table 2.1 and.Table 2.2). None the 

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

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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3.2,2+ pre-filterin experiments with correlation analyses 

Fig. 1:o. 

of input 

record 

Fig. ico. 

of 

auto-1 

Fig. lo. 

of 

auto-2 

column. 

number 

Fig. 	1:o. 	of 

filtered 

auco ' 	-2 '-' 

filter 

name 

3.65 3.66 3.67 7 

2.27 	
r 

3.68 3.69 1 

3.70 3.71 3.72 12 3.73 215 

Table 3.3 Index of further correlation analyses 

on synthetic data 

N.B. a 125 sample trace version of Fig. 2.27 was used for this section. 

Fig. 3.65 shows the result of applying reject/pass filter 

*RP1 to the input record of Fig. 3.4 ( p .'6.0, 1,7 = 6.0 db). Column 7 

of the first and second order autocorrelation matrices, computed from 

Fig. 3.65, are presented as Fig. 3.66 and Fig. 3.67, res-nectively. 

Comparison of Fig. 3.67 with Fig. 3.8 shows that the filtering ol- the 

input record before the correlation analysis has produced a somewhat 

better result than the filtering of the second order column after the 

correlation analysis. This difference may be attributed to the fact 

that a correlation process will generally magnify the relative 

importance 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, whereas the correlation result of Fig. 

3.67 has only to contend with the correlated noise itself, the presence 

of signal having been removed by the pre-filter. 

Fig. 3.68 and Fig. 3.69 show column 1 of the first and .`= econd 

order autocorrelation matrices computed from the quadratic filtered 

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

-12 = 6.0 db). Comparison o 	g. 3.69 with Fig. 3.56 clearly  shows the 
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advantage of a pre-filter. 

One would conclude from these results, therefore, that in 

order to make best use of the autocorrelation matrix method one should 

first remove any obvious moveouts from the data before commencing the 

analysis, since the filter may not be able to remove these obvious 

moveouts after analysis. 

A further Possibility exists, of course, in that a multi-

channel filter scan could be applied to the second order column 

computed from a pre-filtered input record. The result of such a study 

is presented as Fig. 3.70 - Fig. 3.73. Fig. 3.70 shows the input 

record of Fig. 3.41 ( 	= 15.0, 'V = 3.0 db), after filtering by reject/ 

pass filter RrS. Column 12-of the first and second order autocorrelation 

matrices are given as Pig. 3.71 and Fig. 3.72, respectively, with 

3.73 showing the result of applying reject/mass filter 'Ri5 to Fig. 3.72. 

This last result shows some evidence of the required correlated noise 

event (compare with Fig. 3.44), but is certainly not too good. 

A better result could no doubt have been obtained if filter 

*Ri'l had been used rather than filter 'RF5. However, the reduction in 

the number of output traces caused by using filter *21'1 would have 

left a final result of only two traces. Further work on this topic, 

therefore, must await the development of a multichannel filter that 

will give the same number of output traces as there are input traces. 

None the less, some encouragement may be taken from Fig. 3.73 in that 

some indication of the required event was found, whereas no such 

indication could be found elsewhere. 
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3®7 	aications to real dE:ta 

Various ex'oeriments were performed on the real data of 

Chapter 1, and on the filtered results of Charter 2, as are 

in Table 3.4. One extra filtered result, namely that of 

pass/reject filter, *:::-210, to the band pass filtered version of 

point 3006 (Fig. 1.9) is presented as Fig. 3.74. Due to the CC::.si ..i:;;' a"% 

of record length and the presence of hich moveout events in the eats , 

a maximum correlation lag of 50 cantles was taken throuchout this 

section. AS for the synthetic case, timing lines were drawn across 

autocorrelation cdlumns. at maximum', minimum and zero lac. 

It is the purpose of this section to assess to what extent 

the findings from the analyses of synthetic data are applicable to 

the real case, bearing in mind the earlier discussion on comisons 

between the results of real and synthetic data. In general, the real 

data records were rather better than the earlier synthetic data records, 

in that some signal could be seen on some .of these real records. The 

correlation analyses should, therefore, further improve the appearance 

of such signal. 

A correlation analysis, together with a multichannel filter 

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

version of shotpoint 3002 (Fig. 1.7). Fig. 3.75 and Fi. 3.76 show 

column 12 of the first and second order autocorrelation matrices 

respectively, with Fig. 3.77 ("P21), 	3.73 ("I'2)and Fig. 3.7() 

(*123) presenting the filtered second order column for the respective 

filters. Fig. 3.73 clearly shows the presence of a zero moveout 

better than that of the second order column (Fig. 3.76, though this 

result does show some evidence of such signal). Comparison of the 

three filtered results, together with Fig. 1.7, once again show the 

importance of "moveout, matching" between filter and data, not only 

with respect to the moveout that is to be passed, but also to that 



which is to be rejected. 

An example of a pre-filtering experiment is given by ig. 

3.80 - Fig. 3.83. Fig. 3.80 and Fig. 3.81 are column a of the first 

and second order autocorrelation matrices of shotpoint 3002 (Fi!,. 1.2), 

whereas Fig. 3.82 and Fig. 3.83 are those of the Pre-filtered version 

of the record (Pig. 2.42, filter YR10). Comparison of these results 

immediately show the benefit of a prefilter for correlation analysis. 

An example of comparing the results of filteri 	before or 

after correlation analysis is provided by Pig. 3.84 - F-

Fig. 3.84 and Fig. 3.85 are column 12 of the first and second order 

autocorrelation matrices for the band pass filtered version of shot-

point 3006 (Fig. 1.9). The result of filtering Fig. 3.85 by pass/reject 

filter *-1:=R2 is given in Fig. 3.86. Fig. 3.87 and Fig. 3.88 are colum-1 8 

of the first and second order autocorrelation matrices for the pre-

filtered version of Fig. 1.9 (namely Fig. 3.74). Comparison of Fig. _7.86 

with Fig. 3.88 reveals very little difference. This is probably due to 

the lack of appreciable correlated noise in the original record. 

Another example of filtering before or after correlation 

analysis is given by Fig. 3.89 to Fig. 5.95. Fig. 3.89 and Fig. 3.90 

show column 8 of the first and second order autocorrelation matrices 

for shotpoint 3003 (Fig. 1.3), whereas as Fig. 3.91 and Fig. 3.92 

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

*13.210). The result of apPlying filter *PRI() to Fig. 3.94 is presented 

as Fig. 3.95. Comparison of Fig. 3.92 with Fig. 3.95 shows that the 

former picture is somewhat better than the latter picture. This result 

is consistent with the.,earlier discussion on the removal of correlated 

noise by a filter ,before correlation analysis being somewhat easier 

than the removal of-the noise after correlation analysis. 

The last results of this chapter show column 12 o7 the first 

and second order autocorrelation matrices for the band pass filtered 

version of shotpoint 3005 (Fig. 1.8), presented as Fig. 3.96 and 

00 
00. 



3.97, respectively. The result of applying "pass/reject filter '":210 

to the second order column (-):ig. 3.97) is sivon as J'ig 

of those results show that the presence of si,,nal is reveale in 

3.93, whereas no such evidence was forthcoming from Pig 	or 

3.97. It is of interest to compare fig. 3.98 with both. Vig. 

with the version of this record filtered by pass/reject 

(Fig. 2.39). The evidence of signal is more prominent is Vig. 

than it is in fig. 1.8, though clearly it is not as strong as it is 

in Fig. 2.39. This is again an illustration of the difficulty in 

rejecting "amplified" correlated noise. 

This section has shown that the results of correlation any.;0L; 

on real data are consistent with those of synthetic data. Me ,7eneras. 

features of the multichannel filter scan on the second order colun, 

and the benefit of pre-filtering the data before commencing analy3s, 

were both well illustrated. 
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shot- 

point 

number 

Fig. No. 

of input 

record 

Fig, No, 

of 

auto-1 

Fig. No. 

of  

auto-2 

column. 

number 

- 

Fig. No 	of 

filtered 

auto-2 

filter 

name 

3002 1.7 . 3.75 3.76 12 3.77  

3002 1.7  3.75- 3.76 12 3.78 '1-22 

3002 1.7. 3.75 3.76 12 3.79  

3002 1.2 3.80 3.31 8 

3002 2.42 3.82 3.83 8 

3006 1'8'9 3.84 3.85 12 3.86  

3006 3.74 . 3.87 3.86 8 

3003 1.3 3,89 3.90 8 

3003 2.47 3.91 3.92 8 

3003 1.3 3.93 3.94 12 3.95  

3005 1.8 3.96 3.97 12 3.98 -110 

Table 3.4 Index of correlation analyses for real data 
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5 Fig. 3.82 (left) auto-1, co1.8, 

for Fig. 2.42 

(Fig. 1.2 filtered 

by *PR10) 

Fig. 3.83 (right) auto-2, co1.8, 

For Fig. 2.42 

(Fig. 1.2 filtered 

by *PR10) 
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(Fig. 1.9 filtered 

by *PR10) 

Fig.  3.88  (right) .auto-2, co1.8, 

for Fig. 3.74 

(Fig. 1.9 filtered 
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Fig. 3.89 (left) auto-1, co1.8, 

for Fig. 1.3 

(shotpoint 3003) 

Fig. 3.90 (right) auto-2, col.8, 

for Fig. 1.3, 

(shotpoint 3003) 
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3.4 Conclusions  

The purpose of this chapter was to investigate the ar,-elication 

of the autocorelation matrix method to the analysis of moveout. To 

this end, the following results were obtained 

(a) experiments on synthetic data of linear moveout showed a 

positive improVement in moveout detection brought about by the multi-

channel filtering of the column computed from the second order auto-

correlation matrix. This detection was better than that obtained from 

filtering the comparable column of the first order autocorreD.ation 

matrix. The interference of signal and correlated noise in the second 

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 matching 

moveouts in the data to that of the filter was once cJain 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 

noise as it was to variations in correlated noise (unlike the filtered 

results of the previous chapter). Experiments on synthetic data of 

Quadratic moveout gave results consistent with the linear case, bearing 

in mind the different weights assigned to the pass/reject regions of 

the different filters. 

(c) the benefit of\ applying a multichannel pre-filter to the data, 

before commencing the correlation analysis, was demonstrated. The 

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 that this approach should be of considerable interest 



if filters are developed that have the same number of output traces 

as there are input traces. Quite clearly, it would not be possible to 

use the centre trace estimate for each of.these output traces hence 

the quality of the filtered result would e less for 	outer traces 

than for the inner traces —none the less, the use of such filters 

would probably be of some interest. 

(d) a correlation process will amplify the realtive importance of 

any correlated event. Consequently, both signal and correlated noise 

are amplified by the correlation process, the stronger of the two 

gaining more in magnitude than the weaker. 11.hether or not a filter will 

be able to reject, say, the amplified correlated noise will depend very 

much upon the filter. The pass/reject filters used in this study were 

generally unsuccessful in this respect, with a value of 0- equal to 

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

rejecting the amplified signal, with a value of 0-  equal to 20.0. The 

conclusion, therefore, 	that a multichannel pre-filter r o ai be 

applied to remove the presence of any obvious moveout in the input 

record if the filter to be used has a low value of C-. This rre-filter 

is not so important for filters with a high value of 0- , but the 

application of the pre-filter may still be quite useful. 

(e) in the second order autocorrelation matrix method, two actual 

correlation processes are performed. One would assume, therefore, that 

the method should find particular application for records of hi r,-11 

random noise and moderate correlated noise. To some extent the results 

from .synthetic data confirm this view, particularly the last result 

from quadratic filtering ( p= 0.0, V = -6.o db). 

(f) a number of experiments were conducted on real data, t e results 

of which were consistent with that of the synthetic data. The followinr-

features were demonstrated - (i) the importance of matching not only 

the moveout to be passed, but also the moveout to be rejected, between 

the data and the filter, (ii) the benefits of apTaying a multichannel 
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pre-filter to the data before commencing analysis, and (iii) the 

generally improved appearance of signal in the filtered second order 

column over that visible in the original record. 

Comparison of the results from this chapter with those of the 

previous chapter have been largely deaitHwit'n 	coarison 

may be made between (1) the “moveout matching-" of filter and data, mad 

(ii) the difficult filtering problem caused by the correlation -9:rocess 

worsening the signal to correlated noise power ratio in the column of 

the second order autocorrelation matrix, for filters with a low value 

of cr. 
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CTTAI=T"M 4 

THE TWO-DII,iENSIONAL FOUR= MANSFORM AND ITS  

APPLICATION TO THE ANALYSIS OF Iii0VEOUT 

4.0 Introduction 

The discrete two-dimensional Fourier Transform is defined 

and discussed in this chapter, and the effects of (i) pre-whitening 

the data before taking the transform, and (ii) smoothing the spectral 

values before plotting the transform, are illustrated. The ability of 

- the method to detect low power events from synthetic data is investigated 

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

. benefit of applying a multichannel pre-filter to the data is shown. 

Experiments are also-conducted on both synthetic data of quadratic 

moveout and the real data records of Chapter 1. The results are 

reviewed with reference to the previous chapters. 

4.1 Fourier Transform theory 

A useful introduction to Fourier 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). A number of 

theorems exist relating various concepts 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 

notedl ofcourse,that the frequency representation does not 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 
ti  

problem. The formal equivalence of the time and frequency domains is 

provided by the Fourier Transform; for exam131e, the autocorrelation 

function 140ii(2) and the power spectral density function 42(f) form 

a- Fourier Transform pair, with a similar relationship holding for. the 

crosscorrelationfunction 	and the cross-power spectral 
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density function 

51)  T if t di 

) 	( 	e217ifl: df  
10 	10 

4.1.1 definition of the discrete two-dimensional Fourier Transform 

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) = 	fA(f,k) 
e2rti(ft1-kx) df dk 

A(f,k) = j ( a(t,x) 0-2-ni(ft+kx)  dt dx 

Let us assume that a(t,x) is sampled at N discrete points, h,12 units 

apart in the time direction, and at M discrete points AY_ units 

apart in the spatial direction. (Within the seismic context, the 

spatial sampling is effected by the array of seismic detectors). 

Jithout loss of generality one may take Al = d X = 1, so that the 

discrete two-dimensional Fourier Transform pair is given by 

;4 - 	1\4" 

A e217i(np/N mq/M) 

	

---. O yO 
	Pq 	(m=0,...,M-1). 

	

la -I 	l'A-k 

Apq = 1 
NM 

a 	e-21-ii(np/N 	mq/N) , (p.0,...,11-1) 
nra 

0 .1v1t: 

The discrete frequencies are given by f = np/N, and the discrete 

wavenumbers by k = mg/M. It has been assumed, in this formulationi, 

that \ft Cj-  and '\k 	in order to avoid the problems of 

aliasing. 

The resolution bandwidth for the discrete two-dimensional 

Fourier Transform is given by 	= 1/N for the frequency axis and 

46,k = 1/X for the wavenumber axis. Due to the periodicity of the 

plane (Bracewell, 1965). it is sufficient to describe the 

a rim 
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1-f,k) in the region 0 :52 f ; 	k®  

The definition of-the Fourier Transform given above is 

derived from that of Cooley and Tukey (1965), and leads to the 

subroutine algorithm provided by the IBM Scientific Subroutine 

Package library. This subroutine performs the transformation in 

N logeN steps, where N is the number of data samples per channel, 

, as opposed to the earlier 112  algorithms. It should be noted that 

this definition of the Fourier Transform 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 reflection 

of the Fourier Transform plot occurs about the line k = 0, so that 

a line of constant moveout appears in the left hand quadrant rather 

than in the right hand quadrant (see below). 

4.1.2 interpretation 

From the previous section it is clear that the function 

a(t,x) may be thought of as. representing a plane wave of velocity 

v = - f/k. This velocity is related to the moveout, i, , by v = 

Hence, for Ax = 1, v = 1/-V . It follows, therefore, 	= 	k/ 

i.e. events of linear moveout appear as straight lines in the f-k 

plane. Due to the periodicity of the f-k plane, any moveout greater 

than 1 sample per trace will exhibit a "fold-over" at the Nyuist 

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

1:= 1 sample per trace, and Fig. 4.2 that for lE = 2 samples per 

trace. 

It will be rcalled that the moveout of correlated noise is 

greater than that of signal at the same point in the seisic record. 

Hence, provided that these moveouts are linear, the taking of the 

Fourier Transform of the seismic data effects a separation of signal 

and correlated noise on this basis. 

The square of the modulus of the two-dimensional Fourier 



10 lor* '10 ( 
	(f,k) decibels Q? f 9k) 

4 max (f  '1'")  

11-:0 

Transform gives the power spectral density function (or power 

spectrum) as a function of frequency and wavenumber, i.e. 

( f ,k ) 	A (f 1,k) 

ti 
The normalised power spectrum ('(f,k) is used exclusively for the 

f-k plots presented in this thesis, and is derived from the power 

spectrum by 

where C max(f,k) is the maximum value of T(f,k). 

Experiments conducted on both real and synthetic data 

generally involved the presence of an event of zero moveout. It is 

for this reason that the spectra are plotted in the range 	e.7..< 

rather than in the range 0 4  k 

wavenumber, k 	wavenuraber, k 

Fio. 4.1 example in the 	LiT„, 4.2 example in the 
f-k plane for T. = 1. 	f-k plane for i = 2. 



4.1.3 statistical considerations of  the Fourier Transform 

A very poorly defined power spectrum is obtained whenever 

the Fourier Transform is directly applied to seismic data. Even for 

very good data, the f-k plane only shows long narrow streaks parallel 

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

reasons : 

. (a) there is a great disparity between the number of samples in 

the frequency axis and the number of samples in the wavenumber 

axis. 

(b) correlated noise is primarily of low frequency, hence the 

maxima due to signal and correlated noise tend to overlap. 

(c) severe bias can occur due to "leakage" from the side lobes 

of the Fourier Transform. 

(d) the large variance associated with each estimate of the 

power spectrum. 

Each of these difficulties, together with their respective remedies, 

are now discussed. 

4.1.3.1 bias and leakage  

The taking - of a Fourier Transform of a seismic 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 BLS  = 1/M for the wavenumber axis. (From this it may be immediately 

observed that increased resolution is obtained by increasing the 

number of samples). Fig. 4.3 shows the estimation of a power spectrum 

by an "ideal" filter, and Fig'. 4.4 that for a "real" filter - (for 

the sake of simplicity. only frequency need be considered here). It is 

seen that the ideal filter will only pass frequencies within its 

bandwidth, whereas the real filter possesses side lobes that will also 

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

from the side lobes is termed "leakage" or "bias", and is particularly 

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 

4.4 spectral estimation by a real filter --.... 

Fig.  4.5 illustration of error due to leakage 



I,  7 

2ig. 4.5. A totally erroneous estimate for the power at frequency fe 

would be obtained from Fig. 4.5. This problem may be remedied to 

some extent, by "pre whitening" the power spectrum before its 

estimation. 

Pre-whitening is a process by which the power spectrum of 

the signal to be estimated is "flattened", so that at every frequency 

f the central lobe of the analysing filter will contribute the major 

portion to the power spectrum at that frequency, i.e. the Power spectrum 

of Fig. 4.5 is made to approximate that of Fig. 4.4. The inherent 

disadvantage of pre-whitening is that, in order for it to be fully 

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 

seismic trace should result in the recovery of the original spike 

series (Robinson,1967c). It has been shown (Dash and Obaidullah, 1970), 

that the autocorrelation function of a seismic trace is very similar 

to that of the signal wavelet alone, provided that the length of the 

function does not exceed that of the wavelet. To this end the auto-

correlation function (single channel) was computed for each trace 

and used to design a set of inverse single channel filters,. each with 

a unit spike at zero lag as the desired output, by means of subroutine 

"EUREKA" (Robinson, 1967a- this has been corrected). Each filter was <— 

then convolved with the appropriate input trace to yield a record of 

"whitened" traces. The presence of correlated noise on the input 

traces, of course, results in the computed autocorrelation function 

being a "composite" of\that due to the signal and correlated noise 

wavelets alone. None the less, this attempt to contract the signal 

and correlated noise.wavelets to spikes, whilst preserving the 

relative moveout information, was quite successful and is illustrated 

later in this chapter. 
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4.1.3.2 distinction between sip;nal and correlated noise 

In order to accentuate the difference in relative moveout 

between the signal and correlated noise, it is desirable that the 

lines of constant moveout in the f-k plane should be as long 

possible. This may be effected by boosting the power of the signal 

and correlated noise at high frequency, a process which occurs in 

the pre-whitening of the spectrum discussed in the previous section. 

4.1.3.3 variance of the spectral estimate 

If it can be assumed that the bias in the spectral estimate 

is negligible, then the estimated value of the power spectrum at a 

frequency f, (1)(f), is equal to the actual value of the power si)ectrum, 

, 
(f), at that frequency, i.e. 

r  
E L 	(f)A 	(f). In point of 

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

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

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

spectrum with a sine function. As the data length increases, so does 

this sine functiOn approximate. towards a delta function, thereby 

approaching an unbiassed spectrum. This bias should not be confused 

with that of section 4.1.3.1. 

It can be shown (Hinich and Clay, 1968), that the large 

sample variance of the spectral estimate, var { '(f)1 , 	given by 
^ 

1. 
var [1 (f)-1 ^.'(f) for k > 0 

-1- 
var 1 1 (f)1 ',-,Y ^ LC' (f) for k = 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 

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

possible error of 100L, i.e. <1(f) (f) 71- 	(f).  
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It is also known (Hinich and Clay, 1968), that a small bandwidth, 

desirable for large resolution, leads to a large variance. In practice, 

therefore, a compromise has to be made between the resolution of 

the spectral estimates and the variance of those estimates. A simple 

method to reduce the variance of the power spectrum is to use the 

following spectral smoothing procedure (Hinich and Clay, 1968) : 

The N spectral values are divided up into r equal blocks of 

length K samples. The K samples within each block are then averaged 

together to give one smoothed estimate for each,block. The variance 
A 
7J; 

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

var 	av( 	P..; (f) 

and the bandwidth resolution is given by L.1 f = r/N. For the work in 

this thesis, a value of K = 8 was generally taken. In order for this 

procedure to be successful, it is desirable that the spectrum to be 

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

application of the pre-whitening process described earlier. 

4.1.3.4 	 2samiinc'-dILL.t.i nenfeusac beraxe. 

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 desirable to have Af 	LSk, 

hence the number of samples on the frequency axis should be reduced 

in relation to that on the wavenumber axis. This reduction is amply 

satisfied by the spectral smoothing process described earlier. 
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LL 2 AlirlicatiOns to synthetic data 

The purpose of this section is to investigate (i) the ability 

of the Fourier Transform method to detect low power correlated events, 

for different conditions of signal to noise ratio, and (ii) the benefit 

in applying a multichannel filter to the input data before commencing 

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 

complete index for the Fourier Transform analyses on synthetic data 

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

Fourier Transform plots (also referred to as "f-k" plots, for brPvity), 

the vertical scale corresponds to frequency (in c.p.s.) and the 

horizontal scale to wavenumber (in fractions of the Nyquist wavenumber ). 

In order to assist the interpretation of these plots, each contour was 

. assigned a specific colour (Ref. "Geodat"I Chapter 1).Al1 spectral 

values in the two-dimensional array were normalised by the maximum 

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

scale ranging from 0.0 db to -30.0 db. 

4.2.1 	 2,÷0.-candevea.oi altJ__222121Laatan 

Section 4.1 discussed the importance of pre-whitening the 

input data before the taking of the Fourier Transform, and also.of 

smoothing the spectral values before the plotting of this Transform. 

A demonstration of this importance is given by the comparison of 

Fig. 4.14, Fig. 4.15 and Fig. 4.16. Fig. 4.14 shows the Fourier 

Transform of the.input,data of Fig. 4.6, with spectral smoothing but 

without pre-whitening; Fig. 4.15 that with spectral smoothing and w 

pre-whitening;,and Fig.. 4.16 that without spectral smoothing but with 

pre-whitening. The necessity for both pre-whitening and spectral 

smoothing is immediately apparent. 

It will be noticed from Fig. 4.1 that although signal and 
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Figure 

number 

f' 
00 

V 

(AO L 

number of 

traces 

length of tracec 

(in samples) 

4.6 0.0 6.0 0 z 24 250 

4.7 0.0 6.0 0 i 24 250 

-9.0 2i 

4.8 6.o 6.o 0 i 24 250 

4.9 .3.0 0.0 0 i 24 250 

4.10 0.0 6.0 0 i 24 250 

4.11 6.0 0.0 0 i 24 250 

4.12 9.0 6.0 0 2i 24 250 

Table 4.1 Index of synthetic data records 

The result of apping reject/pass filter "R110 to the data of 

Fig. 4.12 is presented, as Fig. 4.13. Note that the data of Fig. 4.7 

contains two correlated noise events. 
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Fig. No. of 

input 

record 

0  .T.Tic,'. 	No • 	of 

(f-k) 

plot 

Fig. No. of 

input 

record 

Fig. 	lo., 	of 

(f-h) 

plot 

4.6 4.14 4.8 4.26 

4.6 .4.15 2.4 4.27 

4.6 	. 4.16 2.26 4.28 

4.10 4.17 2.28 4.29 

4.7 4.18 2.5 4.30 

2.10 4.19 2.22 4.31 

- 4.20 2.23 4.32 

2.12 4.22 2.27 4.33 

2.14 4.23 2.29 4.34 

4.9 4.24 4.12 4.35 

4.11 4.25 4.13 4.36 

Table  4.2 Index of Fourier Transform analyses on 

synthetic data 

N.B. the inpUt record.for the (f-k) plot of Fig. 4.20 was a 450 

sample version'of Fig. 4.6. 
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Input records, Pij 4,8 (above) and FiF. 4.9 (below) 
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Tin, 4.. (f-t) plot for Fig. 4.6, no pre-whitening. P 	0.0, Yr 6.0 db 
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Fig. 4.14 (f-k) plot for Fig. 4.6, no pre-whitening, 

P= 0.0, V = 6.0 db 



fig.  4.15 (f-k) plot for rig. 4.6. with pre-whitening, p =  o.o, 	= 6.0 db 

0, 
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Fig.  4.15  (f-k) plot for Fig. 4.6, with pre-whitening, 

= 0.0, V = 6.0 db 
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Fig.  4.16 (f-k) plot for Fig. 4.6, without spectral 

smoothing, p = 0.0, y = 6.0 db 
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correlated noise are of the same power, the signal shows up rather 

more clearly.'The reason for this is two-fold - (i) there is more 

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

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

smoothing takes place parallel to the frequency 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. As expected, the 

relative difference between signal and correlated noise (on the basis 

of pre-whitening) is now less, evidence of this noise being found as 

high as the Nyquist frequency. The fragmentary appearance of the 

correlated noise lobe, due to the spectral smoothing process, is also 

well in evidence. 

From now on, all Fourier Transform plots are shown with Pre-

whitening and spectral smoothing having been applied. 

An example of "fold-over" at the Nyquist wavenumber is given 

by Fig. 4.18, the Fourier Transform of the input data of Fig. 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 Fig. 4.2. More on this plot will be said later on in 

this chapter. 

From earlier discussion, one would expect a lower contribution 

from random noise as the record length was increased. Fig. 4.19 shows 

the Fourier Transform for the input data of Fig. 2.10 (record length 

of 250 sniples),and Fig. 4.20 that for the same noise conditions ( 

P = 0.0, 	= 0.0 db) but a record length of 450 samples. Comparison 

of these results show that a general lowering of the background random 
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noise has taken place in Fig. 4.20, as expected, leading to a better 

moveout determination for the correlated noise. 

This section has demonstrated several of the points raised 

in earlier discussion,-  namely (i).the importance of pre-whitening the 

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

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

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

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

of random noise due to increasing record length. 



Fat  4.17 (f-k) plot for Fig. 4.10, E1(t) = 122(t),  p = 0.0, V = 6.0 
 A 

Fig.  4.17 (f-k) plot for Fig. 4.10, b1(t) = b
2
(t)
' 

P = 0.0, 1,,= 6.0 db 



fig.  4.1a (f-k) plot for rig. 4.7. P, 	P, 	= 6.0 40 
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Liz. 4.18 (f-k) plot for Fig. 4.7, p, = 0.0, / = -9.0, 
v = 6.0 db 
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Lila  5.20 (f-k) plot for rig. 2.10 (a 450  sample per trace version, thereof). 

4.20 (f-k) plot for Fig. 2.10 (a 450 sample per 

trace version, thereof), 15 = 0.0, )7 = 0.0 db 
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4.2.2 effects of different noise levels 

Various experiments were performed on records of different 

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

specifications, in order to determine the limitations of the "courier 

Transform technique. These results are summarised in Fig. 4.21, where 

an asterisk * denotes a particular, experiment and an encircled asterisk 

0 denotes a result presented in this thesis. As in the previous 

chapter, 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 correlated noise 

event of moveout 1 sample per trace. Discussion on the position of 

these contours may be found in section 3.2.3. 

The performance of the Fourier Transform method for detecting 

a constant level of correlated noise, in a background of increasing 

random noise, is given by the comparison of Fig. 4.15, Fig. 4.19, Fig. 

_4.22 and Fig. 4.23. It is seen that the relative difference between 

the main amplitudeb of the correlated noise and the general background 

noise decreases for increasing random noise level, as expected. The 

-12.0 db contour of Fig. 4.15, for example, reveals the presence of 

correlated noise at very high frequency. Differentiation between this 

-contour and the general background is quite good. The next result (Fig. 

4.19), however, shows that this differentiation for the -12.0 db contour 

has now been lost, the required moveout being revealed by the -6.0 db 

contour at a much lower frequency. The result of Fig. 4.22 shows that 

the method is now beginning to fail. Although the correlated noise 

moveout may be seen at 70 c.p.s., it is 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. 4.24 and Vic. 4.25, show the 

effect of decreasing the correlated noise level in a constant level of 

random noise. One would expect that the general. features of these plots 

would be the same, except that the amplitudes of the correlated noise 
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peaks should become smaller. Comparison of these results confirms this 

view. Comparison of Fig. 4.15 with Fig. 4.26 also shows this expected 

deterioration. 

These results show that the Fourier Transform method works in 

quite a predictable manner. Lowering the power of correlated noise, for 

example, leads to a direct reduction in the amplitude of such peaks in 

the f-k plane. This gives the Fourier Transform method a degree of 'ifeel" 

that was not so apparent in the autocorrelation matrix method. A more 

meaningful relationship, therefore, can be established between the 

experimental design 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, shows an 

overall improvement in the detection of the correlated noise event, 

without the necessary application of a multichannel filter to the input 

data. The Fourier Transform method has also shown to be of particular 

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

noise. Fig. 4.22, for example, clearly shows the presence of signal, 

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

Fig. 2.12. A similar comparison may also be made between Fig. 4.27 and 

Fig. 2.4. 
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FiF.,  4.21 Map of experiments conducted on 

synthetic data 

An encircled asterisk 0 denotes a result presented in the thesis, 

a plain asterisk denotes a result not presented in the thesis. 
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4.2.2.1 analysis of synthetic records of quadratic -nloveout 

 

An inherent limitation of the Fourier Transform method is 

that it is only strictly applicable to the analysis of events of line:Jr. 

moveout. Since real data records contain a number of events of non-

linear moveout, it Will be instructive to investigate the appearance 

of the f-k plane for events of quadratic moveout. 

A comparison of two results, for input data of the same signal 

to noise ratios bat the one with linear moveout and the other with 

quadratic moveout, is given by Fig. L.27 and Fig. 4.23, respectively. 

The latter result reveals several interesting features. The general 

appearance of this plot would suggest, at first sight, the presence of 

a linear correlated noise event of moveout 1.3 samples per trace. 

However, a closer study of this result, together with the earlier results 

for linear moveout, show that the degree of resolution and line up of 

coherent energy is not as good as one would expect for linear moveout. 

The appearance of the -12.0 db contour, for example, shows three distinct 

lobes - a feature that was not observed in the earlier plots for one , 

correlated noise event. One may conclude, therefore, that the Fourier 

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

succession of linear moveouts, and has presented the final rt ;ult as a 

conglomeration of these linear moveouts 

This leads to a certain ambiguity in the interpretation of a 

Fourier Transform result. Fig. 4.13 shows the Fourier Transform for 

data that possesses two correlated noise events, both of which are 

visible in the Transform. On this basis, therefore, it is difficult to 

determine whether the result of Fig. 4.23 was derived from data of 

quadratic moveout, or from data that genuinely contained more than one 

event of correlated noise. However, this is a somewhat artificial 

example'in that a study of the respective input records would clearly 

reveal whether the data for Fig. 4.28 was linear or quadratic. This 

merely illustrates the necessity for considering each plot in relation 

to the data that created it. 
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Fig. 4.29 shows the Fourier Transform for the input data of 

Fig. 2.28. Comparison of this result with Fig. 4.19 once again shows 

the possibility of an ambiguous 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 quadratic case. 

This section has shown that the interpretation of Fourier 

Transform plots must be effected with great care. One must not only 

consider the absolute position of major peaks (0.0 - -6.0 db) in the 

f-k plane, but also the relative position of these peaks both in 

relation to each other and to the -12.0 db contour. The shape of the 

-12.0 db contour itself may also be of considerable importance. 

these points in mind, the possibility of an ambiguous interpretation 

is very much reduced. 
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Fig. 4.27 (f-k) riot for Fig. 2.4, P = -15.0, 1, = 6.0 db 
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Fig. 4.28 (f-k) plot for Fig. 2.26, p = -15.0, V = 6.0 db,  

quadratic moveout 
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4.3 :pre-filtering222x:iments in Fourier analysis 

The applicability of the Fourier Transform method is greatly 

extended by removing the obvious moveouts, from the input record, by 

a multichannel filter. Fig. 4.30 shows the result of taking the Fourier 

Transform of the input record.of Fig. 2.5, i.e. the input data of 

2.4 filtered by pass/reject filter '1.)R1. Comparison of this result with 

that of Fig. 4.27 clearly shows the benefit of the pre-filter. 

Asbeforel'the possibility of choosing the wrong filter will 

now be investigated. Fig. 4.31 shows the Fourier Transform for the 

input record Of Fig,.-2.22 (Fig. 2.4 filtered by pass/reject filter 

-2:R7), and Fig. 4,32 that for the input record of Fig. 2.23 (Fig. 2.4 

filtered by sass/reject filter *PR2). Comparison of these results with 

Fig. 4.30 clearly show the presence of the correlated noise "missed': 

by the wrong filter. 

One would expect that the general appearance of Fig. 4.30 

would be shared by the f-k plots for'the input records of Fig. 2.27 

and Fig. 2.29, i.e. the quadratic data having been filtered by filter Q. 

These results are presented as Fig. 4.33 and Fig. 4.34, respectively, 

where it is seen that the expected similarity is well shown. 

The use of a multichannel pre-filter, of course, can help to 

reduce the ambiguity associated with the interpretation of f-k plots 

for quadratic data. Even if one had not seen the input record of Fig. 

2.26, one would conclude from a comparison of Fig. 4.33 with Fig. 4.23 

that the dominant moveout in the inpu-t.reCard was quadratic. Comparison 

of Fig. 4.34 with Fig. 4.29 would also verify the correct choice of a 

quadratic pre-filter, for this case. 

Finally, one may consider the inverse problem of rejecting the 

signal and passing the correlated noise. Fig. 4.35 shows the Fourier 

Transform for the input data of Fig. 4.12. The 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. 4.12 by reject/pass 
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filter *RP10 gives the input record of Fig. 4.13, of which the l'ourier 

Transform is presented as Fig. 4.36. It is immediately apparent t at 

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

and that considerable rejection of signal has also taken place. The fact 

that some signal is still present at high frequency is probably due 

to a property of the filter. 

This section has shown that the application of a multichannel 

filter to the input data, before commencing the Fourier analysis, can 

not only extend the power of the method for detecting weak events, but 

is also useful for the clarification of an otherwise somewhat ambiguous 

interpretation. 
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Fig. 4.35  (f-k) plot for Fig. 4.12, p = 9.0, 1,= 6.0 db, 

t = 2 samples per trace 
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Fig. 4.36  (f-k) plot for Fig. 4.13, the filtered 

version of Fig. 4.12 by *RP10 
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4.4 	-lications to real data 

A number of experiments were performed of real data in order 

to ascertain to what extent the findings from the analyses of synthetic 

data are applicable to the real case. Two more real data records were 

necessary for this study, namely Fig. 4.37 (the band pass filtered 

version of shotpoint 3005, filtered by pass/reject filter 0, and 

4.38 (shotpoint 3001, filtered by reject/pass filter *Z.:-.1)„ An index 

of the real data experiments is given by Table 4.3. Several difficulties 

in the comparison of real and synthetic results have been discussed 

in ealier chapters, and need not be repeated here. The general suitability 

of the Fourier Transform method for real data is complicated, of course, 

by the presence of non-linear moveouts. 

Fig.. 4.39  -shows the Fourier Transform of shotpoint 3001 (wig. 

1.1). As expected- front a study 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 filtered data from 

Fig. 4.38. This result shows considerable rejection of the signal, with 

some indication for a correlated noise event of moveout 1 sample per 

trace, 

Fig. 4.41 and Fig. 4.42 show the effect, in the f-k plane, of 

applying the band pass filter to shotpoint 3002. As expected, the 

Fourier Transform of the band pass filtered data -(Fig. 4.42) shows less 

evidence of the ground roll. The appearance of the signal on both these 

plots is rather interesting. This signal possesses a general fragmented 

and "offset" character, probably due to the presence of events of 

either quadratic/hyperk)olic moveout and/or events of very low linear 

moveout per trace. Both of these results show the umany-lobed" -12.0 db 

contour previously encountered in the quadratic moveout case of Pig. 

4.28. The final result for this shotpoint, Fig. 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 
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of high moveout correlated noise missed by the filter. The width of the 

central lobe of this f-k plane would suggest the presence of very low 

moveout signal (about a moveout of 0.25 samples per trace). 

The presence of very low moveout signals is again demonstrated 

by a comparison of Fig. 4.44, the Fourier Transform for the data of 

shotpoint 3003 (Fig. 1.3), with Fig. 4.45, the Fourier Transform of 

the filtered data of Fig. 2.47. The residual presence of these low 

moveout events is due to their moveout range being encompassed by that 

of the "pass" region of the filter. Quite clearly, a narrower pass 

region would be necessary for their suppression. 

The next result, Fig. 4.46, shows the Fourier Transform of 

shotpoint 3005 (Fig. 1,4). The presence of correlated noise is well 

established, as is that of some non-linear signal. The Fourier 'ransfer:n 

for the filtered version of shotpoint 3005 (Fig. 2.39), is given by 

Fig. 4.47. Here it is seen that some residual correlated noise is 

remaining, with the moveout character of the signal being more 

faithfully presented. The suspicion that this correlated noise is non- 

. linear may be tested by applying pass/reject filter Q to the input data 

and computing the Fourier Trtforzi. The result of this presented as 

Fig. 4.48, where it may be seen that some of the character of thjs 

event has been reduced. J\ more appropriate non-linear filter would 

propbably achieve a better result.' 

The last two results, Fig. 4.49 and Fig. 4.50, show the 

Fourier Transform of shotpoint 3006 (Fig. 1.9, the band pass filtered 

version), and the filtered version of Fig. 3.74, respectively. The 

general benefit of this pre-filtering process is immediately ay:Farent. 

This section has shown that the results from the analyses of 

real data are consistent with those of synthetic data. The detection of 

signaliand the benefit of pre-filtering the data before commencing 

analysis, were both well demonstrated. 
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Li& .4.38 result f filtering Fig. 1.1 with 'RP1 
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shotpoint 

number 

fig. No. of 

input record 

]fig. No. 	of 

(f-k) plot 

3001 1.1 4.39 

3001 4.38 .40 

3002 1.2 4.41 

3002 1.7 4.42 

3002 2.44 4.43 

3003 1.3 4.44 

3003 2.47 4.45 

3005 1.4 4.46 

3005 , 	2.39 4.47 

3005 4.37 4.48 

3006 1.9 4.49 

3006 3.74 4.50 

Table 4.3 Index of Fourier Transform analyses 

for real data 
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Fig. 4.41 (f-k) plot for Fig. 1.2, shotpoint 3002 
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Fig.  4.42 (f-k) plot for Fig. 1.7, the band pass 

filtered version of Fig. 1.2 
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Fig. 4.43 (f-k) plot for Fig. 2.44, the filtered version of Fig. 1.7 lv 

Fig. 4.43  (f-k) plot for Fig. 2.44, the filtered 

version of Fig. 1.7 by *PR10 
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Fig. 4.46 (f-k) plot for Fig. 1.41  shotpoint 3005 
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4.5 Conclusions  

The purpose of this chapter was to investigate the application 

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 taking 

of the Fourier Transform, and of smoothing the spectral values before 

the plotting of this Transform, were demonstrated. The appearance of 

the plots were discussed, and the effect of increasing the record 

length of one particular example was examined. Due to the direction of 

the spectral smoothing (parallel to &I've frequency axis), it is possible 

that the introduction of a true two-dimensional smoothing "scan" 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-k 

plane for a number of different angles, whereupon those correlated 

events that were fully encompassed 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 

of linear moveout and the results summarised by Fig. 4.21. It was 

shown that moderate levels of correlated noise could be identified,. 

provided that the background random noise was not too severe. Analysis 

of synthetic. records of quadratic correlated noise moveout showed that 

an ambiguous interpretation of the f-k plane could result if one were 

only expecting linear moveouts to be present. To some extent, the 

Fourier Transform "ap,:proximated" a large, quadratic curve by a succession 

of small linear curves, and gave the final result as a conglomeration 

of these minor curves. Further comparison of quadratic and linear 

results for records of similar noise conditions, however, revealed some 

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

at low frequency of signal and correlated noise, (ii) the general 
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appearance of the high contours(0.0 - -6.0 db) and the -12.0 db 

contour, both with respect to themselves and in relation to each other. 

(c) various pre-filtering experiments were conducted, where it 

was found, as expected, that the application of the method was greatly 

extended by the removal of obvious moveouts, by a multichannel filter, 

from the input data. Filtering out the quadratic correlated noise, for 

example, gave very good results in the f-k plane, thereby affording a 

technique for reducing the possibility of an ambiguous interpretation. 

The effects of applying the wrong filter were studied, and the results 

found to be in general agreement with those of previous chapters. 

(d) a number of experiments were conducted on the real data records 

of earlier chapters. These results were generally consistent with that 

expected from a study of the synthetic results. The presence of non-

linear moveouts caused some difficulty, as did that of very low moveout 

quasi-linear events. The Fourier Transform of records, before and after 

band pass filtering, showed very little difference except at low 

frequency, as expected. The benefit of applying a multichannel 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 filter. 

A comparison between the Fourier Transform and autocorrelation 

matrix methods, for synthetic data of different signal to noise ratios, 

may be effected by comparing Fig. 4.21 with Fig. 3.32. It must be 

remembered, of course, that the former results do not involve the use 

of a multichannel filter, whereas 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 more 

applicable than the Fourier Transform method. If no filtering is 

allowed, however, the latter method' is the more useful. 

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

autocorrelation matrix method, over the Fourier Transform method, for 

some cases. Zone the less it is felt that these two methods should be 
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seen as analytical tools that can usefully comrilement each others

rather than being in direct coffnetition. In conclusion, therefore, 

the 2ourier Transform has shown to be a useful addition to the nw,bor 

of tools available for seismic data processing. 
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CH,P&TER 

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEACH 

The basic discussion of results and detailed conclusions have, 

of course, been given where appropriate in the thesis. It is the Pur-eose 

of this section to draw together the various themes of this work into 

one coherent whole. 

The purpose of this study was to investigate the auto-

correlation matrix and Fourier Transform techniques in relation to 

the estimation of moveout. From such moveout information it was honed 

to establish which multichannel moveout filter, out of a number of 

possible filters, should be chosen to filter the given input data. 

To this end the following results were obtained : 

(a) The correlation process will generally amplify the presence 

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

therefore, these events will interfere with one another in the column 

of the second order autocorrelation'matrix, unless a suitable multi-

channel filter is applied. 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 required moveout for events of considerably low power. The benefit 

of applying a multichannel pre-filter to the input data, before 

commencing the correlation analysis, was also demonstrated on synthetic 

data. A number of experiments were conducted on real data, the results 

of which were consistent with that from Synthetic data. 

(b) The Fourier, Transform was shown to be capable of detecting 

low power correlated events, from synthetic data of linear moveout, 

particularly if these moveouts were very small. Detection of large 

moveout correlated energy suffered from the non-alignment of the 

spectral smoothing window, though good accuracy could still be obtained. 

No multichannel filter was used in those studies, though the results 
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were generally not cluite so good as those of the autecorrelatien 

matrix method. The later incorporation of a multichannel 'ere-filter, 

as in (a), greatly improved the applicability Of the method. T.e.sults 

from the analyses of real data records were generally consistent with 

those of synthetic data. 

(c) Much attention was given to a study of the multichannel 

filters used in the above analyses. It was generally foundeLhat good 

filtered results could only be obtained if the moveouts present in 

the data were directly comparable to those specified in the filter 

design. The filtering process was shown to be extremely sensitive to 

this "moveout-matching", and the application of the wrong filter cave 

completely poor results. It is important to not only match the moveouts 

to be passed, but also those to be rejected. Some discussion was given 

on the number of traces used in the filter design, and to the values 

assigned to the weighting factors for correlated and uncorrelated 

noise. The application of a multichannel filter scan to the input record 

alone, gave good, resultS for both real and synthetic data. For some 

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

In conclusion, it has been shown that in order to ascertain 

which filter shall be used on a given input record, an autocorrelation 

matrix analysis and/or a Fourier Transform analysis may well yield the 

required 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 processing. 

To finally conclude this work, some areas in which further 

research may be pursued are given below 

(i) A study of the problems in multichannel filter design. To 

some extent this was covered by Hubral (1970), but more work should. 

be done on the problems of filter stability and filter performance. 

A comprehensive comparative study of different filters, in both the 

time and frequency domains, could well be of interest. Of .earticular 
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importance is the development of multichannel filters that sive the 

same number of output traces as there are inmit traces. 

(ii) A variable angle spectral smoothing scheme/  for use in the 

f-k plane, should be developed in order to fully recover correlated 

energy of non-zero moveout. 

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

order autocorrelation matrix column computed from pre-filtered input 

data. As mentioned in Chapter 3, this depends upon the successful 

design of the many output trace multichannel filter of part (i) ahove. 

(iv) For the analysis of large volumes of data it would be ur;eful 

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

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

to the existing "wiggle trace" presentation. 
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APPENDIX 

"Geodat" - a moveout anal sis data -Drocessin,,  packai,;e  

This package is designed to perform Fourier Transforms, 

correlation analyses and multichannel filtering, together with the 

plotting of the results.  on either a "Kingmatic" or "Calcomp" plotter. 

The whole program is written in 'FORTRAN IV, with a modular structure, 

for use on the Imperial College CDC 6400. Communication between the 

modules is effected through the use of appropriate disc files. 

The package may operate in any one of eight different modes, 

each mode being defined by the parameter "IDJOB" as follows : 

IDJOB = 1, Fourier Transform of a seismic record. 

IDJOB = 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 record. 

IDJOB = 4, second-order autocorrelation of a seismic record, 

together with a post-filter scan of this autocorrelation. 

IDJOB = 5, second-order autocorrelation of a pre-filtered seismic 

record, together with a post-filter scan of this 

autocorrelation. 

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

second-order autocorrelation, for each filtered record. 

IDJOB = 7, filter scan of a seismic record. 

IDJOB = 8, filter scan of a pre-filtered seismic record. 

The operation of the "Geodat" package may be deduced from the 

given flowchart. Ths encircled numbers refer to the particular "IDJOB" 

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 Fourier '21-ansform 

plots (Chapter +) is given as follows 

0.0 db (red) 	-4.0 db (green). 	-18.0 db (blue) 

-1.0 db (black) 	-5.0 db (black) 	-24.0 db (red) 

-2.0 db (red) 	-6.0 db (black) 	-30,;0 db (black) 

-3.0 db (blue) 	-12.0 db (green) 


