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(57) ABSTRACT 

A method for simultaneously operating multiple seismic 
vibrators using continuous sweeps (little or no “listening” 
time between sweeps) for each vibrator, and recovering the 
separated seismic responses for each vibrator with the earth 
signature removed. Each vibrator is given a unique, con 
tinuous pilot signal. The earth response to the motion of each 
vibrator is measured or estimated. The vibrator motion 
records for each vibrator and the combined seismic data 
record for all the vibrators are parsed into separate shorter 
records. The shorter records are then used to form a system 
of simultaneous linear equations in the Fourier transform 
domain, following the HFVS method of Sallas and Allen. 
The equations are then solved for the separated earth 
responses. 
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METHOD FOR CONTINUOUS SWEEPTING AND 
SEPARTION OF MULTIPLE SEISMIC VIBRATORS 

[0001] This application claims the bene?t of US. Provi 
sional Patent Application No. 60/494,194 ?led on Aug. 11, 
2003. 

FIELD OF THE INVENTION 

[0002] This invention relates to the ?eld of seismic data 
acquisition. Speci?cally, this invention is a method of 
acquiring seismic data using multiple vibrators Without a 
multiple sWeep listening time requirement. 

BACKGROUND OF THE INVENTION 

[0003] Seismic vibrators have long been used in the seis 
mic data acquisition industry to generate the acoustic signals 
needed in geophysical exploration. The conventional use of 
vibrators involves several Well-understood steps. First, one 
or more vibrators are located at a source point on the surface 

of the earth. Second, the vibrators are activated for several 
seconds, typically ranging from four to sixteen, With a pilot 
signal. The pilot signal is typically a sWeep signal that varies 
in frequency during the period of time in Which the vibrators 
are activated. Third, seismic receivers are used to receive 
and record response data for a period of time equal to the 
sWeep time plus a listen time. The period of time over Which 
data is recorded includes at a minimum the time necessary 
for the seismic signals to travel to and re?ect off of the target 
re?ectors of interest, and for the re?ected signals to return to 
the receivers. Fourth, seismograms are generated by cross 
correlating the recorded data With either the pilot signal or 
a reference sWeep. Fifth, the sWeep and correlation steps are 
repeated several times, typically four to eight, and the 
correlations are added together in a process referred to as 
stacking. Finally, the vibrators are moved to a neW source 
point and the entire process is repeated. 

[0004] Several problems are knoWn to exist With conven 
tional vibrator technology. First, the correlation process is 
knoWn to result in correlation side lobes, Which can In?u 
ence the accuracy of the ?nal processed data. Second, 
vibrator harmonic distortion results in noise, knoWn as 
harmonic ghosts, after correlation With the pilot. A partial 
solution to this problem is the use of upsWeeping pilot 
signals, in Which the sWeep starts at loW frequencies and 
increases to high frequencies. This approach places the 
correlation ghosts before the main correlation peak Where 
they Will not interfere With later, and hence Weaker, re?ec 
tions. In addition, to minimiZe noise from harmonics, mul 
tiple sWeeps are performed With incremental phase rotation 
of the sWeeps so that after correlation and stack, the har 
monics are reduced. For example, to suppress harmonics 
through fourth order, four sWeeps might be performed With 
a phase rotation of 360 degrees divided by four, i.e., 0, 90, 
180, and 270 degrees. The data are stacked after correlation 
With harmonics accordingly reduced, although not elimi 
nated. Third, in order to accurately process the recorded 
data, both the sWeep time and a listen time must be included 
in the recording time of the seismic receivers for each 
sWeep. The listen time is important to ensure that the 
resulting data from each sWeep can be accurately processed. 
In addition, multiple sWeeps are often required to inject 
su?icient energy into the ground. Multiple short sWeeps can 
result in better data quality than long sWeeps through the use 
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of phase rotations to reduce harmonic noise and by reducing 
ground roll reverberations. HoWever, the use of multiple 
sWeeps With each sWeep folloWed by a listening time limits 
the rate at Which energy can be put into the ground and the 
survey acquired. Fourth, the recording of high frequencies 
can be limited by the simultaneous recording of the signals 
from an array of vibrators, each vibrator at a different 
position and elevation and having a different coupling With 
the ground. 

[0005] The cost of land surveys largely depends on the 
time it takes to record the survey, and cost is affected by the 
length of time required to record data at each source station 
as Well as the time it takes to move the vibrators to the next 
station. The time taken to record data at each source station 
depends on the number of sWeeps, the sWeep length, and the 
listen time. For example, If four 8-second sWeeps are 
performed, each having a 7-second listening time, at least 60 
seconds is required at each station. Typical data acquisition 
systems also require 3-5 seconds before they are ready to 
start a neW record, Which can add another 12-20 seconds to 
the time at the source station. If multiple stations could be 
recorded simultaneously, or the need for a listening time 
reduced or eliminated, then less time Would be needed for 
recording the survey, therefore reducing the overall cost of 
the survey. Similarly, improved methods of reducing side 
lobe correlations and harmonic ghosts Would Improve the 
quality of land surveys. 

[0006] In 1995, Andersen in US. Pat. No. 5,410,517 
disclosed a method to cascade vibrator sWeeps to eliminate 
unproductive listening times, While still maintaining the 
advantages of using multiple short sWeeps. The method 
includes an incremental phase rotation of the sWeep seg 
ments and the use of a second cascaded sWeep With an extra 
sWeep segment to suppress harmonic ghosts after correlation 
With the reference. For example, but Without limitation, in a 
seismic acquisition program in Which it Was desired to 
reduce up to the fourth order harmonic, four sWeep segments 
With an appropriate phase rotation are required. The phase 
rotation angles could be 0, 90, 180, and 270 degrees, 
respectively, although other choices could also be made. If 
eight-second sWeep segments Were used and 7 seconds 
listening time is required, then the total record time is 39 
seconds. This compares to a standard sWeep and listen time 
for 4 sWeeps, Which is 60 seconds. Combined With Ander 
sen’s prior US. Pat. No. 5,347,494, Which disclosed a 
method of producing simple seismic Wavelet shapes With 
minimal side lobe energy, improved quality vibrator data can 
be obtained. Nevertheless, even With this improved quality 
data the limitations of the correlation process, problems With 
harmonics ghosting, and array limitations are present. 

[0007] Another method used by industry to increase the 
rate of seismic acquisition is to use more than one vibrator 
and record multiple source locations simultaneously. Typi 
cally, pilot sWeeps with different phases or different fre 
quency ranges are used to drive the different vibrators. The 
data are then correlated With each of the individual pilot 
sWeeps to separate the data. Multiple sWeeps are used to 
increase energy, and the cross correlations are added 
(stacked). Phase rotation of the sWeeps also may be used to 
reduce harmonics. Separation of the data is imperfect. 
Instead of clean vibrator records, the separated records may 
contain residual energy from other vibrators operating 
simultaneously. 
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[0008] An alternative approach for separating vibrator 
signals and eliminating harmonics is taken by the High 
Fidelity Vibratory Seismic Method (HFVS) disclosed in 
US. Pat. Nos. 5,719,821 and 5,721,710 to Sallas, et al. In the 
HFVS method the recorded seismic data are not correlated 
With a pilot signal, but instead are inverted using measured 
vibrator signatures from each sWeep and each vibrator. 
Because the measured signatures include harmonics, the 
inversion of the corresponding records recovers those har 
monics in the processed data, and thereby does not result in 
additional noise in the data. Because correlation is not used, 
correlation side lobes do not exist as a potential problem. 
Furthermore, inversion With a measured vibrator signature 
can reduce effects from variable vibrator coupling With the 
earth. HoWever, in this method the vibrator motion for each 
data record is measured and used in the processing steps. 
The method includes use of a matrix inversion method to 
separate the signals from individual vibrators recording 
simultaneously. The matrix inversion requires that the num 
ber of sWeeps M be greater than or equal to the number of 
vibrators N in order to solve a set of linear equations for the 
N vibrator signals. The ability to separate vibrator responses 
requires that any tWo vibrators must dilfer in at least one of 
their M sWeeps. An advantageous Way to accomplish this is 
to phase-encode the M sWeeps, typically With one vibrator 
at a time sWeeping With a phase shift relative to the other 
vibrators. The M><N vibrator signatures are used to design a 
?lter matrix that converts the M data records Into N output 
records, one per each vibrator. Separation of vibrator records 
up to 60 dB has been achieved With no visible degradation 
of the records from simultaneous recordings. 

[0009] The HFVS method is more fully described in 
association With FIG. 1, Which depicts a typical land-based 
data acquisition system geometry, and FIG. 2, Which depicts 
typical sWeeps for four vibrators Which may be used in that 
data acquisition system. FIG. 1 shoWs four vibrators 18, 20, 
22, and 24, mounted on vehicles 34, 36, 38, and 40. The four 
different signatures transmitted into the ground during 
sWeep i may be called Sn, SQ, SB, Si4. Each signature is 
convolved With a different earth re?ectivity sequence e1, e2, 
e3, e4 Which includes re?ections 26 from the interface 28 
betWeen earth layers having different impedances (the prod 
uct of the density of the medium and the velocity of 
propagation of acoustic Waves in the medium). A trace di 
recorded at a geophone 30 is a sum of the signature-?ltered 
earth re?ectivities for each vibrator. Formulating this math 
ematically, data trace di(t) recorded for sWeep i is: 

N (1) 

dim = Zsmmm 
':1 

Where siJ-(t)=sWeep i from vibrator j, eJ-(t)=earth re?ectivity 
seen by vibrator j and x denotes the convolution operator. 

[0010] Persons skilled in the art Will understand the con 
volution operation and the convolution model upon Which 
Equation (1) is based. Other readers may refer to standard 
treatises such as the Encyclopedic Dictionary of Exploration 
Geophysics, by R. E. Sheri?, 4th Ed. (2002), published by 
the Society of Exploration Geophysicists. (See the de?ni 
tions of “convolution” and “convolutional model.”) The 
noise term in Sheri?s de?nition of “convolutional model” 
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has been neglected in Equation (1). This model is a conse 
quence of the concept that each re?ected seismic Wave 
causes its oWn effect at each geophone, independent of What 
other Waves are affecting the geophone, and that the geo 
phone response is simply the sum (linear superposition) of 
the effects of all the Waves. 

[0011] Thus, In this method N vibrators radiate MEN 
sWeeps into the earth, resulting in M recorded data traces. 
The HFVS method involves ?nding an operator, by solving 
a set of linear equations based on the knoWn M><N vibrator 
signatures, that ?nds the set of N earth re?ectivities that best 
predicts the recorded data. In the frequency domain, i.e., 
after Fourier transformation, the set of equations represented 
by Equation (1) are linear and can be Written: 

N (Z) 
1w) = Z Sij<f>Ej<f> 

j:l 

or, in matrix form for M sWeeps and N vibrators, 

S11 S12 - 511v D1 (3) 

S21 S22 - 521v E1 D2 

531 S32 - 531v E2 _ D3 

541 S42 - 541v - _ D4 

EN 
SM1 SMZ - SMN DM 

or 

s€=? (4) 

[0012] If the number of sWeeps is equal to the number of 
vibrators, this system of simultaneous equations can be 

solved for E: 

E=F_D) (5) 

Where 

F=(S)’1. (6) 
F Is the ?lter or operator Which When applied to the data 
separates it into Individual vibrator records. 

[0013] For MEN, Equation (4) may be solved by the 
method of least squares. For this more general situation, 
Equation (4) can be Written 

Where S* is the conjugate transpose of matrix S. Then, 

[0014] The HFVS method can be used to record multiple 
source points simultaneously using a number of vibrators, 
but the use of more vibrators requires more individual 
sWeeps each With its oWn listening time. It Was previously 
not thought possible to eliminate the listening time, because 
the M sWeep records must be separate unrelated measure 
ments in order to solve the set of linear equations, i.e., 



US 2006/0164916 A1 

otherwise the M equations (involving N unknowns) would 
not be independent. If the sweeps are cascaded without a 
listening time, then the re?ection data from one segment 
would interfere with data from the subsequent sweep seg 
ment. In addition, there would not be a one-to-one corre 
spondence between the data and the measured vibrator 
motions which represent the signatures put into the ground, 
so that harmonics would not be handled properly. The 
present invention solves these problems. 

SUMMARY 

[0015] In one embodiment, the present invention is a 
method of operating N multiple seismic vibrators simulta 
neously at the same or different source points using con 
tinuous sweeps (i.e., realiZing the bene?ts of multiple 
sweeps without the disadvantage of a listen time at the end 
of every sweep), and separating the seismic response for 
each vibrator, which comprises the steps of (a) loading each 
vibrator with a unique continuous pilot sweep consisting of 
N segments; (b) activating the vibrators and using an array 
of detectors to detect and record the combined seismic 
response signals from all vibrators; (c) recording the mea 
sured motion for each vibrator during the sweep; (d) parsing 
each motion record into N shorter records coinciding with 
the sweep segments, and then padding the end of each 
shorter record suf?ciently to provide, in effect, a listening 
time for the shorter motion record; (e) forming an N><N 
matrix s whose element siJ-(t) is the padded shorter vibrator 

motion record for the ith vibrator and jLh sweep segment; parsing the seismic data record from step (b) into N shorter 

records, each shorter record coinciding in time with a 
padded shorter vibrator motion record; (g) forming a vector 
d of length N whose element di is the ith shorter data record 
from the preceding step; (h) solving for earth response EJ-(f) 
using the system of N linear equations and N unknowns, S 

E=D, where sij (f) is the Fourier transform of sij (t) and Di(f) 
is the Fourier transform of di(t), where i=1, 2, . . . N andj=l, 
2, . . . N; and (h) inverse Fourier transforming the earth 
response EJ-(f) back from the frequency (f) domain to the 
time (t) domain to yield eJ-(t). 

[0016] In other embodiments, the vibrator motion records 
and the seismic data records may be parsed into M shorter 
records where M>N. In addition, the motions of the vibra 
tors may be approximated by using theoretical waveforms 
for the source signatures instead of measured motion 
records. Harmonic noise is further reduced in preferred 
embodiments by using sweep signals for the multiple vibra 
tors that differ from each other only in the phase rotation of 
one or more sweep segments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] The present invention and its advantages will be 
better understood by referring to the following detailed 
description and the attached drawings in which: 

[0018] FIG. 1 is a schematic diagram of a typical land 
based acquisition geometry for four vibrators; 

[0019] FIG. 2 shows typical sweeps and listening time 
used to acquire HFVS data with four vibrators; 

[0020] FIG. 3 shows sweeps for four vibrators in one 
embodiment of the present invention; 
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[0021] FIG. 4 shows sweeps for four vibrators in another 
embodiment of the present invention; 

[0022] FIG. 5 is a ?ow chart showing the main steps of 
one embodiment of the present invention; 

[0023] FIG. 6 shows the results of a model simulation of 
HFVS recording; 

[0024] FIG. 7 shows the results of a model simulation of 
the present invention; and 

[0025] FIG. 8 shows the results of FIG. 7 for times longer 
than the 8-s sweep segment length. 

[0026] Changes and modi?cations in the speci?cally 
described embodiments can be carried out without departing 
from the scope of the invention, which is intended to be 
limited only by the scope of the appended claims. 

DESCRIPTION OF THE INVENTION 

[0027] The present invention is a method for improving 
the ef?ciency of acquiring vibratory data with HFVS tech 
niques. With the HFVS method, data from a number of 
vibrators shaking simultaneously in seismic proximity to 
one another are separated by using (in one embodiment) a 
number of phase-encoded sweeps, where the number of 
sweeps is greater than or equal to the number of vibrators, 
resulting in a set of linear equations that can be solved 
simultaneously. The record length for each sweep includes 
an associated listen time containing re?ections. The present 
invention eliminates the unproductive listening time for 
multiple sweeps but still provides the ability to separate the 
vibrator records and reduce contamination from harmonics. 
Production rates can be increased by as much as 30-80%. 

[0028] In the present invention, multiple vibratory sources 
are used to record a land or marine seismic survey, and the 
signals are recorded by one or more detectors as shown in 
FIG. 1 for a land survey. Each vibrator is excited by a 
different continuous sweep consisting of M segments, where 
M must be greater than or equal to the number of vibrators 
N, as illustrated in FIG. 3 for four vibrators and four 
segments. In the embodiment depicted in FIG. 3, each 
sweep segment is composed of a full sweep from conven 
tional HFVS, eliminating the listening time between sweeps. 
Using such a sweep design, the vibrator begins and ends 
each sweep segment at rest. However, such a constraint is 
not necessary for the present inventive method. Segmenting 
the sweep for each vibrator is a fundamental requirement of 
the present invention, but the sweep need not be designed 
around a pre-selected segment. Instead, segmenting may be 
an arbitrary, after-the-fact step of parsing a longer sweep 
into shorter parts, with the only requirements on the longer 
sweep being the same as for any vibrator sweep in conven 
tional vibrosels: the sweep should not exceed the inertial 
limitations of the vibrator, and the sweep should contain the 
full range of frequencies needed for target penetration and 
resolution. Two particular types of sweeps that may be 
familiar to vibrator users are upsweeps (steadily increasing 
frequency) and downsweeps (steadily decreasing fre 
quency). Both work well in the present invention; e.g., the 
segments may be upsweeps or downsweeps. However, the 
present invention will work with segments that employ any 
physically realiZable sweep type including linear, nonlinear 
and pseudo-random. In some preferred embodiments, each 
sweep segment is a linear up or down sweep that encom 
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passes the full range of frequencies required for imaging the 
re?ectors With the desired resolution as Would be familiar to 
those Who design seismic acquisition surveys. In other 
embodiments, the sWeep segments could be composed of a 
combination of upWard and doWnWard progressions in fre 
quency, nonlinear sWeeps, or pseudo-random sequences. 

[0029] In preferred embodiments of the present invention, 
the duration of each segment is greater than the travel time 
for the target re?ectors or greater than the listening time for 
conventional recording. Just as With the correlation process, 
inversion of vibrator data compresses the energy from a 
sWeep or sWeep segment into a pulse. If a second sWeep 
segment begins sooner than the travel time to and back from 
the deepest re?ector of interest (the “listening time”), then 
shalloW re?ections from the second segment can interfere 
With the deep re?ections from the ?rst segment. A dead time 
of any length can be inserted betWeen segments, but pref 
erably the dead time is Zero because this is the value of the 
invention. As used herein in connection With the present 
invention, a “continuous sWeep” means a sWeep in Which 
any dead time betWeen sWeep segments is preferably Zero, 
but never more than the listen time used in conventional 
HFVS. 

[0030] The sWeep for each vibrator must be unique, i.e., 
no tWo vibrators can have exactly the same sWeep. This is 
necessary in order that the data for each vibrator can be 
separated from the other vibrators. One Way of accomplish 
ing this is by applying a phase rotation to one or more of the 
segments of the sWeep. For example, the ?rst vibrator can 
have the ?rst segment of the sWeep at 90 degrees from all the 
other segments. The second vibrator can have the second 
segment at 90° from the other segments. The third vibrator 
has the third segment at 900 from the other segments. This 
pattern can continue for N vibrators and N segments as 
shoWn in FIG. 3. Alternatively the phase angles discussed in 
the HFVS patents can be used for the different segments. 
Using the cascaded sequence described by Anderson in 
Which subsequent segments are phase rotated by 0, 90, 180 
and 270 degrees combined With the 900 phase rotation 
above, as shoWn in FIG. 4, has particular advantages in 
reducing harmonics. Other Ways of generating a unique 
sWeep by using different frequency ranges, sWeep rates, or 
by using different random sWeeps can also be used in the 
present invention. 

[0031] FIG. 5 is a ?oW chart shoWing the main steps of 
one embodiment of the present invention. In step 101, the 
sWeeps, as shoWn for example in FIG. 3 or 4, are loaded into 
the vibrator controllers for the corresponding vibrators. Each 
vibrator receives a unique sWeep, conveniently (but not 
necessarily) accomplished by the phase rotation technique 
discussed previously. Unlike the HFVS method, the sWeep 
is a single, long, continuous sWeep, exempli?ed by the 
sWeeps shoWn in FIG. 3 and FIG. 4 Which are composed of 
four segments of 8 s each, folloWed by an 8 s listen time. 
This is to be contrasted With the typical HFVS sWeep of 
FIG. 2 in Which there are four 8 s sWeeps, but each is 
folloWed by an 8 s listen time. Thus, in this example, to get 
the same amount of source energy into the ground takes 64 
s With HFVS as compared to 40 s With the present inventive 
method. Each of the N single continuous sWeeps used in step 
101 for the N vibrators must be divided into at least N 
segments, each segment in the sWeep of any one vibrator 
being of the same length (time duration) as the correspond 

Jul. 27, 2006 

ing segments in the sWeeps of all the other vibrators. For 
example, the second segment should be the same length for 
all vibrators, as should the fourth (or any other) segment, but 
the length of the second segments can be different than the 
length of the fourth. 

[0032] In step 102 (could be performed before step 101), 
the vibrators are located at preselected locations. All the 
vibrators are then simultaneously excited by their corre 
sponding pilot sWeep (step 103), and a single long record is 
recorded from one or more detectors in step 104. The length 
of the data record Will be the length of the pilot sWeep plus 
one listening time. In addition, the measured motions of 
each vibrator, typically signals from accelerometers 
mounted on the baseplate and on the reaction mass of each 
vibrator are recorded. Besides its use in the s and S matrices 
in Equations (l)-(5), this ground force signal, Which may be 
computed as the mass-Weighted sum of the baseplate and 
reaction mass accelerometer signals, is typically used in a 
feedback loop to control the excitation of the vibrator. Any 
other signal such as the pilot signal itself that could be 
considered representative of the source signature may be 
used for the purposes of the present invention. 

[0033] In step 105, the measured motion records for each 
vibrator are parsed into M traces (shorter records) composed 
of the MEN individual time segments into Which the pilot 
sWeeps Were divided in step 101. The shorter records are 
then lengthened by adding Zeros to the end, called padding 
the traces. The end padding should extend the duration 
su?iciently to, in e?‘ect (not in reality), provide a listening 
time (tWo-Way seismic Wave travel time to the deepest 
re?ector of interest) for the segment. More padding beyond 
that desired amount Will increase computation time Without 
added bene?t. Zeros or padding can also be applied to the 
beginning of each trace if desired. Because the segment 
length is preferably chosen to be longer than the desired 
listening time, it may be convenient to standardiZe the total 
padding duration to be the same as the original segment 
duration so that the total trace length is tWice the segment 
length. The M traces become part of the sWeep matrix s from 
Equation (1). For example, sll is equal to the measured 
motion for the ?rst vibrator for the duration of the ?rst 
segment plus the Zero padding at the end of the segment. The 
element sl2 is equal to the measured motion for the ?rst 
vibrator for the duration of the second segment plus the Zero 
padding at the end of the segment, etc. 

[0034] In step 106, a copy of the geophone data record is 
parsed to make N shorter records, each of duration equal to 
a segment duration plus the duration of the padded length 
used for the measured motions. In one embodiment of the 
present invention, the ?rst record Would correspond to the 
?rst segment plus the data before and after the segment 
corresponding to the padded time. The second record Would 
consist of the second segment plus the padded time, etc. The 

N records make up the vector d that appears in Equation (1) 
above. The end padding in step 105 should be of su?icient 
duration to capture the seismic response due to the end of 
that source motion segment. 

[0035] If desired, more sWeeps can be performed to build 
up energy, adding more roWs to the sWeep matrix s and the 

data vector Because the system of simultaneous equa 
tions Will not be linear in the time domain, the Fourier 

transform is computed yielding the matrix S and vector B, 
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and a separation and inversion ?lter F is derived in step 107 
by inverting the matrix S using Equation (9). Equation (6) 
may be used if M is chosen to be equal to N. For M>N, the 
system of equations is over-determined, and a best-?t solu 
tion is obtained using a criterion such as least squares. This 
approach may be useful even Where M is chosen to be equal 
to N because one of the vibrators may be temporarily 
unavailable and recording could proceed With feWer vibra 
tors. The method can proceed even if the number of vibrators 
drops temporarily to one during acquisition. Aperson skilled 
in the art Will understand that although matrix formalism is 
used in the preceding description, any method, numerical or 
analytical, of solving M simultaneous linear equations in N 
unknowns may be used in the present invention. Next, in 

step 108, the ?lter is applied to the data vector i, and the 
inverse Fourier transform is computed resulting in N sepa 
rated records EJ-(f) Where f is frequency. With the above 
procedure, harmonics and data from subsequent and previ 
ous segments Will appear at times greater than the segment 
length, and they Will not interfere With the target re?ections. 
Persons skilled in the art Will understand that the ?lter F 
could be Inverse-transformed to the time domain and then 
applied to the time domain data. Similarly, the order of steps 
106 and 107 may be lnterchanged. Such alternative proce 
dures are insubstantial changes and hence equivalents to the 
procedure described above, and therefore are part of the 
present invention. 

EXAMPLES 

[0036] FIG. 6 and FIG. 7 compare the ?rst 2.5 seconds of 
model data after the process of separation and inversion 
using the conventional HFVS method (FIG. 6) and the 
method of the present invention (FIG. 7). The model data 
are generated using 51 receivers, 400 feet apart. Four 
sources are located at distances of 5000, 8333, 11666, and 
15000 feet from the ?rst receiver. The data for each source 
location Were convolved With actual vibrator signatures 
from ?eld measurements and combined to simulate simul 
taneous acquisition of the four sources. The vibrator sWeep 
for HFVS Was an 8-s linear sWeep from 8 to 128 HZ. The 
vibrator sWeep for the present invention is a 32-s sWeep 
composed of four 8-s segments. The horizontal axis in each 
?gure displays receiver location, by source. The results after 
separation and inversion of the model data shoW little 
difference betWeen the tWo methods, and both perfectly 
separate the re?ection data for the 4 sources. 

[0037] FIG. 8 shoWs the separated and inverted results 
generated by the present invention for a longer time period 
of the continuous sWeep than is shoWn in FIG. 7. The sWeep 
segment is a doWnsWeep. As can be seen, the separated 
records are clean for the top 8 seconds, Which corresponds 
to the segment length as illustrated in FIG. 3. (This illus 
trates the reason Why segment length in the present inven 
tion is preferably chosen to be at least as long as the seismic 
Wave travel time doWn to and back up from the deepest 
re?ector of interest.) Interference from the subsequent 
sWeep occurs after 8 s and interference from the previous 
sWeep occurs after 15 s. These are separated into the 
individual source locations. Noise from harmonics, Which 
are not perfectly matched With the proper vibrator signa 
tures, appears after the primary interference from the sub 
sequent sWeep at around 10-14 seconds. 

[0038] The foregoing description is directed to particular 
embodiments of the present invention for the purpose of 
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illustrating it. It Will be apparent, hoWever, to one skilled in 
the art that many modi?cations and variations to the embodi 
ments described herein are possible. For example, in step 
107 of FIG. 5, the system of equations is Fourier trans 
formed to the frequency domain. Any other transform that 
produces a system of linear equations in the transform 
domain Will Work in the present inventive method, and the 
appended claims are to be understood to include any such 
transforms. All such modi?cations and variations are 
intended to be Within the scope of the present invention, as 
de?ned in the appended claims. 

We claim: 
1. A method of operating a plurality N of seismic vibrators 

simultaneously With continuous sWeeps, and separating the 
seismic response for each vibrator, said method comprising 
the steps of: 

(a) loading each vibrator With a unique continuous sWeep 
signal consisting of MEN segments, the ith segment 
being of the same duration for each vibrator, i=1, 2, . . 

- , M; 

(b) activating all vibrators and using at least one detector 
to detect and record the combined seismic response 
signals from all vibrators; 

(c) selecting and recording a signature for each vibrator 
indicative of the motion of that vibrator; 

(d) parsing the vibrator motion record for each vibrator 
into M shorter records, each shorter record coinciding 
in time With a sWeep segment, and then padding the end 
of each shorter record su?iciently to extend its duration 
by substantially one listening time; 

(e) forming an M><N matrix s Whose element siJ-(t) is the 
padded shorter vibrator motion record as a function of 
time t for the ith vibrator and jLh sWeep segment; 

(f) parsing the seismic data record from step (b) into M 
shorter records, each shorter record coinciding in time 
With a padded shorter record of vibrator motion from 
Step (d); 

(g) forming a vector d of length M Whose element di is 
the ith shorter data record from the preceding step; 

(h) solving for EJ-(f) the folloWing system of M linear 
equations in N unknoWns 

Where SiJ-(f) is the Fourier transform to the frequency (f) 
domain of siJ-(t) and 

Di(f) is the Fourier transform of di(t), Where i=1, 2, . . . M 
andj=1, 2, . . . N; and 

(i) inverse Fourier transforming the EJ-(f) to yield eJ-(t). 
2. The method of claim 1, Wherein each sWeep segment ls 

selected from one of the folloWing sWeep-design categories: 
(a) linear, (b) nonlinear, and (c) pseudo-random. 

3. The method of claim 1, Wherein all of the N unique 
continuous sWeeps are identical except for the phase of their 
segments. 

4. The method of claim 3, Wherein all N segments are 
Identical except for phase, and the phase differences for the 
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N sweeps are determined by the following steps: (a) con 
structing a reference sWeep by starting With a preselected 
reference segment, then advancing the segment 360/M 
degrees in phase to make the second segment, then advanc 
ing the phase 360/M more degrees to make the third seg 
ment, and so on to generate a sWeep of M segments; (b) 
constructing a ?rst sWeep by advancing the phase of the ?rst 
segment of the reference sWeep by 90 degrees; (c) construct 
ing a second sWeep by advancing the phase of the second 
segment of the reference sWeep by 90 degrees; (d) and so on 
until N sWeeps are constructed. 

5. The method of claim 1, Wherein each unique continu 
ous sWeep has a duration in time suf?ciently long to collect 
all seismic data desired before relocating the vibrators. 

6. The method of claim 1, Wherein the vibrator signature 
record for each vibrator is a Weighted sum or ground force 
record of the motion of that vibrator. 
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7. The method of claim 1, Wherein M=N and the system 

of linear equations S€=? is solved by matrix methods 
comprising the steps of deriving a separation and inversion 
?lter (8)“1 by inverting the matrix S, then performing the 

matrix multiplication (STI?. 
8. The method of claim 1, Wherein the system of linear 

equations S€=? is solved by matrix methods and the 
method of least squares comprising the steps of deriving a 
separation and Inversion ?lter of the form F=(S*S)_1S*, 

then performing the matrix multiplication 
9. The method of claim 1, Wherein each segment has a 

duration that is at least as long as the seismic Wave travel 
time doWn to and back up from the deepest re?ector of 
interest. 


