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(57) Abstract

actual transmitted signal in frequency domain,

A method for recording and pre-processing high fidelity vibratory seismic data includes the steps of
measuring the motion of the vibrator which is related to the vibrator applied force times a transfer function of
minimum phase, causal, linear system relating the actual vibrator output with the measured vibrator motion
(50), separation of signals according to generating source (52), determining a ratio by dividing the vibratory
seismic data by the measured motion of the vibrator to remaove the unknown applied force leaving the earth
refiectivity times a time derivative divided by a minimum phase function (54), minimum phase band pass
filtering the resulting ratio (54) and performing minimum phase deconvolution (54) to remove the time
derivative divided by the transfer function of minimum phase. The method also includes shot ensemble
deconvolution (58), receiver ensemble deconvolution (64), statics correction (60), F-K filtering for noise
(62). zero phase spiking deconvolution (66), and model dephasing (68). A signal directly proportiona: to
the actual signal that the vibrator is sending into the ground is used in pre-processing. The vibrator motion
is measured to provide a signal that is used to process the data. The data is divided by the relative of the
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data generated by another source wll produce an inaccurate 25
seismogram In order to increase the accuracy in producing a

sei snmogram the data nust be separated according to its generati ng
source for further processing with the force fromits correspondi ng
sour ce. wo o7/ki@emai n deficiency of conventional practi eeTuseyisats 30
an estimate of the actual applied force islused to create t he

sei smogram Much work has been _done on_order to i e guality of
feedback signals and t HEFhFRBIGHY VIBRATORY s%%pfggggx b Hifos

PCT/ US96/ 15574 USING A PLURALITY OF VIBRATOR sounfe$eedback | oops
and hydraulic val ves, however, harnonics, device flexure and vari abl e
ground coupling cannot be determ ned reliably and remain as unknowns
affecting the acCriea@reagfentheénesht o pertains to krigaibeddatrey seisnic

data usin round vibrations,, a I [ lac | cl. .t h
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Typically, the reaction mass notioh IS neasure an accel eroneter
mount ed on the r&i@2ibnY AR ProErFsinge

1t is conventional practice to use vibratory sources
to apply a force to the ground and measure the subsequent
motion caused by the application of this force at wvarious
receiver locations. By controlling the duration and

10 frequency of the force, a broad band signal with sufficient
energy 1is achieved. By using the receiver motions and
assumed force application a seismogram is constructed,
usually by correlation with an estimate of the applied
force, from which properties of the impedance function of

15 the earth can be determined.

In the interest of economy, several sources are used
at the same time. 1In order to construct a more accurate
seismogram, a determination of which source was responsible
for the motions detected by the receivers can be made.

20 Each source has unigque characteristics that aids in
iscolating the source that generated the force which caused
the receiver motions, since the data received will wvary for
each source. Processing with the estimate of one source on
data generated by ancther source will produce an inaccurate

25 seismogram. In order to increase the accuracy in producing
a seismogram, the data must be separated according to its
generating source for further processing with the force
from its corresponding source.

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



notion of a baseplate, which is actually coupled to the ground, is

nmeasured by an accel eroneter nounted on the stilt structure cross
menber. 15 I n conventional processing, data that is generated by

a vibratory sour is correlated with a reference sweep. A nce
sweep signal ?@ogﬁls?%eal si gnal which the vibrator is t*é?%’”%"ghgsﬂ’t into
the ground, which is often quite different fromthe actual signal
which is generated. 20 An estimate for the applied force is the mass

wei ght ed sum of the acceleration of the baseplate used in the

vi brating source and the acceleration of the reaction nmass used in

the vibrator structure, called the ground force. The mass

wei ght ed sum of ofhéeedback girARs agde PYESAILAE VELVeSdEpIened  aRgTBARLIEFOm

its reaction magswité HS&EuId shd varikeedbgekuh@Ofoll i) lcanhetagkuat or how
close it is to IS asggned

that the f%gggrﬁ“ﬁf‘%‘a?’ggf CIS’ %ESFB\#\%%%%%@E%%%S{[GFH&“% Fence
sweep. However, agsushayedf ptiewientsmptet.he actual signal is 30 often very
around can Bo vi oved 8; PRETSTHIY VoS ke WSHAT OUih TRECFOR Tty
dormai n. Sin | arlprgehwass isipiadese inespotisetofitetkenrgieoudan b&ypiicakly
%S?} 1i828t9 he & folbbB®:domghi & W%e%%gsaﬁacuy&g@%nggll%&t%';gs dRhhNaET ve
3 in a reaction mass that is suspended by a piston and rod
assembly that is attached to a stilt structure at a cross
10 member. Typically, the reaction mass motion is measured by
an accelerometer mounted on the reaction mass itself. The
motion of a baseplate, which is actually coupled to the
ground, is measured by an accelerometer mounted on the
stilt structure cross member.
15 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 teld to put intec the ground, which is often
quite different from the actual signal which is generated.
20 An estimate for the applied force is the mass weighted sum
of the acceleration of the 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
25 baseplate and one from its reaction mass, is used in a
feedback loop to tell the actuator how close it is to the
reference sweep. With this system it is assumed that the
force injected into the ground is the same as the reference
sweep. However, as stated previcusly, the actual signal is
30 often very different from the reference sweep signal.
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 i npul se response
of the earth in the time domain while the tinme derivative of the force
is multi'plied by the inpul se response of the earth in the frequency
domain. In itswomshsdsy basic form a signal representing t hP@aiSP¢ESTAve of
t he ground force convolved with the igpul se response of the earth
is detected by geophones or receivers |ocated on the surface of the
earth. This signal is detected after it has been refl ected by an
interface existing between two 10 subsurface |ayers having different

i npedances. The detected signal is correlated with the reference

sweep si gnabef el LR AE Tp%Qt 4atOr thd Ny Fo G rley Q:bh@&l%ﬂkﬁlfh Nend 0
conpress the force portion of the _detected si

long as the forcE™RtS mGRMSSgPEURRS| 83 Hy * %gtnﬁaﬁémﬁsdPﬂélpe$€+£%GQ“§

sweep signal. Stiee cnér:lnt:atrla:reeby the force s:asrmnummaedr Biyethrest immilEsof
the i npul se respgnse of Q? dom ach

se
Correlation in tﬁ%s??%ﬂ%éh fhﬁoﬁﬁlﬁgré%u€9 %ﬁﬁﬁﬁeqﬁY omalnd tgﬁ krs most
mul tiplied b§ thhasluefmeeﬁselghamhaepnesemngnahjﬁoderwwahlwhlcﬁ th@

correlation s beiBgdofsce 30681108 wicn GRS AERASLLARALLS 08! inan

estimate of the roun or ce, i s that unknowns
remain in the da?artWrPS dEtQQ¥§dc§¥e96?P%Qﬁ?%ﬂQﬁ|§ﬁ¢Q@WeFﬁel§Fgﬁaﬁ R t¥he he

reference, bheratk ot doesrkRSS dRIBUS drialt N8 Rkkteasakoag as Hdwe

25 l'itud h f th 1, but
"t still adds erporh Per1edted Byion MRLaFtA MR S PofiEeR Hfet nod for
recording 10 aadb$m2f¢nexma¥yrmghbvghgresfﬁeﬂenn1nmpbﬁahcey solhee data
whi ch i ncl udes ”8 éé‘été‘@é arf"&' ORofle #é&”lﬁ ftth@er%%r%gééa&%é In

t he present |nven I'OR, ACCaret oeters are Gsed Tnoeach of two
positions on a Iangeal fadﬁ@sgm@oaphugt@he cithiputaonrgy alté ooonwpakedf brrl o

det erni nati on mayohgrdsderheiige bB@t:?bﬂr@f GRS ARY eltS signa1Sthtabl e for
use in further processing. The neasured
known way as long as the force put into the ground is the

15 same as the reference sweep signal. Since it is rarely the
same, an 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 whatever signal

20 with which the correlation is being done. Since the
reference signal is only an estimate of the actual ground
force, the result is that unknowns remain in the data. In
the case of corre.ation of the signal with the reference,
the unknown does less damage to the result as long as the

25 amplitude and phase errors of the reference signal are
small, but it still adds error.

The present invention provides a method for recording
and pre—proceséing high resolution vibratory source data
which includes measuring the motion or motions of the

30 vibrators. In the present invention, pairs of
accelerometers are used in each of two positions on a large
mass so that the outputs may be compared and a
determination may be made whether the signal generated is

suitable for use in further processing. The measured
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4 ~notion or notions of the vibrators are related to the act ual
vi brator applied force by a transfer function of a m ni num phase,
causal , Ilneanra Eﬁ These neasured notions are used tQ-$RREGALR
recei ved signa rther, 5 these signals are used in an inversion
operation to process the recei ved dat a4 The nmet hod of the
present invention relates the actual vi brator output with the neasured
vi brat or notion or notions. The vibrators are energized with a

predeterm ned 10 pattern. This pattern is used along with the neasured
notion or notions .aof the source to_s

e the receive accordi ng
[0 the soufce UIBFIo GE.BPLENEHE dreCLor A or s BE PO 2L D She
determ ned by diadtdialg viibeatbbr appl yed fonnﬁ:hp @ datasbyrt henaeasurofd a

' ' f h k
apol i 60 Torce | dyrmtt Pl sptdf, o Ak ey oy TURES S M RIE Ve

di vi ded by emQﬂuﬂnmuwmghasedfuﬂcsemﬁrawarnaﬂgmwpﬂasegdeb@nvcﬂunnhar,|s
performed to renmyad @q_grn'a':f% g?é' Mﬁécﬁ VEn ddnv'ﬁ%rg)iohhsperatf&ﬂ ?Jé:}%:ecs)fs

function of m ni mum phase. may al so 20 I ncl ude t
shot ensenbl e dé@ﬁhﬁﬁ*ﬁﬂﬁ@ﬁ dﬁééelver ensenbl e deconvol ution, statics

correction, F-K fil t@hlenglethod Bﬁrtlﬁ'@lﬁﬁasérﬁ:CQIn\(r@thSQOBélPétb@é Othe %th%a%
ure S

phase Splklng convol ution. and_ nodel
a draw ng |IlustW¥R§%%§ Ta O R PEaVlgﬁ E?ﬁc?%ﬁ?ugéﬁayéggﬁfﬂérT?Ef?ﬂwﬂ%édure.
Figure 2 is a vexitdromrsepr &aentabratond die geagdzed with a predetermined

10 pattern. This pattern is used along with the measured
motion or motions of the source to separate the received
data according to the socurce used to generate the detector
motion. A ratio is determined by dividing the vibratory
seismic data by the measured motion or motions of each of

15 the vibrators to remove the unknown applied force leaving
the earth reflectivity times a time derivative, divided by
a minimum phase function. Minimum phase deconvolution is
performed to remove the time derivative divided by the
transfer function of minimum phase. The method may also

20 include the steps of shot ensemble deconvolution, receiver
ensemble deconvolution, statics correction, F-K filtering
for noise, receiver deconvolution, zero phase spiking
deconvolution and model dephasing.

Figure 1 is a drawing illustrating a typical seismic

25 data gathering procedure.

Figure 2 is a vector representation of the phase
sequence employed to separate simultaneously acgquired
sweeps.

Figure 3 is a block diagram of a flow chart

30 illustrating a preprocessing method for data generated by
multiple vibratory sources.

In gathering seismic data using ground vibrations, a
simple vibrator may be used in the present invention. A&as

in the prior art, a large mass is placed in contact with



sequence enpl oyed to separate sinultaneously acquired sweeps.

Figure 3 is a block diagramof a flow chart 30 illustrating a
preprocessi ng net hod for data generated by nmul tiple vibratory sources.
| n gat hering swoomitssselat a usi ng ground vi brations, a si METESYI/ 155 or
may be used in the present invention. As in the prior art, a large
mass is placed in contact with MB 97/ 18489

PCT/ US96/ 15574 the ground. A force is applied by reversing
hydraulic fl ow in a chanmber in a reaction mass that is suspended by a
pi ston and rod assenbly that is attached to a stilt structure at a
cross nenber. |nthBegps@s@nt A nwatlel 98, appei&d by eftidreingaigdratl bn flow

nmeasured by a pair of accel eronet ers_nmpunt e n.the reacti S
ool T The o Pokbe ForbamoSt ik chiRPEC LGP BHOT R 4 Py BBOHF AT o ¢ he
ground, is neasupgdtby amd ackt tedssrablyathabdfiscasastedeter s stiltounted on
the stilt struct Hé?u?é@??oé@@%ﬁor?@membef.S:f‘nt reieht LAVEREION, the

signal directly relafe he actua gnal that the vibrator is
sendi ng i nt 05t hereactigp gunes imptisad isnnppeuperddRs s MEiITRE vi brat or notion

or NDti ONS gk MEASHE €6k d GudAnR¥kdBnat it PRt A rassUsedel®. The
process the datamolggg,o%hg éggé%féienoahggﬂrféaﬁé%hQ%fJ]é%upled to the
'
ground, is measured by an additional pair of accelerometers
mounted on the stilt structure cross member.

10 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. The vibrator motion 5r
motions are measured to provide a signal that is used to
process the data. Thus, the data is not correlated with a

15 theoretical sweep signal but the data is divided by a
minimum phase relative of the actual transmitted signal in
the frequency domain, which removes the actual transmitted
signal from the determination. When scolving for the earth
reflectivity, data is basically divided by the vibrator

20 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
derivative divided by a minimum phase transfer function,
which ratic is then removed by minimum phase deconvolution.

25 Figure 1 is a system diagram illustrating the data
gathering process of the present invention. Vibrators 18,
20, 22 and 24 with two pairs of accelerometers 26, 28, 30
and 32, as described above, that measure the actual signal
that is generated into the earth are located on trucks 34,

30 36, 38 and 40, respectively. The signals are then
transmitted via radio link 42 to master vibrator memory 44
where they are checked to determine their reliability and

are stored for comparison at a later time.



15 theoretical sweep signal but the data is divided by a m ni nrum phase
relative of the actual transmtted signal in the frequency domain,

whi ch renoves the actual transmtted signal fromthe determ nation
When sol vi ng @8 offigeecar th reflectivity, data is basical pyrgiiheed by
the vibrator 20 ground force nmultiplied by a transfer function of m ni num
phase, renoving the vibrator force fromthé data. This | eaves the
earth reflectivity multiplied by a tine derivative divided by a

m ni mrum phase transfer function, which ratio is then renoved by

m ni nrum phase deconvol ution. 25 Figure 1 is a system di agram
illustrating the dat . _gatherin rocess of the present invention.
Vibrators 18, 2gnesighalsatift IS ERRrAseg Tabeel & FRATT £%6. 28,
30 and 32, wadbmasesi e abpve? didhtz4reasurefibetadtoff thenalterface
that is generat I ed_on s_34 . and
40, respectivel ;epdedv%ﬁgi tssitalgﬁg?ggg?g{!&]%%%e qmt‘raaéfis%ﬁ%(zt Sg wgP?%%fﬁso}r?%( 42
to master vibrathe Aenory #4c. alophetke thierdfiagechedkedet befbeectedne their

reliability and sjgnaidf @ret QRO BPMRAIRAR 2D, 2 B2t 81 ddd®,,
WO 97/ 18489 _ _ PCT/ US96/ 15574
6 FERP S GTRLY -t habe o kInptie daned otREoPY NBIRER §9r Byl 8/ 20,

vibrators 18, 202 Zhdand 24 areckefdectssl odef ahbesbonbeslf fegnsmitted to
recorder 46 for transfer to tape 48 for combination with
raw seismic data received from geophones D;, D,, D; and D,.
10 The received data signals and the raw seismic data stored
on a tape 48 can be transferred to computers at other
locations.
The measured signals are representative of the actual
signals that are generated into the surface of the earth
15 through vibratory source technique. These measured signals
are minimum phase relatives of the actual signals that are
generated into the earth by this technique. 1In prior art
applications, most processing is done with the reference
sweep signal which is the signal intended to be generated
20 into the surface of the earth. In the present invention, a
signal which is minimum phase related to the actual force
generated into the earth is measured and taken from the
vibrator source directly. Thus, a relative of the actual
signal is used in the process instead of a theoretical
25 signal.
Using the method of the present invention, High
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
30 need to be known. An important factor is that the measured
quantity is directly proportional to the actual force
applied. In this manner, the actual force can be

eliminated by division.



bet ween subsurface inpedance Inferr] and Inferr] at various points,

I[err], I[err], ... etc. along the interface. These reflected 5 signal s
are detected by geophones Dierr], Derr], Derr] and Derr],

respectively. Woeorsisep2al s generated by vibrators 18, 20, POIZUSHMSSZ4. On
trucks 34, 36, 38 and 40 are transmtted to recorder 46 for transfer
to tape 48 for conbination with raw sei sm c data received from
geophones Derr], Derr], Derr] and Dierr]. 10 The received data signals
and the raw seisnm c data stored on a tape 48 can be transferred to
conputers at other | ocati ons. The neasured signals are

representative of the m@cCicdaventionsl %@é@eéﬂ&ltg ar eegepenesd esligrdlo 1 Ne fed

surface of the earth 15 t hr ou V|br tory sourcge chpi qu These
neasur ed si gnal sato an z%‘:é?‘ﬁ?itﬁlrngﬁf ? é%lasﬁ' ’ofi'}e‘tehgrq%t‘ﬁﬁ?r i%nal s
that are germ,rtqimtd limito the gaasmﬂmlby Adhithitseclphglie. the tpnieorvidiriator

W ch s the' si orat i SRRVRLEo ThESHERor Y gy IFnes. Feinh PAEER, Ble

earth. In tHe prnemmtsa PESPponeR, 08 the exitgndin Wwhiec irequeney rdonaimace
related to the accsaﬁ}olf&roc%lth thgemgﬁs@i@éﬂ ee@p%nfs@elﬁa%@ tﬁn@‘%ﬂﬁx{éﬁ}“;}d and

taken fromthe brat or source rectl arelative
act ual si gnats .@lmfsé@r&vwlﬁéobrra%%%\scqrnstth@aﬁlsfe derhvatits off the

si gnal . addaidg stl@eaarxebbﬁdowea het 4 Qs@ntmpnveat tespordlbt the

Fidelity Vibrator HFVS cor Vi not i on and
processing the ré %’%rigx ?p?; di Eoﬁﬁ? 2t d’b‘ﬂ:é‘ tg‘e refx§ﬁ€ﬁe SVERP ¥ he
unknown act ul} apPiisdcprdoreses deesonoécB3Oif amskdnily hé khewne ferdmdearseeeant

factor is that t@l&?ﬂis‘idse%qual tgugﬂélg%é s,lq;rra%gtrl ¥u?;rngport|onal to the

actual force his manner, the a orce can be
el i mi nated by leISI(N?he present invention takes a dlfferent approach than

conventional processing. In a first aspect of the
different approach, the present invention recognizes that

15 the motions measured on the vibrator are merely related to
the actual output force or signal that is put into the
ground. The measured signal is related to the actual
ground by a minimum phase transfer function in the
frequency domain. 2Although both the minimum phase transfer

20 function and the actual output force are unknown, the
minimum phase transfer function may be removed by minimum
phase deconvolution. In a second aspect of the different
approach, the present invention performs an inversion
operation instead of the correlation process of

25 conventional processing.

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

By using inverse filtering through a minimum phase

30 band pass filter, the ratio of the measured seismic motion
to the measured motion of the vibrator can be computed.
This ratio eliminates the unknown actual output force. A
scaling factor is also required to preserve total energy

through the inverse filtering process.
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7 I n conventional processing a reference signal x is fed

to an actuator which puts a signal, the true vibrator out put , into t he
ground. As thj i |, the true vibrator out put travel the
earth, it is %@Fﬁbp ?ed by the 5 i mpul se response of the égnhﬁ I'n t
frequency domai n or convol ved with t8e inpul se response in the tlne
dormain. It is this convolution product, the time derivative of the
actual signal convolved with the inpulse response of the earth that is

correlated wwth the reference sweep signal. 10 This process is correct if
and only if the reference Sﬁeeg .Iﬁ%ggal,is equal to %qabtrue vi br at or
out put . THREpFESBAF IPAVR T 3 dS ZeHFPFBPER pra R HRan
conventi onal prcu‘cerskm mgashned :fsétsrhi@smﬁﬁlomftot hee measdréd enentompd oach,
the present inv i I gnj.zes.t ns asur on the

vi brator are nere fgggﬁgggdgbé Bs Pﬁ%ﬁégﬁﬁ%%g ou %gﬁttggrgglﬁg signal that
i's put into thereflectgvagyd. cTheoheed wridh i gialimue pbase efunat idie adttual
ground by as ni r&wp%a%etw a@smumcgua%% 'ftankke@ons thif y dormin.
Al t hough both the mniimum phase transfer runction and the actual

out put force arteyimatdws, aﬁﬁethElrn¥¢ﬁ#ﬁﬁﬁﬁ@ﬁa§éetPéﬁ@f@%nimwmnﬁhﬂﬁQﬂay be

renoved by mi niyaus the ebagﬁ\ogesﬁnwh W %rtherapeseegsea&pﬁ@t 10 n it

di fferent roac resent entlo perfornms an inversion
operation instégg’ dﬁ 8“38 E?%?l%& éb l?BUlsﬁoﬁﬁiﬁﬁ?§ﬁwﬂf the
processi ng. earth inThéedétreqtiesicyedaomin daua esseppepstin efhtiv tdfe

[requency gipmai g, i 16 LOdUsyof A0e 4l T 456! KBMEYE not ion Le @GS U2l

force with the re IVt inve
filtering thrcnKﬁbQ§Qan§@gﬁmpga§@ is the band limited 1mpulse selsmogram

It is causal and minimum phase related to the earth
response.

This method is always correct since the actual and

15 unknown vibratory motion has been eliminated.

Figure 2 illustrates a phase sequence employed to
separate the simultaneously acquired sweeps. The method of
solution illustrated does not cross couple the vibrators by
making A cancel B for instance but it does require that A

20 done at 0 degrees plus another A done at 180 degrees must
add to zero in the solution for B. The phase feedback loop
and the amplitude control were not capable of guaranteeing
the latter condition. Of more difficulty is to cause a
sweep done at 0 degrees to cancel when added to one done at

25 90 degrees and with 90 degrees of phase added.



30 band pass filter, the ratio of the measured seismc notion to the
nmeasured notion of the vibrator can be conputed. This ratio elimnates
t he unknown actual output force. A scaling factor is also required to
preserve tot al wersengpgo t hrough the inverse filtering pro®E¥aIS96/15574

WD 97/ 18489 PCT/ US96/ 15574

8 The resul ting seisnngran1i§ represented by the ratio of
t he measured seismc notion to the nmeasured notion of t he vi brator and
is the desired answer, the earth reflectivity, convolved with a m ni num
phase function. It 5 is a property of mninmm phase functions that their
derivative and their rR6ipflecainedhedal 66 simbIMHAdARS@eparatibhsashe

sei smogram can be further processed with m ni num phase deconvol ution to
obtain the inpul§81r8§56nse of the earth in the frequency domain. In
essence, the ratio of 10 the neasured seismc notion to the nmeasured
notion of the ¥P§Ba%or seisnogramis the band limted inpul se

sei smogram M causal and m ni rum phase related to the earth
response. 5 SWEEFh#s nmethod is alway% correct siznce the ad8tual and 45
unknown vi bratory notion has been elim nated.

VIBRATOR A (phase) 0 0 0 0
10 VIBRATOR B ({phase) 0 180 0 180
VIBRATOR C (phase) 0 0 180 180
VIBRATOR D (phase) 0 180 180 0
15
This method avoids the 90 degree problem and only
requires that a sweep done at 0 degrees be the mirror image
of one done at 180 degrees. If simultaneous technology is
tc be used, the field system must test in real time the
20 condition necessary for effective separation. For example,
a system should guarantee that Vibrator A's motions are
repeatable in real tinme.
METHOD 2
25 SWEEP # 1 2 3 4
VIBRATOR A QFF 0 0
VIBRATOR B 0 OFF 0
VIBRATOR C 0 0] QFF
30 VIBRATCR D 0 0 0 OFF

As in the first method, confirmation of the separation
assumption needs {o be made in real-time. This method
produces slightly less signal, three instead of four, but

35 uses the least demanding requirement for separation, namely
that the sweeps repeat.



Figure 2 illustrates a phase sequence enployed to separate the
si mul taneousl y acquired sweeps. The net hod of solution illustrated
does not cross couple the vibrators by maki ng A cancel B for instance

but it does rggui-re phat A 20 done at O degrees plus anot hgs g
7/1848 ! T, §q at
180 degrees nust add to zero in the solution for B. The p#gge fégdback

| oop and the anplitude control were rid&x capabl e of guaranteeing

the latter condition. OF nore difficulty is to cause a sweep done at O
degrees to cancel when added to one done at 25 90 degrees and with 90
degrees of phase added. WO 97/ 18489

PCT/ US96/ 15574 Two ot her

9
met hods of si mult aned@E 85hr fi bhese methods, thg,pecessary REGRS$PIE
SVEEP # signals canlbe encoded #n a similar3fashion add the

\él (Bgﬁlgj) A (phasier?q)tvidual Qri?gator motPon% can be %g&'jracted. 0 Tﬂlos m\éla @ATO?
that only one signal needs to be telemetered to the

S recorder for each sweep sequence.

Referring now to Figure 3 a flow chart of the method
of present invention is illustrated in block form. This
method may be performed on ary digital computer or work
station currently in use in the art.

10 Initially, at block 50 data stored on tape 48 is
received. Data received may be of any type of seismic data
generated using vibratory source technidques.

At block 52 the received data is separated. This
process begins when the seismic energy responsible for the

15 data is first generated. There are several methods for
generating seismic data to permit separation of the
detected data which have been discussed previously. Any of
the previous methods along with any methods currently in
use in the art may be used to separate the received data,

20 however, the preferred embodiment with the phase separation
previously described.

At block 54, the inversion process is performed on the
received data with the measured signals. This represents a
significant difference between the present invention and

25 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
invention, an inversion process is used which eliminates
certain assumptions which have been described previously.

30 At block 56 a model trace is generated. This model
trace is basically a trace with a spike to record the phase
and amplitude of the original data and will be used later
to remove phase errors introduced in the pre-processing

method of the present invention.



VI BRATOR C (phase) 0 0 180 180 VI BRATOR

D (phase) 0 180 180 0 15 Thi s

met hod avoi ds the 90 degree problem and only requires that a sweep
done at 0 degrwe97/s38% he nmirror inmage of one done at 18@BCHA§P6HISET4 | f
si mul t aneous technol ogy is to be usedl,1 the field systemnust test in
real time the 20 condi tion necessary for effective separation. For
exanpl e, a system shoul d guarantee that Vibrator A's notions are
repeatable in real tine. METHOD 2 25 SVEEP# 1
2 3 4 VI BRATOR A OFF 0

0 0 At Y1BBATER Bhe results @f block 540Fthe resultd of
SIBRATCR D VlB%ﬁLQ%%%ersion progﬁss, undergq%% shot ééggﬁvolution.ozﬁgoin

the first nethodiiexenf-lrewvihison spikireg spamatdlartion isassedpin drheneeds to
be made in real -tJ Thi . hod 0 L ; ' hr ee
i nstead of four ,E;llb%fe%Qh%ﬁgggggheh?vé%‘ég'dce%%gﬁeﬁgh?g%hﬁ%ﬁéﬁ%ﬁ#@?Ees a
separ ati on, hanegfgrmon shofagather sHREpAt riepegmove the effects due to

variations between individual shots may be used.

At block 60, source statics correction is performed on
the data. 1In the preferred embodiment, the same gather for
statics correction and for FK filtering is used, a constant

10 receiver location gather to remove source statics.

At block 62 FK filtering is performed using a constant
receiver location variable shot gather to remove ground
roll. At block 64 receiver deconvolution is performed on
the data, which is also, preferably, a Wiener-Levinson

15 spiking ensemble deconvolution. This is a common receiver
gather to remove receiver ncise, however, any deconvoclution
that is directed to the removal of receiver noise is
acceptable. At block 66 the data undergoes zero phase
spiking deconvolution. This is a spectral whitening

20 deconvolution to remove monochromatic noise.

At block 68 model dephasing is done. 1In this
deconvolution the model trace which was generated at block
56 to record the original phase and amplitude is used to
remove any phase errors introduced by the previous

25 processing steps. At this point, the method of the present
invention has completed the pre-processing and conventional
processing may commence after block 68.

The method of the present invention for recording and
pre-processing high resolution vibratory source data has

30 been described which includes the steps cf division with
measured signals, receiver and shot ensemble deconvolutioen,
statics correction, F-K filtering for noise, zerc phase
spiking deconvolution and model dephasing. As stated

previously, an actual vibrator signal related to what the
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10 For both of these nethods the necessary processing

signals can be encoded in a simlar fashion and the i ndi vi dual vi brator
notions can beygybidgs €d- This nmeans that only one signalchgRélsiska be
telenetered to the 5 recorder for each sweep sequence. Referring
now to Figure 3 a flow chart of the nethodi2 of present invention is
illustrated in block form This nmet hod may be perforned on any digital
conmput er or work station currently in use in the art. 10

Initially, at block 50 data stored on tape 48 is recei ved. Data

recei ved may be of an e of seismc d generateg using vi bratory

ty ta
sour ce techniqueg.lbm'Yor fs SRnd3gc R 159 ?h% IR oF #3565 B BEParat ed.
Thi s pr ocesspbegessinden THie vibirafibe edeigy i Ipassrebetboprdvidd =

data is first gener d., . There are several pethods.for pnerating
seismc data to Eé?ﬁéf %}é?)tarlast iugr?doftot ﬁgogess %‘e% éi?:attgd dgflg g%?%hl%ave been
di scussed previ odsvydedinyy ofhe actublietpresmbusedretigpdd ahonhewt tdgaerycy

met hods currgntl§oﬁg-n. use in the art may be used to separate the
received data, 2 homever, the preferred enbodi nent with the phase

separati on previ ous y descri bed. At bl ock 54, the inversion
process is performed on the received data with the nmeasured signals.
This represents a significant difference between the present invention
and 25 conventional processing. |In conventional processing, the

received data is convolved with signals that are assuned to be
generated into the earth's surface. In the present i nvention, an

i nversion process is used which elimnates certain assunptions which
have been described previously. 30 At bl ock 56 a nodel trace is
generated. This nodel trace is basically a trace with a spike to

record the phase



and anplitude of the original data and will be used | ater to renove

?232& er ors introduc% quﬂwﬂ““ﬁv\mﬁm\l ng met hod of the present

PCT/ US96/ 15574wo0 97/18489 * ¢ 11 PCTAISHNECK 58
the results of block 54, the results of t he inversion process,

under goes shot deconvol ution. A W eneft3Levi nson spi ki ng deconvol ution
is used in the present invention, however, any deconvol uti on which
uses a 5 common shot gather format to renove the effects due to

vari ati ons between individual shots may be used. At bl ock 60,
source statics ceghgpuki on i s perforned on the data. In the preferred
enbodi ment, the sanE*gather for statics correction and for FK |
filtering i s used, a éonstBnPellod fegeirpePridagt ABR RER TRICGES SiBFoPEIBour ce
statics. fille 1Bk QCkiBRatde ¥ iddivmiRg dagaPei fRs 1@ dydifdged BYNat ant
receiver |ocation.variable shot t her tqQ renove groun rol | .. At bl ock
64 recei ver decomFSEaLESN Pg fﬁﬁ#ﬁ%ﬁﬁﬁasﬁﬁsmlc SPRECER e T TRE P§25M45,
preferably, a W eadir- ségnatsnaid regpmikien fensenbl emilecdebardtgtisan. This is
a common receivel, ., ctg@&?g& L remove receiver noise, however, any
deconvol ution A& Irected to the renoval of receiver noise is
acceptable. At bl ock 66 theedsgsinhddrgdesizer ofphaske of thesyiipragory

deconvolution. This i goareRECHEAEn WY LRNIRGA20s tHECHIVAINEY AR cHEFBYEe
nmonochromati ¢ noi se. , _ .
times a transfer function of minimum phase, causal,
linear system;
relating actual vibrator output with the
measured vibrator motion;
separating ¢f the vibratoery seismic data signals
according to generating source;
determining a ratio by dividing the vibratory
seismic data signals by the measured motion of each
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 the resulting
ratio; and
performing minimum phase deconvolution on the
minimum phase band pass filtered ratio to remove the
time derivative divided by the transfer function of

minimum phase function.

2. The method according to claim 1 further
characterized by:
performing shot ensemble deconvolution on the

minimum phase band pass filtered ratio.



At bl ock 68 npdel dephasi \“ deconvol ution the nodel
trace which was generate m am to record the original phase and
anplitude is used to a aMy p hase errors introduced by the

previous 25 ggégﬁgﬁﬁéng steps. At this point, the nethod ofc&kgwg¢gcent

i nventi on ha

ed the pre-processing and conventi onal essi ng
may conmence after bl ock 68. Theg met hod of the present invention
for recording and pre-processing high resolution vibratory source data
has 30 been described which includes the steps of division with
measured signals, receiver and shot ensenbl e deconvol uti on, statics
correction, F-K filtering for noise, zero phase splklng deconvol uti on

and nodel depha5|ng 3 AsThg gregdpod aCE@éﬁi%@s¢®'CkﬁinaétJ@FtV?Brator si gnal
related to whatchhfacterized O 97/18489

PCT/ US96/ 15574 vibrator is
sending into the ground iRenforpipg ppeeiver ?ﬂ?ﬁﬂ?ﬁﬁlﬂfco?HSlUFb?%IQﬁ THit i on

is nmeasured to provigEnimum phiisenBhndhpiss sfibEskddD yataeess the data. The
data is di vided by the actual transmtted signal in the frequency 5
domai n.

4, The method according to claim 1 further

characterized by:
performing statics correction on the minimum
phase band pass filtered ratio.

5. The method according to claim 1 further
characterized by:
performing F~-K filtering for noise on the minimum

phase band pass filtered ratio.

6. The methoed according to claim 1 further
characterized by:
performing zero phase spiking deconvolution on
the minimum phase band pass filtered ratio.

7. The method according to claim 1 further
characterized by:
generating a model trace from the vibratory
seismic data signals generated by a plurality of
vibratory seismic sources; and
performing model dephasing using the model trace

on the minimum phase band pass filtered ratio.
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13 CLAI V5 1. A nethod for recording and pre-processing high
fidelity vibratory seismc data signals generated by a plurality of

vi bratory sei sgysormgsgpces where the seismc dat a signal s aperThigséisyad

fromsei smc detectors, characterized by measuring the notion
of each of the vibratory sources which is related to the vibrator
applied force times a transfer funt¥idn of m ni mum phase, causal,

| i near system relating actual vibrator output with the
measured vi brator notion; Separating of the vijpratory seismc
data signals according to generating source; determ ni ng
a ratio by dividing the vibratory seismc data signals by the
measur ed notion of each vi brat@ly source to renove|the unknown
applied force | eaving the earth i Vi i a tinme derivative
di vided by a m ni num phase function; hase band pass

orm ng m ni mum

filtering the resulting ratg§"
filtered ratio to

phase deconvol ution on the m n
remove the

FIG. |
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time derivative divided by the transfer function of m ni mum phase

function. 2. The nethod according to claim1l1 further

characterized by: perform ng shot ensenbl e deconvol ution on the
m ni-mum phase Ry pass filtered ratio. WO 97/ 18489 peTnuss/15574

PCT/ US96/ 15574 14 3. The net hod
according to claim1 further characteri zed by: perform ng
recei ver ensenbl e deconvolution on the 2/ 3 mninum phase band pass
filtered ratio. 4. The method according to claim1 further
characterized by: perform ng statics correction on the mninmm
phase band pass filtered ratio. 5. The nmethod according to claim1l

further characterized by:
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performng F-K filtering for noise on the m ni num phase band pass

filtered ratio. 6. The method according to claim1 further
characterized by: perform ng zero phase spi ki ng deconvol ution
on t he mwampmsasdphase band pass filtered ratio. PCT7USOYFRS74

met hod according to claim1 further characterized by:

generating a nodel trace fromthe vi bratgy seismc data signals
generated by a plurality of Vi br 6r3y sei sm c sources; and
perform ng nodel dephasing using the nodel trace on the mni num
phase band pass filtered ratio.
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