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COMPLETE SPECIFICATION          Gapped Deconvolution Filtering for
Suppressing Reverbera-                           tions in Electrical
Seismic Traces       We, TExAs INSTRUMENTS INCORPORATED,    In marine
exploration, seismograms often  45     a Corporation organised according to
the laws  are highly obscured because of the presence     of the State of
Delaware, United States of  of reverberation energy which is a multiple
America, of 13500 North Central Express-  reflection phenomenon associated
with the air- 5  way, Dallas, Texas, United States of America,  water
interface and the water-sediment inter-     do hereby declare the
invention, for which we  face. Energy trapped in the water layer  50
pray that a patent may be granted to us, and  characteristically
reverberates or rings thus     the method by which it is to be performed,
obscuring the reflected energy which must be     to be particularly
described in and by the  relied upon for delineating the subsurface 10
following statement:-                        stratification.       This
invention relates to seismic explora-   Most of the problems associated
with seis-  55     tion and more particularly to the removal of  mic
prospecting thus are not related merely to     reverberations encountered
in marine explora-  calculating the depth of the subsurface re-     tion by
the use of gapped deconvolution op-  flectors after the reflection time has
been pick- 15  erations for producing and employing a filter  ed but rather
are connected with the identi-     peculiarly related to the reverberation
energy.  fication on the seismogram  of the seismic  60       Geophysical
prospecting is concerned pri-  events to which computations may properly be
marily with the problem of locating and deter-  applied.     mining the
nature of  geological structures    The seismic impulse is not a simple
func- 20  which are buried far below the surface of the  tion. On the
contrary, a seismic disturbance     earth. Geophysical prospecting methods
are  generally is of great complexity and involves  65     concerned with
the measurement of various  energy  radiated in all directions from a send-
physical properties of the earth and the in-  ing station. Only a fraction
of the energy     terpretation of such measurements.        travels
downwardly along a given ray path to 25    Seismic prospecting is a primary
method  a reflection point from which it returns back     employed in
geophysical exploration. As prac-  to the earth's surface where it is
detected. 70     ticed, it consists essentially of the steps of  Seismic
energy reflected upwardly from the     initiating a disturbance in the
earth's crust,  bottom  of the water layer upon arrival at the     and
recording the resultant earth motion sens-  water-air boundary is again
reflected. The 30  ed at a number of spaced detector stations.  resulting
downwardly traveling energy thus     The resultant recording or seismogram
tradi-  gives rise to the reverberation phenomenon. 75     tionally has
taken the form of a plurality of  The multiple involved with the water
layer is     galvanometer traces positioned side by side  the most
significant multiple encountered in     on a strip of photographic paper,
and often is  seismic exploration and is often present. The 35  referred to
as a wiggle trace recording. Such  problem  to which the present invention
is     a record is readily examined visually. A   directed is to identify
and remove the un-  80     particular seismic event on the record can be
wanted multiple energy from a seismic signal     identified as a reflection
from the subsurface  so that the reflection signals can then be     beds by
reason of time coincidence of high  reliably identified; 40  amplitude
similar wave-forms. If the seismic    At the present stage of development
of seis-     velocity of the subsurface material is known,. mic
exploration, seismic signals are recorded  85     it becomes a relatively
straighforward prob-  in phonographically reproducible form, as on     lem
in geometry to calculate the depth of the magnetic tape, in which case the
signals may     reflecting interface and its angle of dip.  be reproduced
as electrical signals and pro-     [Price 5s. Od.]              2
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cessed in accordance with various criteria to  said autocorrelation
function generating means       render less difficult the proper
interpretation  for generating a crosscorrelation function Z       of the
data. One of the methods of pro-  for the same plurality of delay intervals
be-       cessing seismic data for improving the reli-  tween the selected
truncated data gate of the    5   ability of interpretation has been to
apply  original electrical seismic trace and the select-
crosscorrelation  and  autocorrelation  techni-  ed truncated data gate
delayed by a time in-        ques in order to identify the coherent reflec-
terval T, where T is the travel time of seis-        tion signal properties
therein.                mic energy from  a sending station to a re-
The present invention provides a method of  flective subsurface structure
and back to a   10  processing an electrical seismic trace which in-
receiving station occurring when the original  75        cludes a primary
reflection component and a  electrical seismic trace was derived; means
reverberation component to produce a modi-  employing the autocorrelation
station X and        fied electrical seismic trace in which the rever-  the
crosscorrelation function Z for time do-        beration component has been
minimized, said  main filtering said original electrical seismic   15
method comprising: generating an electrical  trace with relative filter
weights proportional  80        autocorrelation function X  over a selected
to respective matrix coefficients Y[err] given by        truncated data
gate of the original electrical  the matrix quation XY = Z; means for
delay-        seismic trace for a plurality of delay intervals  ing the
filtered electrical seismic trace rela-        where the selected truncated
data gate in-  tive to the original electrical seismic trace by 20  cludes
energy responsible for the reverberation   a time interval T; and means for
subtracting  85        component in said original electrical seismic  the
filtered and time-delayed electrical seis-        trace; generating an
electrical crosscorrela-  mic trace from  the original undelayed elec-
tion function Z for the same plurality of de-  trical seismic trace to
produce a modified elec-        lay intervals between the selected
truncated  trical seismic trace in which the reverbera-   25  data gate of
the original electrical seismic trace  tion component has been minimized.
90        and the selected truncated data gate of the     By way of
example, embodiments of the in-        original electrical seismic trace,
delayed a time  vention will be described in greater detail with
interval T, where T is the travel time of seis-  reference to the
accompanying drawings in        mic energy from  a sending station to a re-
which:   30  flective subsurface structure and back to a       Figure 1 is
a diagrammatic view of a system  95        receiving station occurring when
the original  embodying the present invention;        electrical seismic
trace was derived; time do-   Figure 2 is a time plot of a signal from one
main filtering said original electrical seismic  of the detectors of Figure
1 illustrating the        trace with relative filter weights proportional
initial displacement for correlation processing;   35  to respective matrix
coefficients Y[err] given by   Figure 3 illustrates a digital filter
process; 100        the matrix equation XY  =  Z; delaying the  and
filtered electrical seismic trace relative to the  Figure 4 illustrates one
form of the analog        original electrical seismic trace by a time in-
computer of Figure 1.        terval T; and producing a modified electrical
Referring now to Figure 1, the problems   40  seismic trace in which the
reverberation com-  to which the invention is directed are illus- 105
ponent has been minimized by subtracting the  trated by considering the
travel path of energy        filtered and time-delayed electrical seismic
from  explosive 10 as detected by a seismic        trace from  the original
undelayed electrical  detector 11. In usual practice, a charge of
seismic trace.                                 dynamite is detonated at
predetermined depth   45    The original electrical trace may be derived
in the water layer 12 by actuation of a blaster 110        by generating
and detecting seismic waves in a  on a boat 13 to initiate seismic waves
which        surface water layer; and T is the travel time  travel in all
directions from  the sourse 10.        of seismic energy from a sending
station to the   The ray paths 14 and 14a represent the pri-        bottom
of the water layer and back to a re-  mary reflection paths to and from a
subsur-   50  ceiving station occurring when the original  facc reflector
16. Ray paths 14b, 14c, 14d and  115        electrical seismic  trace was
derived.         14e represent reverberation paths in the water
The invention also provides a system  for  layer 12. Multiple energy
travels along path        processing an electrical seismic trace which   15
to the bottom of the water layer where it        includes a primary
reflection component and a  is reflected back to the water-air interface as
55  reverberation component to produce a modi-  along path 15a, where it is
again reflected  120        fied electrical seismic trace in which the
rever-  downward. The energy then travels to the bot-        beration
component has been minimized, said  tom of the water layer by way of path
15b        system comprising: means for generating an   and back again to
the surface by way of path        electrical autocorrelation function X
over a  15c. The arrival at the surface of layer 12 of   60  selected
truncated data gate of the original  primary reflection energy traveling
along path  125        electrical seismic trace for a plurality of de-  14a
also generates reverberations in the water        lay intervals where the
selected truncated data  layer as represented by paths 14b, 14c, 14d,
gate includes energy responsible for the rever-  14e, etc. Thus, unwanted
reverberation energy        beration component in said original electrical
generally may be present over record times   65  seismic trace; means
operably associated with  wherein wanted signals arrive.
130      
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3                     Analog System                    The crosscorrelation
function of truncated       For the purpose of the present description,
data gates from signals 36 and 36' is produced the relatively simple
physical problem  thus  at the output of multiplier-integrator 45 and
resented will be employed, and the signal  the resultant crosscorrelation
function 46 is 5   output from the single detector 11 will be  stored on a
drum 47. The autocorrelation func-  70     treated in detail. It should be
kept in mind,  tion 49 of a truncated data gate of signal 36'     however,
that ordinarily a seismic spread in-  is produced from signals stored on
both drums     cludes many detectors, such detectors 11a-   31 and 32.
Function 49 is produced at the     11n. A multi-element marine cable is
employ-  output of multiplier 48 and is stored on drum 10  ed so that a
suite of seismic signals will be  47. The crosscorrelation and
autocorrelation  75     produced to aid in determining the presence
operations for producing the functions 46 and     of energy reflected from
various depths.   49 are carried out over the data gate 40, Fig-
Reflected energy may be identified by rea-  ure 2, for the time delays -
r[err] to +[err]      son of the coincidence in the time occurrence
Crosscorrelation and autocorrelation opera- 15  of like high amplitude
signals. Output signals  tions in general are well knowin in the treat-  80
from the spread detectors 1la-11n are ap-  ment of seismic signals and, for
this reason,      plied to an amplifier system 27 and then are  the systems
have been shown in block form.      stored for processing. The output
signal from   The systems may be of the analog type repre-      the
detector 11 will now be considered in de-  sented in Figure 1 with a more
general des- 20  tail with the understanding that signals from   cription
being found in U.S. Patent No. 85      the remaining detectors will
similarly be pro-  2,927,656, columns 5 and 6, and in U.S.      cessed. The
output signal from detector 11  Patent No. 3,131,375. The present invention
is applied by way of conductor 28 to a pro-  involves the use of the
correlation operations      cessing system which, in the form illustrated,
for locating, characterizing and eliminating the 25  includes four drum
storage units 31-34.    multiple energy.                                 90
In the analog process employed in Figure 1,   In accordance with the
invention, selected      the signal from detector 11 may be of the
truncated time segments of the undelayed sig-      type illustrated by
signal 36, Figure 2. The  nal 36 and the delayed signal 36' are employ-
instant of generation of the seismic pulse,  ed for correlation operations.
Truncation is 30  which is the instant of the detonation of the ex-
accomplished in the system of Figure 1 by  95      plosive charge 10, is
represented by the time  employing potentiometers 85, 86, and 87.
break pulse 37. The primary energy travel-  The potentiometer 85 is
actuated by cam 85a      ing along path 14 may be represented by the  which
is driven cyclically by way of linkage      reflection energy 38. The
reflection energy is  85b coupled to the shaft of the drum 33. Thus, 35
mixed with unwanted reverberation or noise.  as the undelayed trace 36 is
cyclically repro- 100      The signal 36 is stored on the drums 31-33.
duced, the cam 85a cyclically alters the poten-      The same signal 36 may
also be stored on drum   tiometer 85 to select a time segment of the
34.                                           trace 36 characterized by the
presence of the        The signals stored on drums 31-33 are  reverberation
energy. Preferably, the data 40  employed for the purpose of synthesizing a
gate, i.e. truncated time segment, will be of 105      filter which will
selectively attenuate the rever-  substantial length in order to evaluate
as      beration energy 39 with minimum attenuation  realistically as
possible the nature of the re-      of the reflection 38. Synthesis of a
proper  verberation energy. As illustrated in Figure      filter for this
purpose involves the autocorre-  2, the data gate would extend from a
record 45  lation of the signal 36 and the crosscorrela-  time of about one
second to three seconds. 110      tion thereof with the same signal shifted
by a  This would be a record interval in which there      time interval
substantially equal to the travel  is good reflection signal-to-noise
ratio.  As      time of a pulse from source 10 to the bottom  above noted,
each primary reflection sets off      of the water layer 12 and back to
detector  reverberations. Thus, the filter will be based  50  11. Such a
shift has been illustrated in Figure  upon a fairly long data gate of the
unwanted  115      2 with the signal 36' being shown displaced in
reverberation energy. The data gate will be      time relative to signal 36
by a time shift T.  ramped on and off, with the respective ramps      The
signal 36' is thus shifted on both drums  being of the length of the order
of about 20%      31 and 32.                                    of the
length of the data gate. Thus the func-  55    It should be kept in mind
that the primary  tion 40 is superimposed on the trace 36  by  120
reflection 38 and the reverberation energy are  the potentiometer 85 under
control of cam      combined with other signal and noise com-  85a. Cam 85a
is shaped and indexed with      ponents so that in general they do not
appear  reference to the information on drum 33 to      on a seismogram  as
separate events. As is  produce the ramped gate shown in Figure 2.  60
often the case, the reverberation occurs at a    In a similar manner,
potentiometer 86 is 125      record time which is substantially coincident
controlled by cam 86a and potentiometer 87      with - a primary reflection
from a subsurface  is controlled by cam 87a. By superimposing, the
bed. The elmination of the reverberation per-  ramped onset and
termination, crosscorrela-      mits the reflection to be displayed free or
tion functions and autocorrelation functions  65  unmasked by the unwanted
noise.               are of improved character with reference to 130   
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4     the generation of suitable time domain filters  et seq. in a paper
entitled "Compensation    for reverberation attenuation.
Charts for Linear Increase of Velocity with       Unique filters are
required to eliminate the  Depth" by W. B. Agocs. A mechanism for
reverberation energy from the signal 36. The  applying spread corrections
is disclosed in 5  crosscorrelation  functions and  autocorrela-  U.S.
Patent No. 3.092,805 to Koeijmans and  70     tion functions are employed
to synthesize the  in U.S. Patent No. 2,948,880 to Thatcher.     filter.
The correlation functions are fed into  Since control and correction
operations are     a computer 60 which sets the values, for ex-  generally
well known, they are not described     ample, of resistances 68-74 in the
output lines  in detail herein. 10 61-67 leading from  the storage drum  34
As shown in Figure 1, the control unit 100  75     which serves as an
element of a time domain  is connected as to energize the motor 101
filter.                                       which may produce uniform
rotation of the       With the signal 36 stored on the drum 34  drums 31-34
and 81. The control unit 100     for playback purposes, the computer 60
deter-  is coupled by way of linkage 102 to time 15  mines the weights of
the signals to be sum-  shifting units 83 and 84 and to the drive for  80
med in an output unit 75.  The output from   the drum 47. The linkage 102
is a stepping     unit 75 may then be either stored in repro-  linkage to
shift drum 32 relative to drum 33     ducible form on a storage drum 81, or
record-  an  increment [err] at the beginning of each play-     ed as a
wiggle trace or other visible recording  back cycle. Drum  31 is shifted
relative to 20  produced by recorder 82.                      drum  32 by a
similar increment. By this  85       As described thus far, only the signal
from   means, the points on the correlation functions     detector 11 has
been referred to. As above  46 and 49 may be stored on drum 47 which
noted, twelve-trace and twenty-four-trace re-  is stepped synchronously
with the shifting     cordings are conventionally employed. In the  units
83 and 84. 25  present case, the drums 31-34 may be multi-    The linkage
103 leading to drum 81 and  go     ple channel drums so  that signals from
detec-  recorder 82 may be actuated only when the     tors lla-11n may be
treated. The computer  time domain filter operation is to be carried     60
would be employed successively to evalu-  out following the synthesis of
the time domain     ate and synthesize the filters in the additional
filters. However, the linkage has been shown 30  channels (not shown)
leading from the delay  unbroken merely for the purpose of indicating  95
line drum 34 to the summing units 76-80.  the coordination between the
several drums     The outputs of summing units 76-80 are ap-   involved.
The linkage 104 couples control     plied to the storage unit 81 and to the
re-  unit 100 to the computer 60 for coordination     corder 82 by way of
channels 76a-80a. It  of the synthesis of the filter weights. 35  is to be
understood that the drums 31-34, 47,   In producing the correlation
functions 46 100     and 81 have been included in order to illus-  and 49,
the signals from detector 11 initially     trate the functions  involved.
Some of the  are recorded on drums 31-34. The drums 31     functions of
Figure 1 may be combined on or  and 32 are then both shifted in their time
carried out in connection with use of a single  axis relative to drum 33 as
by operation of 40  drum without departing from the teachings of  the
shifting unit 83 by a time interval about 105     the present invention.
Furthermore, while an  equal to the two-way travel (Tin Figure 2)
analog system has been described, it is to be  time in water layer 12.
Thereafter, the sig-     understood that the signals may be stored in  nals
36 and 36' are cyclically reproduced. Dur-     registers in digital
computer storage systems  ing a first cycle, the signals appearing on the
45  rather than on drums 31-34.                   output lines 88 and 89
are multiplied and the 110        The generation of the seismic waves, as
by  product is integrated in unit 45 over the     detonation of the
explosive charge 10, may  length of the time gate 40, Figure 2, to pro-
be taken illustrative of well-known techniques.  duce.one point on the
crosscorrelation func-     The generation of the seismic waves may be  tion
46. Similarly, signals on the lines 89 and 50  under the supervisory
control of a unit 100  90 are multiplied and integrated in the unit 115
which controls the operations of the storage  48 to produce one point on
the autocorrelation     drums 31-34, computer 60, and the drums 47,
function 49. Prior to the second cycle, the     81 and recorder 82. By this
means, the sig-  shifting units 83 and 84 are actuated to shift     nals
may be recorded in predetermined rela-  the drums by a time increment
[err]. During the 55  tion to the position of the drums 31-34.  second
cycle, a second point on the cross- 120     Such control systems are well
known, a repre-  correlation function 46 and a second point on
sentative system  being described in U.S.  the autocorrelation function 49
are determined.     Patent No. 3,039,558 to  Romberg.          The drums
are then successively shifted by in-        Spread corrections may be
introduced into  crements of [err] to cover the entire delay range. 60  the
recording operation prior to the correla-  The time increment [err] may be
within the range 125     tion operations. Spread corrections wherein  of
from 1 to 5 milliseconds and preferably is     both static and dynamic
variable are compen-  of the order of about 2 milliseconds but may
sated are made in accordance with well-known  vary depending upon the
frequency band     procedures. Such corrections are described in  width -
desired. 
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channels leading from  130        5               1 495,263              5
the drum 34 will be spaced in increments of r.    Having briefly described
the analog system             The computer 60 will evaluate, for each of
the  of Figure 1 and having outlined the objectives      delay intervals,
the weight for one of the   for the use of this system, it may be helpful
20      signals to be included in the input to the sum-  at this point to
describe mathematically the         5   ming  unit 75. The signal on
channel 28 is  operations involving the use of the crosscor-
also applied to summing unit 75 undelayed and  relation function and the
autocorrelation func-             will be of a'first relative polarity. The
signals  tion stored on drum  47. For this purpose,             on channels
61-67 will be of opposite rela-  the following theoretical analysis is set
forth.  25             tive polarity when applied to summing unit
Thereafter, the implementation of such theory         10  75 and delayed in
time by intervals of r and  by a simplified analog time domain filter will
[err] so that there will be subtracted from the  be described.
signal on trace 36 a predicted signal repre-                  Verification
sentative of the reverberation energy 39. Sub-  The action of the water
layer is to cause  30             stantial reduction in reverberation
energy will  the primary reflections or signal to be multiply         15
thus be accomplished. The resultant signal  reflected many times between
the water bot-             then appears on output channel 75a leading to
tom  and water surface. Mathematically, this             units 81 and 82.
effect can be characterized as:         35               f(t) =  s(t) +
[err]                (1)
(k+1)[err]...     *h(t)                             or:             f(t)  =
[err]        (2)                                                   k=0
where:                                          In Equation (I) the first
term  s(t) of the                    f(t) =  recorded seismogram;
infinite series represents the desired signal         40         s(t) =
primary reflection sequence;   whereas all remaining terms are the "rever-
T   =  two-way travel in water layer;  beration tail". the process
described herein  50                    h(t) = water  bottom  reflection
re-  is for eliminating the reverberation tail. Clear-
sponse;                         ly, if h(t) were known, then the inverse
filter                     *  =  convolution; and                g(t) could
be applied directly as         45         h[err](t)= h(t) convolved with
itself k                            times.                            g(t)
= 8(t) -2 h(t-T) + h(t-2T) *h(t-2T)                                    (3)
60  where:                                               f(t) * Y(t) =
f(t+T)                     (6)                    8(t) =  unit impulse
function.                                                            For
f(t) given by Equation (1), the filter Y   85                Convolution of
g(t) with f(t) of Equation (1)  is:              yields s(t) exactly:
Y(t)=2h(t)-h(t-T)  h(t-T)           (7)                     g(t) * f(t) =
s(t)             (4)
Next, delay the predicted trace by T sec-         65  This inverse may be
estimated from the re-  onds and subtract it from  the original field
corded trace f(t) by first evaluating the filter  trace f(t) to yield the
prediction error trace:  90              which transforms f(t) into f(t+T),
or evaluat-              ing the prediction operator for prediction dis-
=  f(t) - f(t-T) * Y(t-T)   (8)              tance T. This leads to matrix
equation:       Prediction error output          70         XY = Z
(5)      =  f(t) * [err](t)-[err](t-T) * Y(t-T] (9)              where:
Y is the filter                        However, the bracketed term  is just
g(t) of                     X is the auto correlation function over
Equation (3). Therefore, the prediction error  95                       a
selected data gate of the recorded  filter obtained from Y(t) as         75
trace f(t) for a plurality of time de-                        delay
intervals and                      [err](t) -Y(t-2T)                (10)
Z is the cross correlation function for                        the same
plurality of time delay in-  is also the exact inverse filter to remove re-
tervals between the selected data  verberations.         80            gate
of the recorded trace f(t) and    The filter represents the
least-mean-square  100                       the selected data gate of the
re-  estimate of the transfer function relating pri-
corded trace f(t) delayed a time in-  mary energy with its reverberation.
The filter-                       terval T.                           ed
signal is delayed by the travel time from   
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6      the point of generation to the water bottom   sistors 68-74 and the
gains of the amplifiers     and return to the detector location and is then
may be controlled by gain control voltages     subtracted from the original
signal yielding a  generated in the computer 60. Such gain con-
reverberation-free trace.                     trol voltages from the
computer 60 produced                                                   from
treatment of the crosscorrelation and 5           Analog System-Continued.
autocorrelation functions may thus be used to        The filtering
operation illustrated in Figure  control the weights of signals on channels
61-     1 involves a time domain filter unit including  67.     drum 34 in
which the amplitude of the signal     from each of the pickup points on the
storage                Computer 60.                  30 10  drum is
selectively attenuated by units 68-74,    The computer 60 and its mode of
opera-     following which the signals are summed in  tion may best be
understood by referring to     unit 75. A servo system in computer 60 may
the relationships expressed in Equation (5)     be employed to adjust units
68-74, such as  which indicated that the autocorrelation sig-     in the
magnetic delay line filter described by  nal X, when treated by a filter
Y[err], will result 35 15  Hal. J. Jones et al. in a paper entitled "Mag-
in the crosscorrelation signal Z. Computer 60     netic Delay Line
Filtering", in Geophysics,  inverts the matrix X and solves the resulting
Vol. XX, October 1955, page 745 et seq. In  expression for the seven values
or weights to     the latter case, the components of the signal  be given
the signals applied to the summing     are controlled in amplitude by a
variable re-  unit 75. By way of example, Equation (5)  40 20  sistance in
each signal line. Alternatively, an  in matrix form for a seven-point
operator or     amplifier may be substituted for variable re-  filter
Y[err] may be written:   X0          X1       X2      X3       X4      X5
X6          Y(-3)          Z(-3)  X(-1)       X0       X1      X2       X3
X4       X5          Y(-2)          Z(-2)  X(-2)       X(-l)  X0        X1
X2      X3        X4          Y(-1)          Z(-1)  X(-3)      X(-2) X(-1)
XO            X1       X2        X3          YO         =  ZO          (12)
X(-4)    X(-3) X(-2) X(-1) XO                 X1        X2            Y1
Z1  X(-5)      X(-4)  X(-3)  X(-2) X(-1)  XO                X1          Y2
Z2  X(-6)       X(-5) X(-4) X(-3) X(-2) X(-l)   XO                      Y3
Z3   where:      X0, X(-l), X(-2), X(-3), X(-4), X(-5), X(-6), Xl, X2, X3,
X4, X5, and X6, are the       numerical values of the autocorrelation
function 49 at a time delay [err] = 0, -1, -2, -3, -4,       -5, -6, 1, 2,
3, 4, 5, and 6, respectively;      Z0, Z(-1), Z(-2), Z(-3), Z1, Z2, and Z3
are the numerical values of the crosscorrelation       function 46 at time
delays [err] = 0, -1, -2, -3, 1, 2, and 3, respectively.       As to the
remaining elements of the matrix Y(-1), Y(-2), Y(-3),Y0, Y1, Y2, and Y3 are
the       filter weights of the elements in lines 61, 62, 63, 64, 65, 66,
and 67, respectively.       In order to solve Equation (12) for the  and
the solution is then formulated for each 45  values of the filter points at
the delay inter-  of the seven filter points. The operation mathe-     vals
[err] = (-3), (-2), (-1), 0, 1, 2, and 3,  matically is indicated in
Equation (13).   50     the X matrix of Equation (12) is inverted        7
1,195,263                                         7  



Y(-3)                                            Z(-3)
Y(-2)                                            Z(-2)
Y(-l)                                            Z(-l)
Y0             =           X                      z0              (13)
Y1                                              zi                    Y2
Z 2                    Y3                                               Z3
The inversion of Equation (12) to Equa-  ed, including the production of a
visible or     tion (13) may be undertaken in accordance  wriggle trace
seismogram.     with any one of several well-known techniques,    The
operation may be carried out in the 5  of which the Crout reduction
technique is ex-  system of Figure 3 in acordance with well- 50
emplary. This technique is described and ap-  known systems and methods of
operating the     plied in Methods of Applied Mathematics, by  same but
guided by the requirements of the     F. B. Hildebrand, Prentice-Hall, Inc.
(1958),  method set forth herein. Digital filtering, in     Appendix, pages
503-507. The brute force  general, is well known as indicated in "Prin- 10
method of inversion will be described below   ciples of Digital Filtering"
by Robinson and  55     in connection with Figure 4. By such means,
Treitel, Geophysics, Vol. XXIX, No. 3, June,     the unknown Y[err]
quantities may be evaluated  1964, pages 395-404. Thus, the control unit
for each delay interval of interest. More  113 of Figure 3 may readily be
programmed     particularly, signals are produced, one for each  to carry
out the operation indicated in Equa- 15  delay interval, and are applied to
units 68-  tion (5).                                     60     74, Figure
1, to control the amplitudes of the    While the analog filtering operation
illus-     signals from delay line drum 34 prior to addi-  trated in Figure
1 may be employed, when     tion in unit 75. Where a delay interval [err] =
large sets of data and the multi-point filters     0.002 second is employed
in the production of  are involved, a digital computer operation will 20
the crosscorrelation function 46 and the auto-  be preferred.
65     correlation function 49, the spacing of detec-     tor heads on drum
34 will be equal to 0.002     Analog Filter Synthesis-Figure 4.     second
record time.                             In order to illustrate further the
operation                                                   of the computer
of Figure 1, as well as to            Digital Operation-Figure  3.
explain further the invention, the analog com- 25    Operations generally
involve twelve and  puter operation is further developed in Figure  70
twenty-four-trace recordings, and time delay  4. The computer 60 of Figure
1 may take the     filters having as many as twenty-five or more  form
illustrated in Figure 4 for a simplified     delay intervals or points are
required. It will  three-point filter. The same principles illus-     be
apparent that, for such operations, the mat-  trated in Figure 4 would be
involved for the 30  rix of Equation (12) becomes very large. Such
seven-point filter of Figure 1 or for more  75     large matrices are most
expeditiously evaluat-  complex filters.     ed and filter point signals
produced in digital    The crosscorrelation function 46 and the
computers having large data-handling caps-  autocorrelation function 49 are
stored on drum     city. In Figure 3, multi-trace seismic data is  47. For
the purpose of the description of 35  stored on drum 110 and is reproduced
and ap-  Figure 4, representations of the crosscorre-  80     plied by way
of channels 111 to computer 112.  lation function 46 and the
autocorrelation     The computer 112 is programmed under the  function 49
have ben illustrated together with     control of a unit 113 to determine,
adjust or  pickup devices for reproducing the data stored     fix the
filter corresponding with the solution  on the drum 47. The pickup 120
produces a 40  to Equation (5). The computer 112 will then  signal
representative of the crosscorrelation  85     produce on output channels
114 the filtered  function at time [err] = 0 for the function Z0
seismic signals. The latter signals are then  of Equation (12). The signals
from pickups     applied to a storage unit 115 shown in the  121 and 122
correspond with the elements Z1     form of a magnetic drum storage unit.
Stor-  and Z(-1) of Equation (12). Signals from 45  age may be temporarily
electronic storage, or  pickups 123, 124, and 125 correspond with  90
alternative forms of readout may be employ-  the elements X0, X1 and X2 of
Equation (12).        
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8       Since the autocorrelation function 49 is  Equations (14), (15) and
(16) which are the     symmetrical, the values X1 and X2 correspond  same
as would be obtained by using the Crout     with the values X(-1) and
X(-2), respec-  reduction technique. Equation 14 defines the     tively.
Thus, for a solution to Equation (12),  magnitude of the signal to be
applied from 5  but limited to a three-point filter, the neces-  channel
62, Figure 1, to summing unit 75.  15     sary correlation signal data
appears on the  Equation 15 represents the magnitude of the     readout
busses 130-132 and 133-135.        signal to be applied by way of channel
61,       The system  of Figure 4 serves to solve  and Equation 16
represents the relative mag-     Equation (12). The solution to Equation
12,  nitude of the signal to be applied by way of 10  limited to a
three-point filter, is indicated in  channel 65.
20                     Z(-1)         X1              X2
Z0            X0              X1                          Z1            X1
X0                          Y(-1) =                                (14)
X0            X1              X2                          X1            X0
x1                          X2            X1              X0
X0             Z(-1)      X2                            x1         Z0
x1                         X2            Z1         YO=
(15)                         X0            X1              Z(-1)
X1         X0             Z0                          X2           X1
Z1          Y1=
(16)                                           [D]
[XO[err] Z(-1) + X1[err] Z1 + XlX2ZO                         - Z1XOX2 -
XlXOZO - Z(-1) X1[err]        Y(-1)
(17)                                         [D]         where:
D = [XO[err] + 2X1[err] X2 -2XOX1[err]- XOX2[err]        9
1,195,263                                         9
[X0[err]ZO + Z(-1)X1X2 + XlX2Z1  



-X2[err]ZO -XOX1Z(-1)-XOX1Z1]     YO=
(18)                                          [D]
[XO[err]Z1 + XlX2ZO + OX1[err]Z(-1)                      -XOX2Z(-1)
-X1[err]Z1 - XOX1ZO]        Y1=
(19)                                          [D]        The operations
illustrated in Figure 4 for  ment of the numerator of Equation (17),
solving Equations (17)-(19) may readily be  namely the quantity X1XOZO. The
signal on     performed for an inverted matrix by analog  line 176 is
representative of the sixth or last 5  means so long as accuracy is
maintained. Only  element of the numerator of Equation (17), 55
addition, multiplication and division of volt-  namely the quantity Z(-
1)X1[err].     ages are involved in the operation of the    It will be
noted that the voltages on lines     computer of Figure 4. The solutions to
Equa-  174, 175 and 176 are applied to a summing     tions (14(16),
expressed in Equations (17)  unit 180 with a polarity which is opposite 10
-(19), should be considered along with Fig-  that of the voltages on lines
171-173. Thus, 60     ure 4. The portion of the computer of Fig-  the
output from the summing unit 180 appear-     ure 4 for computing the value
of the filter  ing on the channel 181 is representative of     point Y(-1)
has ben illustrated in detail in  the value of the numerator of Equation
(17).     the channel 140 of Figure 4. Channels 141    Voltages are applied
from the cube unit 15  and 142 are employed for obtaining the values  166
and the multipliers 157, 158 and 159  65     for the filter points YO and
Y1.          to a summing unit 182. The output voltage       Channel 140
involves nine multipliers 151-  from the summing unit 182 appearing on
chan-     159. The units 151-156 and the associated  nel 183 represents the
denominator of Equa-     circuits are employed to provide the solution
tion (17). The signals on channels 181 and 20  to the numerator of Equation
(17). The multi-  183 are applied to a dividing unit 184. Thus, 70
pliers 157-159 are employed to provide a  the output of the unit 184, as
appearing on     solution to the denominator of Equation (17).  output
channel 185, represents the solution to       A squaring unit 161 is
connected to one in-  Equation (17).     put of the multiplier 151. A
squaring unit 162    The solution to Equation (18) is represent- 25  is
connected to one input of the multiplier  ed by a voltage apearing on the
output chan- 75     152. A squaring unit 163 supplies one input of  nel 186
of the computer channel 141. A volt-     multiplier 156. A squaring unit
164 supplies  age representing the solution to Equation (19)     one input
of multiplier 157, and a squaring  appears on output channel 187 of the
com-     unit 165 supplies one input of multiplier 159.  puter channel 142.
30  A unit 166 produces an output which is the    The channel 185 is
connected by way of 80     cube of the input signal applied thereto.  a
switch 191 to a storage capacitor 192 which       The input to the squaring
unit 161 is con-  is connected to ground and, by way of a con-     nected
to the XO bus 133. The second input  ductor 193, to a gain control input
terminal     to the multiplier 151 is connected to Z(-1)  194 of an
amplifier 195. In this system, an 35  bus 132. Thus, there is. produced an
output on  amplifier 195 in line 62 replaces the variable  85     line  171
proportional to  the  quantity  resistance 69 of Figure 1 so that the
signal     XO[err]Z(-1).                                from the delay drum
34 of Figure 1 will be       The input to the squaring unit 162 is con-
amplified in proportion to the gain control     nected to the X1 bus 134.
The second input to  voltage stored on capacitor 192 upon closure of 40
the multiplier 152 is connected to the Z1 bus  switch 191. In a similar
manner, control volt-  90     131. Thus, there is produced on output line
ages are applied to amplifiers 196 and 197     172 a voltage representative
of the quantity  representing the values of the solutions to     X1[err]Z1
of Equation (17).                  Equations (18) and (19). Amplifier 196
in        In a similar manner, the output on line  line 61 may be
considered as substituted for 45  173 is produced representing the third
element  the variable resistance 68 of Figure 1. The  95     of the
numerator of Equation (17), namely the  amplifier 197 may be considered as
substituted     quantity XlX2ZO. The voltage on line 174  for the variable
resistance 72 in line 65 of     is produced. representative of the fourth
ele-  Figure 1. Thus, the output signals from ampli-     ment of the
numerator of Equation (17),  fiers 195, 196 and 197 are applied to the in-
50  namely the quantity ZlXOX2. The voltage on  puts of the summing unit 75
of Figure 1 and 100     line 175 is representative of the fifth ele-
Figure 4.          10                                        1,195,263
10                    Filter Length                   son, marine
seismology as used herein may be       Theoretical considerations dictate
that the  taken to include land operations characterized     coefficients
Y[err] of Equation 12 span a time  by the same reverberation problem. 



2 d[err]                          The term  "seismic trace" as used herein
length equal to -    (d[err]  = water depth and   refers to an electrical
signal having a con-                     V[err]
tinuous time function (analog) such as that 5   V[err] =  water velocity)
for complete de-rever-  obtained from the output of a seismometer res-
beration from  a simple water bottom. The  ponsive to seismic waves or
refers to an elec-     number of filter coefficients (m+l) required  trical
signal or signals digitally representing  65     on this basis (with 10%
increase in water  said continuous time function or a recording     depth
as safety factor) is given by:           of either form. The digital
representation of an
analog signal involves sampling the analog sig-                   [err]
nal at successive points along the analog signal, 10
which points are spaced in time according to  70
the sampling interval [err]t, the conventional
(20)     designation of the sampling interval in analog-
to-digital conversion. The sampled values are     where AT is the
incremental increase of  T   then encoded into digital form, thereby pro-
brought about by the 10% increase in water-  ducing a digitized seismic
trace.            75     depth applied as a safety factor. Typical water
depths encountered in most marine operations   WHAT WE CLAIM  IS-: - 15
range between 100 and 500 feet, giving for      1. A  method of  processing
an electrical     m+l:                                           seismic
trace which includes a primary re-
flection component and a reverberation com-          m+ 1 =  12 for d[err]
=  100 feet        ponent to produce a modified electrical seis-  80
=  60 for d[err]  =  500 feet       mic trace in which the reverberation
compon-     for a four-millisecond sample period.        ent has been
minimized, said method com-
prising: generating an electrical autocorrela- 20                 The Data
Gate.                   tion function X over a selected truncated data
The data gate may start 100 milliseconds  gate of the original electrical
seismic trace for  85      after the water bottom  or at a time deter-  a
plurality of delay intervals where the selected      mined by the
seismologist. The gate  length  truncated data gate include energy
responsible      will be chosen from the early part of the re-  for the
reverberation component in said origin- 25  cord (1 to 3 seconds) to insure
the best sig-  al electrical seismic trace; generating an elec-
nal-to-ambient noise ratio for reverberation  trical crosscorrelation
function Z for the same  90      parameter estimation. The data gate will
in-  plurality of delay intervals between the select-      clude a "ramp
on" of the order  of 100 milli-  ed truncated data gate of the original
elec-      seconds and a similar "ramp off" to mini-  trical seismic trace
and the selected truncated 30  mize truncation effects. The ramp preferably
data gate of the original electrical seismic trace      will be linear, as
indicated in Figure 2.    delayed a time interval T, where T is the  95
This gapped deconvolution method differs  travel time of seismic energy
from a sending      from  prior operations by predicting many   station to
a reflective subsurfce structure and      sample points ahead, whereas in
prior opera-  back to a receiving station occurring when 35  tions,
prediction was only one sample ahead.  the original electrical seismic
trace was de-      For water reverberations,  the minimum pre-  rived; time
domain filtering said original elec- 100      diction distance is the
two-way water time,  trical seismic trace with relative filter weights
which is normally several tens of millisec-  proportional to respective
matrix coefficients      onds. Thus, the gapped deconvolution filter is
Y[err] given by the matrix equation XY =  Z;  40  considerably more
efficient in terms of fewer  delaying the filtered electrical seismic trace
filter coefficients, and more effective in terms  relative to the original
electrical seismic trace  105      of de-reverberation since better
statistics are  by a time interval T; and producing a modified
available for the fewer filter coefficients. The  electrical seismic trace
in which the reverbera-      gapped deconvolution output will have a  tion
component has been minimized by sub-  45  spectrum free from reverberation
structure but  tracting the filtered and time-delayed electrical      will
still retain the basic overall system res-  seismic trace from the original
undelayed elec- 110      ponse.
trical seismic trace.         The reverberation problem is most severe in
2. A method as set forth in Claim 1, where-      marine seismology but is
not limited thereto.  in the original electrical seismic trace is deriv-
50  For example, the reverberation problem may  ed-by generating and
detecting seismic waves      exist in on-shore seismic prospecting wherein
in a surface water layer; and T is the travel 115      the area under
investigation includes strong,  time of seismic energy from a sending
station      near surface reflectors. The seismic trace pro-  to the bottom
of the water layer and back      duced under these circumstances includes a
to a receiving station occurring when the  55  water reverberation
characteristic. For this rea-  original electrical  seismic trace was
derived.       reverberation characteristic analogous to the  3. A method
as  set forth in Claim  1 or 120          
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10                      Filter Length                  son, marine
seismology as used herein may be         Theoretical considerations dictate
that the  taken to include land operations characterized      coefficients
Y[err] of Equation 12 span a time  by the same reverberation problem.
2 d[err]                         The term  "seismic trace" as used herein
length equal to - (d[err]  = water depth and  refers to an electrical
signal having a - con-                      tinuous time function (analog)
such as that  5   V[err] =  water velocity) for complete de-rever-
obtained from the output of a seismometer res-      beration from  a simple
water bottom. The  ponsive to seismic waves or refers to an elec-
number of filter coefficients (m+l) required  trical signal or signals
digitally representing  65      on this basis (with 10%  increase in water
said continuous time function or a recording      depth as safety factor)
is given by:          of either form. The digital representation of an
analog signal involves sampling the analog sig-
nal at successive points along the analog signal,  10              m+1 =
[err]                  which points are spaced in time according to  70
the sampling interval At, the conventional
(20)     designation of the sampling interval in analog-
to-digital conversion. The sampled values are      where AT is the
incremental increase of T   then encoded into digital form, thereby pro-
brought about by the 10% increase in water-  ducing a digitized seismic
trace.               75      depth applied as a safety factor. Typical
water      depths encountered in most marine operations    WHAT WE CLAIM
IS:- 15  range between 100 and 500 feet, giving for       1. A  method of
processing an electrical      m+ 1:
seismic trace which includes a primary re-
flection component and a reverberation com-           m+1 =    12 for
d[err]  =  100 feet           ponent to produce a modified electrical seis-
80                    60 for d[err]  =  500 feet           mic trace in
which the reverberation compon-      for a four-millisecond sample period.
ent has been minimized, said method com-
prising: generating an electrical autocorrela- 20                 The Data
Gate.                  tion  function X over a selected truncated data
The data gate may start 100 milliseconds  gate of the original electrical
seismic trace for  85      after the water bottom  or at a time deter-  a
plurality of delay intervals where the selected      mined by the
seismologist. The gate length  truncated data gate include energy
responsible      will be chosen from the early part of the re-  for the
reverberation component in said origin- 25  cord (1 to 3 seconds) to insure
the best sig-  al electrical seismic trace; generating an elec-
nal-to-ambient noise ratio for reverberation  trical crosscorrelation
function Z for the same  90      parameter estimation. The data gate will
in-  plurality of delay intervals between the select-      clude a "ramp
on" of the order of 100 milli-  ed truncated data gate of the original
elec-      seconds and a similar "ramp off" to mini-  trical seismic trace
and the selected truncated 30  mize truncation effects. The ramp preferably
data gate of the original electrical seismic trace      will be linear, as
indicated in Figure 2.     delayed a time interval T, where T  is the  95
This gapped deconvolution method differs  travel time of seismic energy
from a sending      from  prior operations by predicting many   station to
a reflective subsurfce structure and      sample points ahead, whereas in
prior opera-  back to a receiving station occurring when 35  tions,
prediction was only one sample ahead.  the original electrical seismic
trace was de-     For water reverberations, the minimum  pre-  rived; time
domain filtering said original elec- 100     diction distance is the
two-way water time,  trical seismic trace with relative filter weights
which is normally several tens of millisec-  proportional to respective
matrix coefficients     onds. Thus, the gapped deconvolution filter is
Y[err] given by the matrix equation XY  =      Z; 40  considerably more
efficient in terms of fewer  delaying the filtered electrical seismic trace
filter coefficients, and more effective in terms  relative to the original
electrical seismic trace  105     of de-reverberation since better
statistics are  by a time interval T; and producing a modified
available for the fewer filter coefficients. The   electrical seismic trace
in which the reverbera-     gapped  deconvolution  output will have a
tion component has been minimized by sub- 45  spectrum free from
reverberation structure but  tracting the filtered and time-delayed
electrical     will still retain the basic overall system res-  seismic
trace from the original undelayed elec- 110     ponse.
trical seismic trace.        The reverberation problem is most severe in
2. A method as set forth in Claim 1, where-     marine seismology but is
not limited thereto.  in the original electrical seismic trace is deriv- 50
For example, the reverberation problem may   ed by generating and detecting
seismic waves     exist in on-shore seismic prospecting wherein  in a
surface water layer; and T is the travel 115     the area under
investigation includes strong,  time of seismic energy from a sending
station     near surface reflectors. The seismic trace pro-  to the bottom
of the water layer and back     duced under these circumstances includes a
to a receiving station occurring when the 55  water reverberation
characteristic. For this rea-  original electrical seismic trace was
derived.     reverberation characteristic analogous to the   3. A method as
set forth in Claim  1 or 120     
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11     Claim 2, wherein the autocorrelation function  by a time interval T;
and means for subtract-     X is generated as a plurality of electrical
auto-  ing the filtered and time-delayed electrical seis-     correlation
coefficients over a series of incre-  mic trace from the original undelayed
electri-  mental time delays from - [err] to + r[err] where n   cal seismic
trace to produce a modified elec-  55  5  is an integer; and the
crosscorrelation function  trical seismic trace in which the reverberation
Z is generated as a plurality of electrical cross-  component has been
minimized.     correlation coefficients over the same series of    7. A
system as set forth in Claim 6, where-     incremental time delays at a
time T later in  in the original electrical seismic trace is repre-
said electrical seismic trace.                 sentative of seismic waves
generated in a sur-  60 10    4. A method as set forth in any one of  face
water layer at a sending station and re-     Claims 1 to 3, in which each
said truncated   ceived at a receiving station spaced from the     data
gate is ramped from  zero to unity at  sending station; and T is the travel
time of     the onset and from unity to zero at its ter-  seismic energy
from the sending station to the     mination within predetermined time
intervals.  bottom of the water layer and back to the re-  65 15    5. A
method as set forth in Claim 4, where-  ceiving station occurring when the
original     in the ramped onset and termination of said  electrical
seismic trace was derived.     truncated data gate each extend for about
20%  8. A  system  as set forth in Claim  6 or     of the length of the
truncated data gate.    Claim 7, wherein said autocorrelation function
6. A  system  for processing an electrical  generating means is effective
for generating a  70 20  seismic trace which includes a primary re-
plurality of electrical autocorrelation coeffi-     flection component and
a reverberation com-  cients over a series of incremental time delays
ponent to produce a modified electrical seis-  from -[err] to [err] where
[err] is an integer; and     mic trace in which the reverberation com-
said crosscorrelation function generating means     ponent has been
minimized, said system com-  is effective for generating a plurality of
elec-  75 25  prising: means for generating an electrical  trical
cross-correlation coefficients over the     autocorrelation function X over
a selected trun-  same series of incremental time delays at a     cated
data gate of the original electrical seis-  time T later in the electrical
seismic trace.     mic trace for a plurality of delay intervals    9. A
method as set forth in Claim 1, sub-     where the selected truncated data
gate in-  stantially as described herein with reference  80 30  cludes
energy responsible for the reverberation  to Figures 1, 2 and 4 of the
accompanying      component in said original electrical seismic  drawings,
or as modified in the manner des-      trace; means operably associated
with said  cribed herein with reference to Figure 3 of the
autocorrelation function generating means for  accompanying drawings.
generating a crosscorrelation function Z for    10. A  system  for
processing an electrical  85 35  the same plurality of delay intervals
between  seismic trace which includes a primary reflec-     the selected
truncated data gate of the original  tion component and a reverberation
com-     electrical seismic trace and the selected trun-  ponent to produce
a modified electrical seis-     cated data gate of the original electrical
seis-  mic trace in which the reverberation com-     mic trace delayed by a
time interval T, where  ponent has ben minimized, said system being  90 40
T is the travel time of seismic energy from a  substantially as described
herein with refer-      sending station to a reflective subsurface struc-
ence to, and as illustrated by, Figures 1, 2      ture and back to a
receiving station occurring   and 4 of the accompanying drawings or as
when the original electrical seismic trace was  modified in the manner
described herein with      derived; means employing the autocorrelation
reference to, and as illustrated by, Figure 3  95 45  function X and the
crosscorrelation function Z  of the accompanying drawings.     for time
domain filtering said original electrical     seismic trace with relative
filter weights pro-             ABEL & IMRAY,     portional to respective
matrix coefficients Y[err]       Chartered Patent Agents,     given by the
matrix equation XY = Z; means                Northumberland House, 50  for
delaying the filtered electrical seismic trace  303-306, High Holborn,
London, W.C.1.      relative to the original electrical seismic trace
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