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"PLURAL" VI BRATOR SI NGLE STEP | NVERSI ON SEPARATI ON METHOD' The present
i nvention pertains to seismc data processing and nore particularly to

pre-processi RE, Sfisigll € data in which data generated by mul th@*@sﬁ@n‘éﬁﬁ“ ng
sources is received and processed using high resolution or high 5

fidelity data processing. Related Prior Art It is conventional practice to
use vibratory sources to apply a force to thg ground and neasure the
subsequent 10 notion caused by the application of this force at various

receiver |ocatiops,. rQlli he duration and frequency of f.orce,

a broad band si gﬁghug%lr Sﬂgé‘f&p& gﬂ#'ﬁﬁgﬁ INY Eﬁmgﬁ%ﬂﬁﬁ\jﬁﬂ@o

receiver notions and assuned force application a seisnmpgramis constructed.

15 This i s usual |IZheldreseptcinventionpertains tocepisuidadatan th an

]gzst I [nat e o]f me p’wﬁﬁiﬁgogeﬂ, mbg-erbt&btémlxpéﬁerﬁd ?'iecsiafbbfeséfw@émm
unction o e r can . al cul at ed. e i.nt.ecest . econo

several sources %ea uis’bdﬁ"fﬁ% %alt&t ggﬁgrgtéﬁ‘g by %’%ﬂlﬁ’ﬁreo?’agr%“%oﬁ%{rﬁ?& a

sei snogram a detsrrigwitvesh asd pirpckssedresinghighs pesolbtion oor thiagh

det ect ed nptionsgpielg R YRoselBthgbe nmade. Each source has unique
characteristics that aids in isolating the source that generated the force

whi ch caused the 25 receiver notions, since the data received will vary
for each sour ce. R€laosst Ruigprwidek t he esti mate of one source on data

generated by anot her f@qg:%dﬂvbhtabagmc?ra&ié@wnﬁbevasﬁeaﬂ;aéauiws mai n
defi ci ency of conventlonalégfactlce hat 30 an estimate of the

S
actual applied fbPcAPRYY \fdPHCE 5Pe§b@ grouné;and measure the subsequent
10 motion caused by the application of this force at various

receiver locations. By contreolling the duration and
frequency of the force, a broad band signal with sufficient
energy is achieved. By using the receiver motions and
assumed force application a seismogram is constructed.

15 This is usually done by correlation of the received data
with an estimate of the applied force, from which
properties of the impedance function of the earth can be

calculated.
In the interest of economy, several sources are used
20 at the same time. In order to construct a seismogram, a

determination of which source was responsible for the
detected motions of the receivers must be made. Each
source has unique characteristics that aids in isolating
the souice that generated the force which caused the

25 receiver motions, since the data received will vary for
each source. Processing with the estimate of one source on
data generated by another source will produce an inaccurate

seismogram.
The main deficiency of conventional practice is that
30 an estimate of the actual applied force is used to create

the seismogram. Much work has been done on order to
improve the quality of feedback signals and the operation
of feedback loops and hydraulic valves. However,
harmonics, device flexure and variable ground coupling

35 remain as unknowns in the system and cannot be removed



the sei snogram Mich work has been done on order to inprove the quality of
f eedback signals and the operation of feedback | oops and hydraulic val ves.
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vibrations, a large nass is placed in contact wwth the ground. Sinple
vibrators nay be used in the present invention. Typically, 5 t he
reaction mass notion is measured by an ac&@Teroneter nounted on the

reacti on mass iBﬁSﬁL I?e noti on of a baseplate, which is actually coupl ed
c tely. :
to the ground, 7I's*ieasured by an accel eroneter nounted on the stilt

structure cross nenbdrgaghering seismie datacusinaagrount osidragiods; aat hat

is generated byaggei RASEOLY SIMEEE iirS conthetaleeh id %r&lﬁ’f«ﬁ‘.r eggppiueep. A
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representing the applied force js estimated. The typical estinmate for the
applied force -P:gsgﬁga §s¥ ?ﬁh’t%c?%dﬁ Fﬁgpéﬁee%gr%ﬁ? Srogndy hds20 .
basepl at e usedmeasuiredvbpr ani accelarame tzrdmbhnted ceh ctlngd istilefl stitactagst i on

mass used in thgokkbhamBerstructure, called the ground force. The nass
wei ghted sum of the_two .
10 In conventional processing, data that is generated by

a vibratory source is correlated with a reference sweep. A
reference sweep signal is an ideal signal which the
vibrator is told to put intc the ground, which is often
quite different from the actual signal which is generated.

15 Since the reference signal is a fictitious ideal siénal, it
is the same for all vibrators.

In some instances the signal representing the applied
force is estimated. The typical estimate for the applied
force is the mass weighted sum of the acceleration of the

20 baseplate used in the vibrating source and the acceleration
of the reaction mass used in the vibrator structure, called
the ground force. The mass weighted sum of the two
signals, one from the baseplate and one from its reaction
mass, is used in a feedback loop to tell the actuator how

25 close it is to the reference sweep. With this system it is
assumed that the force injected into the ground is the sane
as the reference sweep. However, as stated previously, the
actual signal is often very different from the reference
sweep signal.

30 The force put into the ground can be viewed either in
the time domain or in the frequency domain. Similarly, the
impulse response of the earth can be viewed either in the
time domain or the frequency domain. The time derivative
of the force put into the ground is convolved with the

35 impulse response of the earth in the time domain while the
time derivative of the force is multiplied by the impulse
response of the earth in the frequency domain. In its most



signals, one fromthe baseplate and one fromits reaction nmass, is used in
a feedback loop to tell the actuator how 25 close it is to the
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accurate estimate of the impulse response of the earth is

seldom achieved.
Correlation in the frequency domain requires that the
data be multiplied by the time reverse of the signal with
15 which the correlation is being done. Since the reference
signal is only an estimate of the actual ground force,
correlation with a reference signal produces a result with
an unknown still in the data. In the case of correlation
of the detected signal with the reference signal, as long
20 as the amplitude and phase errors of the reference signal
are small the damage of the unknown to the result is
lessened, but it still adds error.

SUMMARY OF THE INVENTION
25 '

The present invention provides a method for recording
and processing high resolution vibratory source data which
includes measuring the motion or motions of the vibrators
which are related to the actual vibrator applied force by a

30 transfer function of a minimum phase, causal, linear
system. Signals representing these motions are used in an
inversion operatién to process the received data. This
system relates the actual vibrator output with the measured
vibrator motion or motions. The vibrators are energized

35 with a predetermined pattern. A ratio is determined by
dividing the vibratory seismic data by the measured motion
or motions of the vibrators to remove the unknown applied



Correlation in the frequency donain requires that the data be nultiplied by
the tinme reverse of the signal wth 15 whi ch the correlation is being
done. Since the reference signal is only an estinmate of the actual ground
force, correlation with a reference signal produces a result with an
unknown sti MO%84%e data. In the case of correlation of tREVHEWHAEERJ
signal with the reference signal, as |ong 20 as the anplitude and phase
errors of the reference signal are snall the danage of the unknown to the
result is lessened, but it still adds erre4= SUMVARY OF THE | NVENTI ON 25
The present invention provides a nethod for, recording and processing high
resol ution vi bFXeRy Tesfdita ofnthls | GAvirion Jeavies fhet aar®®dti on or
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are energi zed | I r Qi ern. _Aratio is determ ned
by di vi di ng th%éﬁﬁ%r‘)aqmoérr_{/btgggl g%ggaga%gﬁéb%é%sfﬁgﬁlﬁﬁf i Bﬁsﬁ‘&’ tions of
t he vi brators deconvpintion statdes cpprection, WBR Tilseeing for noise,
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reflectivity tines t rivative_diwvide a mni hase fynction
M ni num phase %@oﬁ%ﬁluﬁeyg’eﬁsénﬁeﬁofmer prdcessing of the receiv

10 data.

Figure 1 is a drawing of a typical seismic data
15 gathering technique with which the present invention may be
used.

Figure 2 is a block diagram of a flow chart
illustrating a preprocessing method for data generated by
multiple vibratory sources.

20 Figure 3 is a block diagram of a flow chart
illustrating a second preprocessing method for data
generated by multiple vibratory sources.

DESCRIPIION OF THE PREFERRED EMBODIMENT
25
In the present invention, a signal directly related to
the actual signal that the vibrator is sending into the
ground is used in pre-processing.
In practicing the present invention, simple vibrators
30 may be used. These ground vibrators usually have a large
mass is placed in contact with the ground. 1In practicing
the present invention, the reaction mass motion is measured
by a pair of accelerometers mounted on the reaction mass
itself. The motion of a baseplate, which is actually
35 coupled to the ground, is measured by a second pair of
accelerometers mounted on the stilt structure cross member.



to remove the time derivative divided by the transfer 5 function of
m ni murh phase. The nethod nay al so i nclude the steps of shot ensenble
deconvol ution, receiver ensenbl e deconvolution, statics correction, F-K

filtering foggwhg: receiver deconvolution, zero phase spiKi¥gso615831
deconvol uti on and nodel dephasing as further processing of the received 10
data. BRI EF DESCRI PTION OF THE DRAWNGS Figure 1 is a draw ng of a typical
seismc data 15 gat hering techni que with which the present invention
may be used. Figure 2 is a block diagramof a flow chart illustrating a

preprocessi ng nmet hodyf era@%ﬁéxﬂ&n@ﬂiéltﬁ%@hﬁnih‘vbﬁltﬁoﬁl bﬁéiﬁé YOQOUV ces. 20
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into the round IS yse rocessing. In_practi.cin e present
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usual l'y have a Pmtgissrra::hs datpl ac'enlusn Ymtdata st hotheogrelakked Imth a
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pair of accel eropefers nounted he reaction mass Its notion of a
basepl ate, whi IR Bhase, redative of fhe actual. typpsnitted signak da by a
second pair of tisecfmyquaricyr domain} exhich (demotiels| thet agtihal etrarsymi tdber .

10 signal from the determination. When solving for the earth
reflectivity, data is basically divided by the vibrator |
ground force multiplied by a transfer function of minimum
phase, removing the vibrator force from the data. This
leaves the earth reflectivity multiplied by a time

15 derivative over a minimum phase transfer function. This
ratio of a time derivative divided by a minimum phase
transfer function is removed by minimum phase

deconvolution.
Figure 1 is a system diagram illustrating the data
20 gathering process of the present invention. Vibrators 18,

20, 22 and 24, each with two pairs of accelerometers 26,
28, 30 and 32 that measure the actual signal generated into
the earth are located on trucks 34, 36, 38 and 40,
respectively. The signals are then transmitted via radio

25 link 42 to master vibrator memory 44 where they are checked
to determine their reliability and are stored for
comparison at a later time.

The signals that are generated into the earth by

vibrators 18, 20, 22 and 24 are reflected off the interface

30 between subsurface impedance Im, and'Inh at various points,
I, I,, ... etc. along the interface. These reflected
signals are detected by geophones D;, D,, D; and D,,
respectively. The signals generated by wvibrators 18, 20,
22 and 24 on trucks 34, 36, 38 and 40 are transnmitted to

35 recorder 46 for transfer to tape 48 for combination with
ravw seismic data received from geophones D,, D,, D, and D,.
The received data signals and the raw seismic data stored
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practicing the present invention, pairs of accel eroneters are used so that
the outputs nmay be conpared and whet her the si gnal hgen_elroat ed is tS_UI tat5)l e
for use in f rocessing may be determ ned. The vibrator notion

or notions awé;%ééggred to provide a signal that is used toPpVBE¥4s3Ehe
data. Thus, the data is not correlated with a theoretical sweep signal but
the data is divided by a mninmum phase relative of the actual transmitted
signal in the frequency domain, which renmov®% the actual transmitted 10

signal fromth ' | | for the earth reflectivity,
data is basi caﬁ‘ﬂ%?ﬁg e tslb?/:g i hgg\b/?g?lzi%%%@%%o&ﬁd ngeﬁﬁl ?{p?'?lb%r by a
transfer functitRFafiansyi num phase, renoving the vibrator force fromthe

data. This |eaves t i hesar mhaeai:bacs‘aiqx?&ys ][H&é ltnfﬂrhﬁﬂm_?_ hﬁségi@% Cives of
dor a1 ve overet, HALTARRTS LARSTSte e TDhordet L
m ni num phase &ém“%q @ V3Rrakpgyr source techndigwe.di Zgr priok larst rating the
03 rans, SR mee, bhoosismaes g ity cif ¥l
meacure the actiiqers @ity vhich 48 Pe S INERRaPE FockR pnsFatadoks
34, 36, 38 and ko fthepsuritaceyof Thke stapkli.s Ane theepresent invertiong wadi o
25 i nk 42 & eaiaty 46 A ALn IR phalde Weaat1WlCks 2Efie NAUAT ddce
det er m their erneel | q__bgnl.t agg are stoyed for con‘garl son at _a later tr1ne.
The signals tha  are e él’%f’e PR3t het 2 A19a5U5ed, RBA Faken 1fxom ther and
24 are refl ect stihsatorhsourcer ldcectly. THet,weesignhtuwhbse ispedance
Inferr] and | niitHendit¢AN11QUsePRtEASto the actual signal is used in the
| process instead of a theoretical signal.
Using the method of the present invention, High
15 Fidelity Vibratory Seismic, HFVS, recording vibratory
motion and processing the recorded seismic data is done in
such a way that the unknown actual applied force does not
need to be known. The only important factor is that the
neasured qguantity is guantifiably related to the actual
20 force applied. In this manner, the actual force can be
eliminated by division.
In conventional processing a reference signal x is fed
to an actuator which puts a signal, the true vibrator
output, into the ground. As this signal, the true vibrator
25 output, travels through the earth, it is multiplied by the
impulse response of the earth in_the'frequency domain or
convolved with the impulse response in the time domain. It
is this convolution product, the time derivative of the
actual signal convolved with the impulse response of the
30 earth that is correlated with the reference sweep signal.
This process is correct if and only if the reference sweep
signal is equal to the true vibrator output.
The present invention takes a different approach than
conventional processing. First, the method of the present
35 invention recognizes that the motions measured on the
vibrator are only related to and not equal to the actual
output force or signal that is put into the ground. These



I[err], I[err], ... etc. along the interface. These reflected signals are
detect €éd by geophones Derr], Dierr], Dierr] and Derr], respectively. The
signals generated by vibrators 18, 20, 22 and 24 on trucks 34, 36, 38 and
40 are transgddRdsh0 35 recorder 46 for transfer to tafpersheisiz
conbination with raw seism c data received from geophones Derr], Derr],
Derr] and Dierr]. The received data signals and the raw seism c data
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on a tape 48 can be transferred to conputers at other |ocations. These
neasured si gnalaredrelateldnoy Heircinial ghiages teansher apineticn gmalkhet hat are
generat ed I nt0 Jhe@letNalnain, | BT WiRIALA ¥nS L GElllneliE s 1oh"
prior art applications, FOS T processing 1S done hé rererence sweep

si gnal which | andh&he griual newkpnt fiarase ayenunknewn; ntthe weconds areaof the

earth. In the RpRSRNtheNpeBEERE. irvaititl thkek hSdifférent Appiaaen’ ¢kative
of the ag%ual f.orce %O generated . nto the. earth |€%a asyr,ed and taken

from the Ji br att9r P& Pfgiﬂpr%ﬁ?‘.’ezﬁ?uog‘, oge%?&ﬁgp WP L ematically
rel ated to the comnediatipgnprocesysefi donvemsipnadeproressing of a
theoretical signal. pysiregobhez iy NathtoftHeh oRi8R8 NhedSveY i) thid gh 15
Fidelity Vibrataor ei_sm c, Hg%ﬁ‘irec rdlng Vi ratgrg ngtlon andi rocessi ng
the recorded selRaFoFAES Eeldhed P si'lh?na ‘\)053 PHEPUE HECTR PR 18RRGal
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minimum phase results:

15
(nhl MBI) GAl GBl
20 = T o
My Mg Gaz Gp2
25
or
30 : M=T98 G :
where:
35 M = the measured motion on the vibrator matrix .
G = the true vibrator output matrix in the freguency
domain,
T = a transfer function of a minimum phase, causal,
40 linear system relating G with measured vibrator motion, and
e = multiplication in the frequency domain.
Matrix subscripts designate the vibrator and sweep,
for example, Al designates vibrator A, sweep 1, Bl
45 .designates vibrator B, sweep 1, etc.

In this egquation both the minimum phase transfer
function, T, and the actual output force, G, are unknown.
The seismic data detected by either geophones or
hydrophones is represented in the frequency domain by the -
50 convolution of the time derivative of the actual force G
with the reflectivity of the earth, E, as indicated by the
following formula:
55



I n conventional processing a reference signal x.is fed to an actuator which
puts a Ssignal, the true vibrator output, into the ground. As this signal,
the true vibrator 25 output, travels through the earth, it is
multiplied by the inpul se response of the earth in the frequency domain or
convol ved wi WA %A% npul se response in the tine domain. |t FEI/PH6LSEs

convol ution product, the tinme derivative of the actual signal convol ved
with the inmpul se response of the 30 earth that is correlated with the
reference sweep signal. This process is cot8ect if and only if the
reference sweep signal iy equal\to the true yibratosoutput. The present
i nvention takes a diffef Bt gp‘p achthan c Rrent | G l Facesdrenly. First,
the nmeth of the presgn 35p ‘1 nveltion egognigey t agf th tions
measured on the vibrato e y related toNdAd n eque™to act ual
out put faorce o®Xignal that is put into the ground. These WD 97/ 18491
PCT/ US96/15831 -7- are rel ated byns_ggﬂéqygggh se transfer function in the
frequency domain. Both the m ni nunt ph transfer function and the actual
out put fl& ce arﬁ&réﬁnom. The second area where the present invention takes
a different approach is 5 by perform ng an inversion operation instead
of the cgrel ati on pe=o¢pesS mehsGPea chéiSnid JAtACHaErag. By recogni zi ng that

t he notions neasured op.the.vib related to the actual output force
7 Egzoﬁaé%bé%%ﬁ%

or signal put inté he m phase transfer function in 10
the frequency donaith= earthwraflectinity wadrdxt he out put force signal
is multiplied by a transfer function of

By using inverse filtering through a minimum phase
25 band pass filter the ratio of D / M can be computed. This
ratio eliminates the unknown G, the output force, from the
equation as follows:

30 D;;  Dgs Gn1 Gg En Ep;
ib o
15 Dy,  Dg2 _ Gz  Gp2 Ep Ep;
M M, G Gps
40 Al B1 T e 31 B
Mu Mgz GAZ GBZ
45
orx
50
D ijp e G ¢+ E
55 _
M G e T
60
70 Daz 'Dg ip a1 Gai B Eg Gpy Gp:\~1
.= } [ [ ] L )
75 My My T Gr Gozf \Exe Emf (G Gum
80 My, M
85

or



m ni rum phase results: 15 20 [err] 25 30 where: M= the
measured nmotion on the vibrator matrix G = the true vibrator output matrix
in the frequency domain, T = a transfer function of a m ni mum phase,
causal, 40 woldsig@f systemrelating G with nmeasured vibr atl‘H’rlﬁ@Iﬂg&lﬁ‘l and
[err] = multiplication in the frequency domain. Matrix subscripts designate
the vibrator and sweep, for exanple, Al designates vibrator A sweep 1, Bl
45 designates vibrator B, sweep 1, etc_gln this equation both the

m ni mrum phase transfer function, T, and the actual output force, G are
unknown. The seismc data detected by either geophones or hydrophones is
represented in the freqqgncy donaig by the 50 convolution of the tine
derivatived of the actual_force: G \M_Eh. the reflRctd vi@y of the earth, E, as
i ndi cated by the foll owiMg formnul a:T55 WO 97/ 18491

PCT/ US964 845831 5 [err] 10 15 where: 20 D = the
nmeasured seismc data matrix jp = the tinme derivative
Where
15
=1
20 Cm Gr = ¢! = Adjoint of G
Gny Gey det G
25
Therefore
30
35 ™ e
40

At this point, the unknown force G has been eliminated
from the equation. A scaling factor is also required to
Preserve total energy through the inverse filtering
process. _

45 The seismogram is now represented by D / M and is the
desired answer, E, the earth reflectivity, convolved with a
minimum phase function jp / T. It is a property of minimum
phase functions that their derivative and their reciprocal
are also minimum phase. The seismogram can be further

50 processed with minimum phase deconvolution to obtain E, the
impulse response of the earth in the frequency domain. 1In
essence the D / M seismogram is the band limited impulse
seismogram. It is causal and minimum phase related to the
earth response.

55

D/M - MINIMUM PHASE DECONVOLUTION - E

This method is always correct since the actual and
unknown vibratory motion has been eliminated.

60 The detected seismic data is represented in the
frequency domain by the product of the time derivative of
the actual force and the reflectivity of the earth.

By using inverse filtering through a minimum phase
band pass filter, the ratio of the measured seismic motion



E =the earth reflectivity matrix By using inverse filtering through a

m ni mum phase 25 band pass filter the ratio of D/ Mcan be conputed.

This ratio elimnates the unknown G the output force, fromthe equation as

follows: 30 [err] 35 40 or 50 [err] 55 60 65 [err] 70

[err] 75 ~ WO9/18¥rr] 80 85 or WO 97/ 18491 PCT/US96/15831

PCT/ US96/ 15831 5 [err] 10 15 Where [err] 20 25 Therefore

30 [err] 40 . At this point, the unknown force G has been elim nated
=10

to the measured motion of the vibrator can be computed.
This ratio eliminates the unknown actual output force. A
scaling factor is required to preserve total energy through
the inverse filtering process.

5 The resulting seismogram is represented by the ratio
of the measured seismic motion to the measured motion of
the vibrator and is the desired answer, the earth
reflectivity, convelved with a minimum phase function. Tt
is a property of minimum phase functions that their

10 derivative and their reciprocal are also minimum phase.
Thus, the seismogram can be further processed with minimum
phase deconvolution to obtain the impulse response of the
earth in the frequency domain. In essence the ratio of the
measured seismic motion to the measured motion of the

15 vibrator seismogram is the band limited impulse seismogram.
It is causal and minimum phase related to the earth
response. This method is always correct since the actual
and unknown vibratory motion has been eliminated.

The basic process of the present invention includes

20 receiving data, dividing the data in the frequency domain
by measured signals from the seismic source generating the
signal and performing minimum phase deconvolution on the
result of the division.

Referring now to Figure 2, a flow chart of a preferred

25 embodiment of the method of present invention is
illustrated in block form. This method may be performed on
any digital computer or work station currently in use in

the art.
Initially, at block 50 data stored on tape 48 is
30 received. Data received may be of any type of seismic data

generated using vibroseis techniques.
At block 52, the inversion process is performed on the
received data with the measured signals. This represents a
significant difference between the present invention and
35 conventional processing. In conventional processing, the
received data is convolved with signals that are assumed to
be generated into the earth's surface. In the present



fromthe equation. A scaling factor is also required to preserve total
energy -through the inverse filtering process. 45 The seisnbgrami s
now represented by D/ Mand is the desired answer, E, the earth

reflectivity ved with a mninum phase function jp / FerdibogiSssd
property of Mi%?n;lphase functions that their derivative and their

reci procal are al so m ni num phase. The sei snbgram can be further 50
processed with mni mum phase deconvol uti on,tQ obtain E, the inpul se
response of the earth in the frequency domain. In essence the D/ M

sei smogram i s t{\@,diichnl, @t &HVEE@%&%ﬁﬁi&@ﬁrsagerlfbrhédcﬁﬂﬁl@'mé’d%ﬁédﬂ mum
phase related to,the earth esgonse. DM- M INUNEPHASE DE OLUTI ON -
E This nethod i 319aErs W gl inipates gerhain, RssHEPLARRS WWRLTH NAVS ¢

noti on has beerbeén Mesmtridbedopreviously. The detected seisnmic data is

P b Mo AE By sAORRe i el f R s Paskll EnfBugiTd Vol | Ve
0 . us|i n | nver se
Lo o ORI TR EMARS bAneBane, AR, | K Block; 56/t Rimds Rhase

nmeasur ed sei sm deconvakution/\@sOpetfdaied on the data that has undergone

PCT/ US96/ 15831 artOtnddidith HideEEE i@ béh Yaddin vcmbagﬁggmgﬁpgmut ed.

This ratio elimpnates the unknqQwn actual outgut force. cror is

required to prcRRag®R handpass,dillern, ofRis (TROGVSFthe PEFecEi of thedky 5
The resulting seitergrmat hascpeencadded by Thes,r &yl processing the

10 seismogram with minimum phase deconvolution, the impulse
response cf the earth in the frequency domain is obtained. .
In Figure 3, a flow chart of a second embodiment of
the method of present invention is illustrated in block
form. This method may also be performed on any digital
15 computer or work station currently in use in the art.
Initially, at block 60 data stored on tape 48 is
received. Data received may be of any type of seismic data
generated using vibroseis techniques.
At block 62, the inversion process is performed on the
20 received data with the measured signals. This represents a
significant difference between the preéent invention and
conventional processing. In conventional processing, the
received data is convolved with signals that are assumed to
be generated into the earth's surface. In the present
25 invention, an inversion process is performed with measured
signals eliminating certain previously described
assumptions.
At block 64 a model trace may be generated. This
model trace is basically a trace with a spike to record the
30 phase and amplitude of the original data. The model trace
will be used later to remove phase errors introduced by
some of the processing steps in the method of the present

invention.
At block 66 processed information from block 62, the
35 results of the inversion process, may undergo shot

deconvolution. A Wiener-levinson spiking deconvolution is
preferred in the present invention, however, any



of the measured seismic notion to the neasured notion of the vibrator and
is the desired answer, the earth reflectivity, convolved with a mni num
phase function. It is a property of m ninum phase functions that their 10
derivative and their reciprocal are also m nimum phase. Thus, the

sei snogram MR IHEBPLrt her processed with nini mum phase decdGF8IS3¢/15831 t o
obtain the inpul se response of the earth in the frequency domain. In
essence the ratio of the neasured seismic notion to the nmeasured notion of
the 15 vi brator seismogramis the bantd2tnmited i npul se seisnmobgram |t

is causal and n| rrumllﬁgase r.e ed to the earthléres se. Th| s rret hod is
al ways correct PRE OtHEAR¢ H%F%I?ng\mmﬂ‘b? % Ll E8en

el i m nat ed. Thce’oasrmtpeoeéﬁectﬁ Auee Jor ermatmnsrbetweemalnﬁaidﬁal

receiving datagndieyi ghpopbhgsélpta in the frequency domain by neasured

signals fromthe selsmc source%@]eratl n%&Fhe si gnal ., and performng
ni ni mum phase decon®bl BLPEK Fv (FRITGR AtATILS; ﬁ@rﬁ?%k‘?‘bﬁ“am&eer ring now to
Figure 25 a f| percbamedobnatipe edata £d Ib the peaberire®némisddinemtyethed of

present inventiggg, 'aath ysfaet&ubé)'é&&etce&g}. Inasf&%tﬂf)%ﬁ%ﬁﬁg is

performed on any digrta uter of work station curren i'n use’in the
art. Initiall y“sgf"bPoERng t’éﬁ%ﬁjdfeé"d 16’6“’1"'&3@ qather Jp rem"t"@céPVé’Ge

Data recei ved mtathesof any type of seismic data generat ed usi ng Vi brosei s

techni ques. At block, 531013{2&{& Wﬁrﬂmﬁri ?s gg;_, lanI[‘gCecgn%n recei ved

data with the neasured Si repr erence
bet ween ¥he pr Mapﬁvﬁﬁf‘ﬁbﬁeﬁnb"%mn V@G‘ﬁ?bh?l ehat qtﬂféaﬁsgmgemovn
conventional praeRhd Rg11t heat asbooled HlatedeiivegOaE8bNESLYE £dh Sisgnal s t hat

are assumed to N6 (4eRehLHlthd @at{ iAldH 1% JYELACHretdrddlsy P 3R Bher -
Levinson spiking ensemble deconvolution. This is a common
receiver gather to remove receiver noise, however, any
is deconvolution that is directed to the removal of receiver
noise is acceptable. At block 74 the data undergoes zero
phase spiking deconvolution. This is a spectral whitening
deconvolution to remove monochromatic noise.

At block 76 model dephasing may be done using the

20 model trace which was generated at block 64 to record the
original phase and amplitude. This is done to remove any
phase errors introduced by the previous processing steps.
At this point, the method of the present invention has
completed the pre-processing and conventional processing

25 may be performed after block 76.

Thus, the method of the present invention for
recording and pre-processing high resolution vibratory
source data has been described which includes the steps of
division with measured signals, receiver and shot ensemble

30 deconvolution, statics correction, F-K fiitering for noise,
zero phase spiking deconvolution and model dephasing. As
stated previously, an actual vibrator signal related to
what the vibrator is sending into the ground is used in
pre-processing. The vibrator motion is measured to provide

35 a signal that is used to process the data. The data is
divided by the actual transmitted signal in the frequency
domain.
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i nvention, an inversion process is perfornmed with neasured signals, which
el im nates certain assunptions m“m“mmulmlmescrl bed previously. At

bl ock 54 the inverted data is p m ni mpgr/pbesagsdandpass
filter. At WRYA4H6 ni ni num phade Hecbnvbi dtidn is perforned on the data

t hat has undergone an inversion process and been passed through a m ni num
phase bandpass filter. This renoves the effect of the jp / T termthat has
been added. Thus, by processing the 10 =337 snmogram wi t h ni ni mum phase
deconvol uti on, S'Jl}gihgpul se response of the earth in the frequency domain is
obtained. In Figuré 3" a flow chart of a second enbodi ment of the nethod of
present invention isZlil| udtRatked e |xaaerddngs andi BrenRrrResadndahdghpe
performed on anyijdeditgl vibratorf Weitflc AatdObighsdéi €Hate Hav@begni N use

in the art. Initiall t. bl oc Iy n.tape.48. i s received., Data
recei ved nay be as57e n?/:e Bg %fé]é'g?%%aéj(f;ﬁ g'lg%ﬁg?ée%eh%jf% s\ﬂug“lpgssef“s'd
techni qued. At Klefekted byhmultiplessisniscyeseiveps;forned on the 20

recei ved data Wdnharabeergagdrpg: signals. This represents a significant

di fference between the present_inventiqn.and canvenii o racessing. In
conventi onal processing, FEESFE"L%?\%}EQ gléqtd'c'lns °%oﬁ98*‘y3§a%&¥ﬁ%r§?f§ﬁ t hat
are assunmed to be gemouzces whichtie xelated touthecvibratehappldedntforse

invention, an inversiQheRl aC8Pans el Sfimit M Wel RiABAGH SKhsd JR¥uSal,

l'imnatin rtain previ I ri I on
e at 10g certa Ri%eagugyztgg;sc bed assunptions

relating actual vibrator output with said
measured vibrator motion;
determining a ratio by dividing the vibratory
seismic data signals by said measured motion of each
15 vibratory source to remove the unknown applied force
' leaving the earth reflectivity times a time derivative
divided by a minimum phase function;
minimum phase band pass filtering said resulting
ratio; and
20 performing minimum phase deconvolution on said
minimum phase band pass filtered ratio to remove the
time derivative divided by the transfer function of
minimum phase function.

25 . 2. The method according to claim 1 further
Characterized by: _ 1
performing shot ensemble deconvolution on said
minimum phase band pass filtered ratio.

30 3. The method according to claim 1 further
Characterized by:
performing receiver ensemble deconvolution on
said minimum phase band pass filtered ratio.



At block 64 a nodel trace may be_generated. This nodel trace is basically a
trace with a spike to record the 30 phase andanplitude of the original
data. The nodel trace will be usﬁcmum phase errors introduced
by sone of the processing steps i mtlmcm e present invention. At
bl ock 66 pro¥e9%ae91 nf or mati on fronl block 62, $he 35 r PEITUSS6/L883T he

i nversi on process, may undergo shot deconvol ution. A Wener-Levinson
spi ki ng deconvolution is preferred in the present invention, however, any
WD 97/ 18491 - -l4= PCT/ US96/ 15831 - 12-
deconvol uti on which uses a common shot gather format to renove the effects

due to variations bétwEdf Pekhed AFGCTEABgstRaGLHER (s FRrERe| ock 68, source
statics correctharactgrbeed by: perfornmed on the data. 1In the preferred

enbodi nent, the sane gat$ f‘t'ﬁi'ﬁn%gt%%ggo%gﬁéﬂbﬁ% fs%ridFF&E’:i%ésri ng is

used, a constant receiver [ocatl r to renpbve source's At

bl ock 70 FK filteri REagRyPaRd Rasgs fidyegefngatiag const ant recei ver

| ocationsvari abl e shot gather to renpve ground roll. At block 72 receiver
deconvol ution is pegfo . ich is.alsq referably, a .

W ener- Levinson splgkiﬁggcei?é%hn%‘?g%%%g%\!%ﬂﬁ%i %*\‘i‘mrhfsﬁps%hfrcomn receiver
gat her to renp¥harasteyézeddpP¥e, however, any 15 deconvolution that is

directed to the renoval pérteERingF-KX0if32teping CLHE A ihe An Bhgak 74 the
data undergoes zer o plRatn PAKIL LR LR ¥h100red Mhikds, @ SPECLTA
10
6. The method according to claim 1 further
Characterized by:
performing zero phase spiking deconvolution on
said minimum phase band pass filtered ratio.

15
7. The method according to claim 1 further
Characterized by: '
generating a model trace from said vibratory
seismic data signals generated by a plurality of
20 vibratory seismic sources; and

performing model dephasing using said model trace
on said minimum phase band pass filtered ratio.

25



deconvol uti'on to renobve nonochromatic noi se. At block 76 nodel dephasing
may be done using the 20 nodel trace which was generated at block 64 to
record the original phase and anplitude. This is done to renpove any phase
errors introduced by the previous processing steps. At this i e
met hod of t h&PP¥8&Ht i nvention has conpl eted the pre- proce]s)gﬁl]g&gﬁ !
conventional processing 25 may be perfornmed after block 76. Thus, the
nmet hod of the present invention for regg;ging and pre-processing high
resolution vibratory source data has been“descri bed which includes the
steps of division with neasured signalgs, receiver and shot} ensenbl e 30
deconvol ution, statics correction, F-R filtering for noisqg, zero phase
spi ki ng deconvol uti on and nodel dephas|jng. As stated previjously, an actual
vibrator signal related to what thesytprator is sending igpto the ground is
used in pre-processing. The vibrat & wiion is measured t provi de 35 a
signal that is used to process the datp.yy, The data is divj{ded by the actual
transmtted signal in the frequenqudo \1. WO 97/18491 -13- Clains: 1
A nmet hod for recording and pre-proce§g W gh fidelity vjbratory seismc
\» urality of vjbratory seismc
Char acterized by:
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sources which is related to the vibrator applied force tines a transfer

functi,on of m ni nrum phase, causal, 10 | i near system relating

actual vibrator output with said nmeasured vibrator notion; determning a
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phase band pass filtered ratio. 5 5. The nethod according to claim1l

further "Characterized by: performing F-K filtering for noise on said IPDSE_
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of measuring the motion of each of the vibrators (18, 20, 22 and 24), determining a ratio by — 3
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phase deconvolution (56) to remove the time derivative divided by the transfer function of —
minimum phase. The method may also include the steps of shot ensemble deconvolution (66), MODEL. T8AcE &4
receiver ensemble deconvolution (72), statics correction (88), F-K filtering (70) for noise, zero GENERATED T
phase spiking deconvolution (74) and model dephasing (76). The vibrator motion is measured T
to provide a signal that is used to process the data. The data is divided by the relative of the Sk
actual transmitted signal in frequency domain. or 66
DECONVOM‘I‘I‘J
—
STATICS a8
CoRREcTIOV [
+
FK
7
FiwreR [0
¥
DECONVOLuTION|

—
ZERO PRAsE
seieme | FId

DEC.onvoLLTION
MODE
[
DESBASIVG 78




