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application clains priority, under 35 U S.C. 120, of 5 copending
application S. N 0%/ 556,302, filed Septenber 29, 1995, and entifled "Method
and Appar at us F¥P e Separation of Seismc Vibratory Si gné' 0
application is also related to copending application S.N 08/435,940, filed
May 5, 1995, now U.S. Patent No. 5,550,786. 10 This invention is in
the field of geol ogical exploration, and is re particularly directed to
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and is more particularly directed to analysis of recorded
vibration signals in a seismic survey.

As is well known in the field of o0il and gas exploration,
seismic surveys of the earth are often performed to determine

15 if hydrocarbon reservoirs may be located under the survey area.
In the general sense, conventional seismic surveys involve the
imparting of acoustic or vibratory energy having known
attributes at one or more locations of the earth, and the
detecting of this energy at locations of the earth spaced away

20 from the locations at which the energy is imparted. The
imparted energy travels in the earth from the source location,
and is refracted by subsurface strata and reflected from
interfaces between strata. Measurement of the time required
for the energy to travel from source to receiver is indicative

25 of the length of the path traveled by the energy, from which
the depth of various geclogical formations may be deduced.

As is also known in the art, various types of seismic
source energy and source equipment are commonly used. An
important type of land-based seismic survey uses seismic

30 vibrator sources. In these surveys, a number of vibrators are
placed at desired locations in the survey region, and
simultaneously impart strong vibrations into the earth.
Typically, the vibrator is generally a large truck or other
vehicle that has a base plate in contact with the earth. A



30 vi brator sources. In these surveys, a nunber of vibrators are placed
at desired locations in the survey region, and simultaneously inpart strong
vibrations into the earth. Typically, the vibrator is generally a |arge
truck or other vehlcle that has a base plate in contact with the earth. A
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hydraulic jack and a heavy (e.g., on the order of two tons) reaction nass
cooperate in each vibrator to inmpart vibrations into the earth via the base
pl ate, for detection by geophones in an afray that is sone di stance from
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€Nnergy.10 generally of varying frequency to enable determination of the
travel time from source to detector. Typically, the vibration
varies linearly over time between a lower limit (e.g., 5 Hz)
and an upper limit (e.g., 150 Hz), either with a fixed
amplitude or using a frequency-dependent amplitude "envelope”.
15 Each sequence of imparting energy according to such varying
frequency is generally referred to as a "sweep" or "chirp“.

As is also well known in the art, seismic surveys are
expensive undertakings, with the expense most directly related
to the time required to impart and record the vibratory energy.

20 As such, many modern vibratory seismic surveys are performed by
simultaneously imparting energy into the earth from multiple
source locations, such that each geophone will detect the
composite of the refracted and reflected energy from the
multiple sources. The detected composite energy is then

25 recorded, at a recording station located in the survey area,
over a time window to provide a seismic record of the sweep for
each geophone location. In such surveys where multiple sources
are simultaneously operated, processing of the seismic records
from the geophones must separate the detected energy from each

30 of the multiple sources in order to provide information
regarding the subsurface path of the energy from each source to
the geophone location.

Sebaration of the composite record according to source is
conventionally facilitated by coding the source energy in such
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10 records from the two sweeps will isolate the contribution of
the second source (the 180° phase difference cancelling the
first source contribution); shifting of one of the records by
180° followed by addition of the two records will then isclate
the first source contribution. A more general approach to

15 phase encoding for multiple vibratory sources of number greater
than two is described in U.S. Patent No. 4,715,020; according
to this approach, the number of sweeps again equals the number
of simultaneously operated vibrators.

According to another known phase encoding scheme, the

20 phase shift of each source in a given sweep is selected so that
isolation of the contribution from each source may be done by
phase-shifting and summing the records from the multiple
sweeps. According to this example, the phase shifts for four
vibrations A, B, C, D over sweeps 1 through 4 (such phase

25 shifts in degrees, and relative to the phase of vibrator A in
the first sweep), are according to the following table:

Vibrator
_A_ B < _D
30 Sweep 1 : 0 90 S0 180
Sweep 2 90 0 180 90
Sweep 3 80 180 0 90

Sweep 4 180 90 20 0



10 records fromthe two sweeps will isolate the contribution of the
second source (the 180[err] phase difference cancelling the first source
contribution); shifting of one of the records by 180[err] foll owed by
addition of the two records will then isolate the first source
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from sweep 3 will be phase shifted by 180° prior to summing.
10 The other sources' contributions are similarly determined by a

combination of phase shifts and addition, thus isolating the

contributions from each of the four vibration sources.

By way of further background, U.S. Patent No. 4,545,039
describes a vibratory seismic survey technique utilizing a

15 pseudo~randomized selection of the vibration pulses. According
to this approach, in which different uncorrelated sweeps are
generated by each vibrator, each record is correlated multiple
times {once for each vibrator/code employed), after which the
separated records corresponding to each vibrator are stacked,

20 in order to separate the contribution of each source to the
record.

According to each of these techniques, identification of
the travel time from source to geophone is made by determining
the time at which the source vibration appears in the seismic

25 record. This determination is made by examining the as-
detected seismic record to recognize the attributes of the
frequency-variant source vibration therewithin. This
recognition may be done in an automated fashion by cross-
correlation, in the time domain, of the source vibration

30 waveform with the detected vibrations at the geophone (after
separation); a maximum in the amplitude of the correlogram
(indicative of the maximum correlation of the source and
receiver vibrations) occurs at a correlation time lag

corresponding to the travel time of the vibrations. This



vibrator A is obtained by shifting the record of sweep 2 by - 90, shifting
the record of sweep 3 by -90[err], shifting the record of sweep 4 by 180,
and by adding the four records together; in 5 this case, the sunmed
record will be four tinmes the record fromvibrator A, with all of the other
contributions C¥ABPBng out one another. Sinilarly, to resol Ve USBHE0yr B
the records fromsweeps 1 and 4 will be phase shifted by -90[err] and the
record fron1smeep 3 will be phase shifted by, 180[err] prior to sunm ng. 10
The ot her sources' contributions are S|n1Iar?y determ ned by a conbination

of Phase shi 11 Scanckidddoh! Aly JkEnbes d I GOS0 eagh: of

the four vibration source way o urt er oun t ent
4,545, 039 desch@”ef?ralmng‘a‘%\f%r §éP§ﬁf%n%l§>P@§?t%%ﬁrﬂquéeu§W¥% r?@da 15

pseudo- r andoni zgg &@leBCYi Bt ordshe Yh b i0RgAMhSE omaAGG Ot Nbnic elkhi S
approach, in which different uncorrelated sweeps are enerat ed by each

vibrator, each FPEBII@tRsOEoFhe SRUERE nERYGHIR L7 it dr By theifrequency

vi brat or/ code eam&ézhedbpr@ééretraﬂﬂahcbftma iﬂl&é&ﬁé@drmﬁ%@.ﬁdﬁsp(ﬁﬂcﬁ%ﬁondl nfg to
contri utIOI’l 0

each vibrator are stac i.n,order to
each source to ’c‘heer:s&cg’faﬁsél%‘bf’ i hy*% (?ré’éié‘ﬁ% ttg‘ﬁhﬁ’r%
i dentification cﬂrﬁdﬂatﬁonvaﬂtpuﬁne from source to geophone S nade by

determ ning the ti %“bfhfﬁxfﬁéoﬂégfg%dﬁ&at Ho8. apackee%rts NbD 5 25%| gm c

25 record. ThIS natron I's exam ning the as-
seismic record deﬁqré@@gna Zeethns andrsyrfiars f@F @h‘@am@@ugﬁ\byﬁm §|¢tlsmbgr ce

vibration {ger ey tdhg, mélse r&f‘eogah{nwrslmlbssé@% ltheBoRtd QIMRd fashion

by cross- correlation, he time domain, of the source vibration 30
waveformw t h t¢R9ﬁﬁ§ﬂ@Eté% QPQﬂiéﬁﬁoh% QﬁaﬁPﬁéngeEEﬂuﬁﬂ?aF§??e$°urce

vibrations at an earth location near the vibrators. However,
conventional techniques for performing the correlation of the
source energy to the detected seismic record generally use an

15 idealized representation of the source energy waveform (i.e.,
the "pilot" signal) as the correlation operator, instead of
using measurements of the vibrations actually generated by the
vibrators in the correlation. This is because the actual
vibrations (and thus the measurements) are generally rich in

20 harmonics, resulting in sidelobe artifacts on both sides of the
main lobe of the correlation result; these sidelobe artifacts
greatly cloud the correlation result, and thus adversely affect
the accuracy of the resulting survey. Accordingly, the use of
actual vibrator measurements as the correlation operator in a

25 vibratory seismic survey is discouraged in the prior art.

In addition to the harmonics noted above, it has also been
observed that the actual source energy waveform is otherwise
distorted from the ideal input wave by non-linearities in the
mechanical hydraulic system for generating the vibrations, by

30 non-linearities in the coupling of the vibration system to the
earth, by flexure of the base plate of the vibrator system, and
by other non-linear factors. These distortions in the source
energy as actually imparted to the earth, relative to the pilot
signal, greatly increases the difficulty of accurately



separation); a maximumin the anplitude of the correl ogram (indicative of
the maxi mum correl ati on of the source and receiver vibrations) occurs at a
correlation tine lag corresponding to the travel time of the vibrations.
Thi s WD 98/ 12578 PCT/ US97/ 17001
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10 from sources other than the source of interest.

By way of further background, it has been observed that
the operation of vibration sources in a seismic survey is often
non-repeatable. For example, one of the multiple vibration
sources may not actuate during a given sweep, or may actuate

15 with a large amount of noise. If detected in the field at the
time of the sweep, such failures may require the re-running of
a sweep; however, if undetected in the field during the survey,
such events may contaminate the seismic record for that sweep,
reducing the amount of data obtained in the survey accordingly.

20 Even where correlation relative to multiple sources is
performed according to these conventional techniques, the
resolution of the survey is generally limited to a treatment of
the multiple vibration sources as a single source. As such,
the spatial resolution is generally quite coarse, and cannot

25 provide high-resolution delineation of the subsurface geology.

By way of further background, U.S. Patent No. 4,646,274,
issued February 24, 1987, and assigned to Atlantic Richfield
Company, describes the use of actual measurements of the ground
force imparted by vibratory seismic sources in development of

30 an inverse filter for correction of phase distortion.

It is an object of the present invention to provide an
improved method for analyzing vibratory seismic records to
account for non-linear and frequency-dependent effects.

It is a further object of the present invention to provide
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Other objects and advantages of the present invention will
be apparent to those of ordinary skill in the art having
reference to the following specification together with the
drawings.

15 The invention may be incorporated into a method and system
for performing a vibratory seismic survey, where multiple
vibratory sources are activated simultaneously. Multiple
sweeps are performed using these multiple sources, according to
a selected encoding scheme among the sources and the sweeps.

20 The source vibrations are measured both at the vibrators, and
also at locations spaced away therefrom after reflection and
refraction of the vibrations by geclogical structures and
interfaces. For each sweep, each geophone produces a record
that is the composite of the source vibrations as reflected and

25 refracted by the path between each source and the geophone.
According to the present invention, the seismic records are
analyzed in the frequency domain by generating an inverse
matrix operator, at each frequency of interest, that is based
upon the actual measured source vibrations at the vibrators.

30 The inverse matrix operator is applied to each record at that
frequency, resulting in a transfer function for each source-
geophone path at that frequency; the process is then repeated
for each of the frequencies of interest in the record. The
present method produces a transfer function for each geophone
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data obtained in the survey accordingly. 20 Even where correl ation
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PCT/U897i6700£n7gach sweep, facilitating separation. According to another
alternative embodiment of the invention, a measurement of the
behavior of the sweep may be used to reduce or eliminate the
contribution of poorly-behaved sweeps in the survey. According
to another embodiment of the invention, more sweeps than the

15 number of vibrator sources are performed, to provide a more
robust solution in determining the response of the earth to the
source vibrations.

According to an alternative aspect of the present
invention, correlation of the separated detected records is

20 performed by dividing a matrix representative of the separated
recorded vibrations by a matrix representative of signals
measured at the particular vibrator. Application of a minimum
phase filter then yields a representation of the reflectivity
of the earth along the specific vibrator-to-detector path.

25 Figure 1 is a schematic illustration of a cross-section of
the earth at which a vibratory seismic survey according to the
preferred embodiment of the invention is performed.

Figure 2 is a schematic illustration of a computer system
suitable for performing the method according to the preferred

30 embodiment of the invention.

Figure 3 is a flow chart illustrating a method of
performing a vibratory seismic survey according to the
preferred embodiment of the invention.

Figure 4 is a flow chart illustrating a method of



such a method that is able to account for sweeps in which one of the

vi bratory sources has failed or is noisy. It is a further object of the
present invention to provide such a nethod that is able to process
vibratory seismic recards 5 containing harnmonic effects arising from
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source vibrati® RE 9?¥ﬁ5ﬁ§ﬁ@§_a seismic survey from the results of the
separation process according to the preferred embodiments of

the invention.
Figures 7a and 7b are seismic traces for an exemplary
15 survey generated according to the conventional phase separation
technique and according to the preferred embodiment of the
invention, respectively.
Figure 8 is a flow chart illustrating a method for
generating a seismic survey from the results of the separation
20 process according to another embodiment of the invention.
Figure 9 is a detailed flow chart illustrating the
inversion process used in the method according to the
embodiment of the invention shown in Figure 8.
Figure 10 is a detailed flow chart illustrating an
25 alternative method of transforming record data into the
frequency domain, as is performed prior to the separation
process according to the preferred embodiment of the invention.
Referring first to Figure 1, a cross-section of the earth
is illustrated, at which a two-dimensional (2-D) vibratory
30 seismic survey according to the preferred embodiment of the
invention is being performed. While the following description
will be directed to a land-based survey of the earth, it will
of course be understood that the present invention is also

applicable to marine seismic surveys.



30 The inverse matri x operator is applied to each record at that
frequency, resulting in a transfer function for each source- geophone path
at that frequency; the process is then repeated for each of the frequencies
of interest in the record. The present nethod produces a transfer function
for each geo¥QA¥12578 \\O 98/ 12578 PCT/US97/17001

PCT/ US97/ 17001 | ocation for each vibration source, separating the path of
energy fromeach source fromthe others in the array. The transfer function
represents the response of the earth, ovetPt he sour ce- geophone path, to the

source vibrations., T readi | ccount.s for non-linearjties and
har moni ¢ di storti 68 gg?v@ﬁ"pgﬁgydﬁgweevd %ogFgngVeF8P ‘éﬂ%‘attl‘?& 53&% ual
sour ce Vi br attihoeaghaWid aceniaquans atosusfiesps bfi e cdaxthe offmfze:ansbvators

S Moy O ARebny AREALINNG1h 0l PIdLEREL VAT Akhe

i nvention, oné o € sources’Ts i n-each swee
facilitatingmupiedt type. Assuplésnpl coanenhionadl vabnatéxe erdbodident of

the invenyi OfphoReMBESUE AIERNEn0h. § NpdiehaVing! 5)fodoh§8§“’e§£’sd&13’u§§cifsféj to
reduce or elimnate the contribution of goor}%qe haved sweeps In the'

survey. Accord@dg essignachér BrbRRbifeRicsfiett GompPaRYi 3pd iRGosPetaEsd t han

the 15  nunhriredh MY bfe’ﬁéi*en&@klr@ﬁﬁexardbnﬁéﬁfﬁﬂﬂadv1b@a’@c5ﬂé/hﬂ=%f@1npﬁ ecHePbust
solution in det rm ni n {;é’lé onse aof the earth to the source vibrations.

Accor di ng topz%’f SF’P%?‘F\ ?ﬁy SEIERAC PREYE PAV At FFRatdgrLEIRR i on of
t he separ at ed:stédt.ecmohdcﬁctabds o'she’&ﬂ typesr éDrathaliprdi fbfli gethedalhhe i X

represergéul\g%lgkléhghé¥ayaa%tgdcoded fashion may also be utilized in place
of vibrators V. 1In this exemplary survey, vibrators V, through
Vp are disposed near one another, but are spaced apart by a
small distance. The distance between adjacent vibrators V will
depend upon the survey design, but is typically on the order of
15 40 feet. Furthermore, in the 2-D exemplary survey shown in
Figure 1, vibrators V, through Vp are shown as collinear with
one another. For purposes of 3-D surveying, vibrators V may be
placed in the survey region in a non-collinear fashion.
Furthermore, either in 2-D or 3-D surveys, after the desired
20 number of sweeps are performed for vibrators V in the position
illustrated in Figure 1, vibrators V will be moved to a
different location of the survey region and energized in a
similar fashion.
In this embodiment of the invention, sensors 5 are
25 attached to each of vibrators V, and are connected to vibration
separation system 10; sensors 5 detect the motion or force of
vibrators V, and generate a signal to vibration separation
system 10 corresponding to the actual source energy imparted to
the earth by its associated vibrator V. Each sensor 5 may be
30 an accelerometer mounted to the reaction mass or the base plate
of a vibrator V or to the surface of the earth immediately
adjacent thereto, a transducer for measuring the differential
pressure in the actuation chamber of a vibrator V, a load cell
attached to the base plate of a vibrator V, or other



recorded vibrations by a matrix representative of signals neasured at the
particul ar vibrator. Application of a m nimum phase filter then yields a
representation of the reflectivity of the earth along the specific

vi brat or-to-detector path. 25 Figure 1 is a schematic illustration
of a cross-sedWPBﬂﬂ%Wythe earth at which a vibratory sei sn cPEHU§ENL7001
according to the preferred enbodi nent of the invention is perforned. Figure
2 is a schematic illustration of a conputeilsysten1suitable for perform ng
the nethod according to the preferred 30 enbodi nent of the invention.

Figure 3 is a éArR)@n"chfxélié a{iﬁhﬁééf %zan%‘égﬁgﬁnd&fth%e%?ﬁ%% u¢l Bgatory
SelsmcCc survey .accor I Ng to the pr eferre e odl nent o the 1 nvention.
Figure 4 is a YiksateraV: iThe depaureRrentsniafednisensopp bgrrpdypically

- PCT/US97/ 1700 Iy 3 i3RROPRASS T 138 1 785 (¥ 1@RPABERaT Vinat NoRd!t mﬂaefa%eﬁwéch
of multiple vibrators in the survey of Figure 1 and one of the geophones

therein, accorkfR¥gseBtative Qf iheA¢aaly SOURER IiFALigPs t HPanheEnintd. 5
Figure 5 is a fHeowaelnrby i tHdist easddlicatRdotibpgtafs yeparating the earth

Lesponse 101 cach B hePetupeeracl dnd iRl ALY, | ey o
al ternati ve enfioebugbnGs @lret Hésposeshttoaurfidre S of tlke grareh Ga tine fibrvaye
flow charts iléé&ﬂbﬁagkng fgéﬂ%ﬁgﬁtiﬂgi is spaced apart from vibrators V.
Geophones G are of conventiocnal construction, as currently used
10 in conventional vibratory seismic surveys; alternatively,
depending of course on the particular survey location (land or
marine) and energy type, other conventional detectors may be
used in lieu of geophones G. 1In addition, many more than five
geophones G are typically used in a vibratory seismic survey;
15 the five geophones G of Figure 1 are merely shown for
simplicity. 1In addition, while geophones G are shown as
collinear with one another, geophones G may be arranged in a
non-collinear arrangement, or may be arranged in an array of
rows and columns of geophones, depending upon the survey design
20 and desired results. The spacing between geophones G may be
quite small, such as on the order of 15 to 40 feet. The
distance between the group of vibrators V and geophones G will
vary according to the particular survey, and according to the
rolling of vibrators V through the survey region. Indeed, in
25 some surveys where geophones G are arranged in an array;
vibrators V may actually be within the area of the geophone
array at some times in the survey.
As.shown in Figure 1, vibratory energy travels from each
of vibrators V to geophcones G in the survey area. The
30 vibrations actually received by each geophone G will depend
upon the input vibratory signal presented by each of vibrators
V, as affected by a transfer function h corresponding to the
geological nature of the vibration path between vibrator V and
geophone G. This transfer function h will be determined by



met hods for generating a seismc survey fromthe results of the separation
process according to the preferred enbodi nents of the invention. Figures 7a
and 7b are seismic traces for an exenplary 15 survey generated accordi ng
to the conventional phase separation technique and according to the
preferred enSYAMBHE of the invention, respectively. Figur cPGI/USITIATN] ow

chart illustrating a nethod for generating a seismc survey fromthe
results of the separation 20 process acgordi ng to anot her enbodi ment of
the invention. Figure 9 is a detailed flowchart illustrating the inversion

rocess used,in,t ordi-ng.to th nbodi nept_of the invention
ghown in Fig5Pghsggf#%§ﬁ¥§glgﬁﬁsr%#%ﬁéﬁéPPeﬂﬁfF v&hﬁ? °§¥I%E§F93t$¥g an 25
alternative mohgd:_'uoal tatanctores ng Fogcthe edmpliendd géepHoneqGenams dhowhn,
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e

bei ng perforned. While the follow ng descertlon\MI
| and- based s$EPBYORT GiheORdrte OtPEThRRd ot

present i nvemrbireespendd 0 8he! respnset 6fNElé NEArshi aIbiKg HHeV
98/ 12578 USQ?%

be direct
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to a

$h betwden
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vibrator V, and geophone G;, which inclu egTéhe effects o

refraction within upper layers of the earth (e.g., layer 2} and

10 reflection at interfaces between subsurface layers (e.g., at

interface I between layers 2, 4). These two physical effects

of the earth cause the vibratory energy as received at the

geophone G, to be delayed and modified from that imparted to the

earth at vibrator Va. Transfer function h, thus corresponds to

15 the function that will generate the signal recorded from

geophone G, when convolved with the source vibration waveform

(in the time domain), or when multiplied with the socurce

vibration spectrum (in the frequency domain), as is well known

in the art.

20 In addition to these reflection and refraction effects

imparted by the earth upon the source vibrations, transfer

functions h will also include the effects of dynamics of the

corresponding vibrator V that are present between the

monitoring point (i.e., the location at which sensor 5 is

25 placed on a particular vibrator V) and the earth surface. TFor

example, if sensor 5 is implemented as a transducer for

measuring the differential pressure in the actuation chamber of

vibrator V,, transfer function ha will alsc include effects

corresponding to inaccuracies in the measurement of the source

30 vibrations via monitoring of the differential pressure.

Because these dynamics are generally minimum phase effects,

however, subsequent filtering and processing can readily remove

these inaccuracies, as will be noted below.

As will be described in detail, the use of multiple sweeps



In the exenplary survey of Figure 1, four vibrators VA through VD are in
pl ace at surface S of the earth. Vibrators V are conventional vibratory
-sources, such as of the truck- nounted type. Exanples of conventi onal

vibrators V inpcl t hose described in U S. Patent No.
I ssued March T&%Sﬁg assigned to Atlantic Richfield Corrpa%g%‘%a ?7001
I ncorporated herein by reference; other conventional vibrators useful in

the performance of vibratory seismc survgys may alternatively be used. In
addition, other types of actuators for generating 10 seismc energy in a

coded fashi onsmﬁulﬁn%@ubgy% |ﬂhéedlbﬁaéﬂxgﬁ%u9frey|$’f&h@'é§ Y. rddudthb® in
exenpl ary surve Vi brators V e near aqne .anot her,

but are spacelP&pHie BFIYLLRh) °rdF§FaWeyThEuH|§$%ﬁ§§ BBt $2Sh ofdj acent
vi 3r at o][sl\S/ mgg% u&n@f tné Iy:e@csrt il §Ut¢’!ﬁpbs€iQ%| gelsxbm ﬂe%o&ﬁplb&s”éd yzp@ﬁ the
order o ee rther rve 0 n
Figure 1, vi bVﬁleﬁté’r‘VAePﬁF%gpr "Sﬁeb%rﬁf\ﬁﬁ gt %’ﬁ? népr?é?r d%/‘?@?‘aﬁ her .
For .pur poSes the Busepsr peyfamed:ii bt sesisriinayedterds aeedrdedtld&e survey

regioninan i.,nga i e r, 3-
surveys, afte?g?%cgnﬁeser%dé aﬁs)&rgg U‘;l tsq\gv{ée%sﬁ%%%%per %trrée?‘(lj an
vi brators V i anakweesdothereby. | | ustrated in Figure 1, vibrators V vm Il be

moved to a di ffer%felr%ﬁ&lm% %‘Eeu§é‘r2/eXrlb§9t96h HUbaALL b Z8fhtieh 20

simlar fashion. In this énbodi nent t he invention, sensors are
attached to eBEFPHSHLNG] B?a'fléﬁ* ?n@fe’éﬁﬂd aﬁ"?%ﬁﬂ%%t%‘ﬁ the JRFeREITh §€Ear at i on

system 18p seﬂﬁﬂy&lagdeh@clteddweaoﬁemmw viBE&Ei®is \Hrdmat b a brsaWdand
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Each sensor StMEQrd@erded seismic signals from each geophone G. As shown in
Figure 2, the system of the preferred embodiment of the
invention includes vibration separation system computer 24.

15 System computer 24 may be implemented by any conventional
personal computer or workstation, preferably an UNIX-based
workstation such as a SPARCstation available from Sun
Microsystems, Inc., and may be implemented either in standalone
fashion, or as part of a network arrangement. According to the

20 preferred embodiment of the invention, system computer 24
presents output primarily onto graphics display 27, or
alternatively via printer 28; further in the alternative,
system computer 24 may store the results of the analysis
described hereinbelow on disk storage 29, for later use and

25 further analysis. Keyboard 26 and pointing device (e.g., a
mouse, trackball, or the like) 25 are provided with system
computer 24 to enable interactive operation. System computer
24 is able to communicate with disk storage devices, including
external hard disk storage on a network and flcppy disk drives.

30 It is contemplated that vibration separation system 10, as
shown in Figure 2, may either be located at a data center
remote from the survey region, or alternatively (and
preferably) is located on site at the survey to provide real-~
time analysis of the survey results.



30 an accel eronmeter nmounted to the reaction mass or the base plate of a
vibrator V or to the surface of the earth imedi ately adjacent thereto, a
transducer for neasuring the differential pressure in the actuation chanber
of a vibrator V, a load cell attached to the base plate of a vibrator V, or
ot her VWO OWO0PSsH2578 PCT/US97/17001

PCT/ US97/ 17001 11 conventional transducer for neasuring the actual output
of vibrator V. The neasurenents made by Sﬁgsors 5 are typically mninum
phase rel atives of the actual vi brations nd are thus representative of

the actual source \ihb atlons rted h thelr assqci.at ed
vibrators V. As i&%P §8w§ho’§‘/vn lr%%th su??/ rdlin% ﬁngtﬁsr Eazqi ae%rp%(?né’s %Td
through G5 arte diespodediknatsion acen&a)ffncwetbarwmery thénstmﬁeyemamgien at a
location that d$, 33Gen AP et tlél?etd%'irgcéll {HRPABRAS SN @ AYrfa 18

conventional ‘construction, as currently use hoconvent 1 onal V|%ratory
sei smi ¢ survelaeeleroBrhars a1 ylbaebm%g woile otpeprddngt welh A3 iregeives

survey | ogat '&Ibdﬂr’iﬁﬁlof:nﬁ@‘rddﬂﬁlna@ﬂgﬁéﬁ &YoﬁLY?é‘opl'%légr G COMRRYraang!
detectors may be used in lieu of 8’6 hones G addi tion, L]_’r(ijém)re t han

five geophond®iksaPd i 9pi2%s I3 GEBRURIFALign, PR diskeSERTRIR Pr YE&  the
five geophonesydssenf cEmﬁut@r Ror ernaesiyedihovndf esnwirtpthéi édectricaddi ti on,

whi | e geophones_ G.ar coI h_one. an th ophones G nmay
be arranged iH & n%ESTI‘?‘r})eref'%o ranr}é‘%lﬂﬁop BP<tray De® &?’%1'%‘21 JA% °’érray
of rows and cstanage oh gesipmggedé@end%mgugpormmdsngw@ylmszlgn23

10 are of conventional construction as is known in the art. 1In

this embodiment of the invention, system computer 24 is able to
retrieve the stored data, representative of the detected
vibrations, from one or more disk storage device 30. While
Figure 2 illustrates disk storage 30 as directly connected to

15 system computer 24, it is alsc contemplated that disk storage
device 30 may be accessible through a local area network or by
remote access. Furthermore, while disk storage devices 29, 30,
are illustrated as separate devices, a single disk storage
device may of course be used to store any and all of the

20 measurement data, as appropriate.

Referring now to Figure 3 in combination with Figures 1
and 2, the method of performing a vibratory seismic survey and
analyzing the results thereof, according to the preferred
embodiment of the invention, will now be described in detail.

25 The method of Figure 3 will be described for a single placement
of vibrators V and geophones G as in Figure 1; it will be
understood, of course, that the method described relative to
Figure 3 will generally be repetitively applied and performed
for multiple placements of vibrators V relative to geophones G

30 over the entire survey area. As such, the data processing
portions of the method of Figure 3 may be performed either in
real-time (i.e., with each placement's infeormation processed
prior to performing the survey from the next position) or as a
subsequent batch processing operation upon completion of the



20 and desired results. The spacing between geophones G may be quite
small, such as on the order of 15 to 40 feet. The di stance between the
group of vibrators V and geophones Gwill vary according to the particul ar
survey, and | to the rolling of vibrators V through

regi on. |nde2‘§§%ﬂ*% sone surveys where geophones G are 5&%‘3&% an
array, vibrators V nmay actually be within the area of the geophone array at
sonme tinmes in the survey. As shown in Figyge 1, vibratory energy travels
fromeach of vibrators V to geophones Gin the survey area. The 30
vibrations acdd+al |a¥qﬁ§§§ii/&ﬁobhére@1€él éiﬁqﬁaoaer&waxleadepend upon the input

vi bratory signal rese ted vi by at as affected hy a

transfer function B%E%dH¥&$ﬁgPF% 8386+?§ﬂt ﬁgt%L% VIVEH2 DY brat i on

(rj)at h bet WSEB pa&dafeatsosz \h:amiageepbm@astﬁve?h tRrougnsfian] tamedisorckivatiome
eterm ne
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VD, on the orACA9XAENT a¥Rl b pRokke dinowsn tﬁﬁbnb@%ﬁ?r Rarending mppar thenct i on
hA thus corrqﬁgﬁndi &@riérye de@spedse wpltamyﬁré hfz@qﬁeﬁcy hgRaleh Between
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vi brator VA hone whi ch includes the effects of refraction
wi t hin upper EerWJtJn‘e Pé&FiPﬁe (B. ‘blbraité%rwaz‘je toxy V(t), in the linear

10 case, as follows:

V) = ABsin@nEEE + 1)+ 4)

where SR is the sweep rate of freguency from the initial
frequency over time (positive SR being an upsweep, and negative
SR being a downsweep), and where A(t) is an amplitude envelope
15 function for the vibrations (typically a constant). The phase
angle ¢ corresponds to the phase encoding of the vibrations, as
described above, for purposes of separation of the
contributions of the vibrations from specific ones of vibrators
V. Of course, nonlinear sweeps (i.e., where the frequency of
20 the source vibration is not linear over time} may also be used
in generating the survey. Alternatively, a pseudo-random
frequency sweep (i.e., where the instantaneous frequency of
vibrations from each vibrator V varies in a pseudo-random
manner) may be used, particularly for surveys in urban and
25 suburban areas where damage to nearby structures can be caused
by resonant vibrations.
Process 32 thus activates the vibrators V for a sweep
according to the desired approach, in the conventional manner.
In process 34, vibrations are recorded in the time domain both
30 by sensors 5 at vibrators V, and also from each of the
geophones G in the survey. Recording units 21, 23 transmit the



10 reflection at interfaces between subsurface |ayers (e.g., at interface
| between layers 2, 4). These two physical effects of the earth cause the
vibratory energy as received at the geophone Gl to be delayed and nodified
fromthat inparted to the earth at vibrator VA Transfer function hA thus
corresponds #0257t he function that will generate the si gHAIUPEYPYed
from geophone GL when convolved with the source vibration waveform (in the
time domain), or when multiplied with the gource VI brati on spectrum (in the
frequency dormain), as is well known in th&%art . In addition to

t hese refl ection_an fractio t r € t he
source Vi bratl:'%cf?st% argﬁ% aak'r%' I %cgl%f]sg % :?AgP? é Sg%%:nép dIg ?ggcts of
dynami cs of tdmparatiespsystieny 19 ot athoer axéptrhamaree thlESéﬂitl‘rfm wranrt e
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particul ar vibrator he ear surf For exanple, if sensor 5is
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effects corresponding to _inaccuracies in the neasurenment o he source 30
vi brati ons vﬂé”%ﬁ?ﬂ@glﬁbb’iﬂtlf’ﬁé 7 1¥he SHAPE aPOTRES &1 Eec'B’eréL?é( FRBERFS
dynam cs are gjeiRy akbihsids mum phase effects, however, subsequent filtering

a0 Brocess ! N CoeESAShA IS P YEeh BSFiARCHS s, 1 Hodis BRbed,
98/ 12578 sweeps are to be performed at the particularPQn$1§§ﬁﬁxpg091
10 vibrators V versus geophones G in the survey, in which case the
sweep encoding is adjusted in process 36 for the next sweep, in
the conventional manner. Processes 32, 34 are then repeated
for the remaining sweeps. According to a first embodiment of
the invention, the number of sweeps performed (i.e., the number
15 of passes through processes 32, 34) is equal to the number of
vibrators V in the survey. For the example of Figure 1, where
four vibrators V, through Vp are used, four sweeps are
performed.
Upon completion of the desired number of sweeps, vibration
20 separation system 10, specifically system computer 24, performs
a Fourier transform of the recorded vibration signals in
process 38, upon both the signals recorded by vibrators V and
also the signals recorded by geophones G to convert the stored
time-domain representations into digital frequency-domain
25 representations. The Fourier transform techniques used in
process 38 are conventional in the art, and are commonly
referred to as Discrete Fourier Transforms (DFTs) or Fast
Fourier Transforms (FFTs). The result of process 38 is then
stored in the memory of vibration separation system 10, either
30 in random access memory of system computer 24 or in disk
storage 30.
in certain cases, depending upon the encoding of the
sweeps, one may also compress the signal data to facilitate

further processing. Referring now to Figure 10, process 38'



13 simultaneously in the vibratory survey provides a reduction in the tinme
required for the survey, but results in each of geophones G recording a
conposite seismc record based upon the vibratory energy supplied by each

of vi brat ors ach of 5 t he sweeps perforned. The L.SsA] cords
recorded by g 85&'8#@5 G are stored at vibration separation ?&W‘i@? and
anal yzed thereby. Referring nowto Figure 2, vibration separation system 10

according to the preferred enbodi nent of tiwe invention, for 10 anal yzi ng
the recorded seismc vibrations fromvibrators V and geophones Gto

separate the @eﬁt rhdrit ldaﬂyof tgmdhﬁhgt Othd/ txedoRBeleCOIGRASSCIIBBLC the
signals from eac e%p c?ne rlé n Figure 2, the systemof the
preferred enbg‘d"?ﬂ‘é%l of h; rWé'rntai R i Ilﬁ?esc%pEFﬁﬂ% Reafigdh 458 em
conput er 24. &511 S)merbe:omuteibé?d nay Bedespl eBNt efks byaranialcemigoivenal

per sonal conput Y]y 7 fe&f’&%nss pgaef eéggl ysagayjég% lba%?lgn%p,f@t at i ofy § such

as a SPARCstation a rom sun ‘M Cr osyst

i mpk enent ed etaherWhﬂr%talmjaw@lmpfl@smmpsoraras ppase ehcadedt welcktlve to
arrangenent . éﬁgoa[ i@t o the 20 preferred enbodi nent of the invention,
syst em conput er presents output primarily onto graphics display 27, or
al ternatively vi a Bragassr 388: befq}rflshéfﬁ-thnthméf@&FFEV%thM@yS?,%tmmut er

24 may store phef asidl bsi16f §:lb%a§n§5¥5ir§:ﬂﬁ:%§'§' @%dﬁ?h@hﬂ??'ﬁwzﬁ}%cg%k

storage 29, for later use and further anal %SIS board 26 and
poi nting devi t3%{ Sigpce Ehﬁnﬂ‘ﬁ?pst PREKBRASe egroffd in 5253%1‘?@ theo b dek
with systiem ceoigelayr a@ﬁli@de&wmleraﬂbﬁ actwive b@arcmnmaalsysﬁlemr@orrput er 24

's able to copuuni Gatg W LA 6 ShOLAIHRRCES: daeUdhlBs. process
140 is then performed for a single recorded signal R;, which may
be either a signal recorded by one of geophones G, or a signal
monitored by a sensor 5 on one of vibrators V, to correlate the

15 recorded signal R; with the pilot signal retrieved in process
138. The correlation of process 140 is performed according to
conventional techniques. These correlation results are then
windowed by system computer 24 to a desired "listen" time in
process 142, so that data corresponding to times outside of the

20 range of interest may be discarded. System computer 24 then
performs a DFT or FFT on the windowed correlation results for
recorded signal R; in process 144, transforming these
correlation results into the frequency domain. Decision 145
determines if additional recorded signals R:; remain to be

25 processed (including both signals recorded by geophones G and
also those signals recorded by sensors 5 on vibrators V); if
so, the index i is incremented and control returns to process
140 for correlation. Upcn completion of the FFT of process 144
for the correlated and windowed results for each of the

30 recorded signals R;, process 38' is completed.

Accordingly, optional process 38' can greatly reduce the
amount of digital data to be processed by system computer 24
according to the method to be described hereinbelow. The
result of process 38' will be the FFT of the correlation



external hard di sk storage on a network and floppy disk drives. 30 It is
contenpl ated that vibration separation system 10, as shown in Figure 2, my
either be located at a data center renote fromthe survey region, or
alternatively ;andggreferably) is located on site at the survey to provide

real - tinme an¥ ®f the survey results. WO 98/ 12578 PCT/US97/17001
PCT/ US97/ 17001 14 As shown in Figure 2, recording units 21, 23 are provided
to record vibration signals fromthe Survey. In this exanple, recording

unit 21 receives electrical time domain si'gnals from accel eroneters on

vi brators V, L) r di; uni 3.Lecai Vv lectricgl tipe domain
signals from é%%g %r%gggegw%éc%lrggﬁaﬁgaﬁ&;\i & ,a§5§e r%eqoﬁdggmﬁ$e01ﬁ lon with
di sk storage 3¢mitsd \ondysystehe ddmpuvendaw of findexsested) Funhblermomenr tthithe

el ectrical sigpabseddion Yhbpat Rrhed 8861 9SQPRARCST G d4Y, O thl, g a for
storage on di$Eﬁétqr§ge 30?§A§.sugh, reé%rding ugfts 21, 2% ﬁy%?égieof
conventional &BREPYinRG itbs eificiancywafi the ieparation mathod desewibesht of
the invents onpesystem conputer 24 is able to retrieve the stored data,
representative of the detected vibrations, fromone or nore disk storage
devi ce 30. Wile Prydrdlobpe recaedires BY s ridgEns s @PFéesdy connect ed
Ej 0 15 syst eﬁg@@émumr' tﬂ;uﬁy bé ﬂe&-fﬁkﬁéclicﬁmdimbaéﬂﬂ vtéﬁL tei ﬁﬁaﬁéﬁx&gend
evice 30 may _bhe accessible thra a,local. area networ K r enot
Gccess. Purt hEPTRESRe el ianal B3, Sombeiiiede BBol HD Copflotat i WEeq a5
separ at e devi spstem compgter d24larsk etageupon the type of sweep encoding.

10 For example, the correlation and windowing of processes 140,

142 may be done in the frequency domain rather than in the time

domain, in which case processes 140, 142 would be performed

after the completion of process 144. Other types of

conventional processing may also be done, as will be apparent
15 to those of skill in the art from this description.

In process 40 according to the preferred embodiment of the
invention, separation of the earth response along each of the
paths from vibrators V to geophones G is performed upon the
frequency-domain representations of the recorded vibrations

20 generated in process 38. This separation utilizes both the
recorded vibrations at geophones G and also vibrations detected
at vibrators V; this is in contrast to conventional separation
techniques, including phase encoding separation, which separate
according to the pilot signals (i.e., idealized representations

25 of the input vibrations). This allows the present invention to
more accurately determine the earth response to vibrations, as
spurious noise, non-~linearities, imperfect coupling, base plate
flexure, and operational problems with individual vibrators are
taken into account in the separation process. Furthermore, the

30 separation method according to the preferred embodiments of the
invention determines the earth response of each path on a
frequency-by-frequency basis, rather than in a frequency-
independent manner as done in conventional separation

techniques. BAs a result, the present invention enables the



device may of course be used to store any and all of the 20 measur enent
data, as appropriate. Referring nowto Figure 3 in conbination wth Figures
1 and 2, the nethod of performng a vibratory seism c survey and anal yzi ng
t he results th ccording to the preferred enbodi nent of the

I nventi on, Wﬁg&?-’ﬂg described in detail. 25 The net hod J’Frﬁfsﬁﬁ’r@%

w il be descrlbed for a single placenent of vibrators V and geophones G as
in Figure 1; it will be understood, of courgg, that the method described
relative to Figure 3 will generally be repetitively applied and perforned

for multiple phagamend %@ffr\éqbé@épr&p\énaeh@témc&g ISAPINGY FafoniOVer
the entire survey area. As such, the data processing portions of the

method of Fi guFeUBLARY a5 BERED BARPVELT nein | the SEPRFATAOY PIECESEi th each
pl acement ' s i nf or makepErMiIRC asHeEDb FI"JJg(Hret@ PerdonbInBgidh GritHr ¥eYuts oM t he

(r:]g)r(r:ol 2??;;' gp) F%rgaggt% %g?;%g%eggfo w:LS.ihnngt(::esase 91 gc?rlarlxt If?xgtggr detail

PCT/ US97/ 18001 réPatitve tac dhesntltipley earthereaponse paltrh,aE‘)beawean #Accor di ng

to the prefer i i ebadiviesbegls WSRO JOBRSSS G2 kNILI ghog,bhe

survey through'si aneous activation 0 ‘0 pefTorm%a
sweep, in whi clhoeberundansirod that Yhei process Mélelaetaim/@eréormrgémf

frequency. ThgapRré# Cdao@hoaégcwq@pxh@psaﬂémr% Vi bfa :(?Vle{?\ztx]%e

sweep may be according to any o known t'ech nlques pen I n pon fhe
type of survey96€§|?fed’ley"ﬁPE%tl‘fAthﬁmF?*bd'meﬁ%‘&ﬁw&Eﬁﬁmns which are

10 transmitted to geophone G, by way of separate physical paths.
Each path corresponds to one of the response, or transfer,
functions h, through hy corresponding to the paths between
geophone G; and vibrators V. through V,, respectively.
Regardless of the type of vibration sweep used, the transfer

15 functions h will, of course, indicate attributes of the
response of the earth to vibratory energy, including reflection
and refraction, and is thus useful information in generating a
seismic survey of the region, and in determining the locations
of sub-surface interfaces and various geological formations.

20 For a set of four sweeps of vibrations from the four
sources Va through V,, one may thus consider recorded freguency
domain representations recorded at geophone G, as a system of
equations for each frequency in the DFT, as follows:

25 R; = Ajy-ha + Bi'hg + Cihe + D'l
Ry = Axha + Brhs + Crhe + Dahp
Rs = Azha + Bahg + Cyhe + Dshp
Ry = Asha + Bshg + Cohe + Dychp

30 where R, is the composite recorded frequency domain
representation coefficient at the specified frequency at
geophone G for the nth sweep, where A, is the source vibration
coefficient for the specified frequency as measured at vibrator



downsweep wil |
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as descri bed above,

downsweep) ,

t he phase encoding of t

and where A(t)
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produce a vibration waveform V(t),
[err] where SR is the sweep rate of frequency fromthe initial
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separation of the contributions of the vibrations fromspecific ones of
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(i.e., wherecddfficnentnfanddes speetfiet frefluendy ats oesstradnagastibvatoat or V
varies in as - er u r . rveys in
ur ban and 25‘9B %ggg%%&%%grgggéngg‘re aprgge ohnggr %fﬁg;%%ég%iﬁégét%gr? be

caused by redusasystenrnaitlilonof Peursss ke at pomplar numbes. t s \therators V
for a swee J es) AeF1o i . i0Ral nner .
WgEp ﬁ%\%&gbﬂg_ﬂ&é et §éé§‘%%%?{%ﬁ ?Eﬂrat{cﬂrst ke 1 508, Sss gg f£'%y

I n process 34, rations are reco e time domain
sensors 5 ateafthEHEEPsand tAWg arsokaevBin eadhasselriige5pFRNAs bevenbesr:
survey. ReCcojutiaigiedNat Sge&%xho%% &l ayehch Gveep WEHIBAIL 2R known, the
PCT/ US97/170Q1 16 recorq$ %lbratlon Sl n%ls %o di s storaqg 30 hn
above system has four equation or four unknowns, “from which a

vi bration
solution for the transfer functions h, through hp, at the
10 specified fregquency, may be determined.
One may express the above system in mnmatrix form as
follows:
R, A B C D ha
Rz__AszCzDz*hn
Rs Ay B; C; D he
As By Ci D h
15 which, by determining the inverse of the matrix [S] containing
the source vibration representations A,, B,, C., D,, solves for
the transfer functions h, at the specified frequency:
b A B, G DY' (g,
hp A; B, C D . R,
hc A; B; C3 Ds R3
h As Bs Ci D
20 The following description will refer tc the inverse matrix of

the source vibration representations as [S7'].

As noted above, phase encoding is generally utilized in

the generation of the sweeps.

In this case, each of the source



separation system 10 at the appropriate time (either prior to the next
sweep or after all sweeps are conpleted), to conplete process 34. As is
wel |l known in the art, the stored vibration 5 signals will thus be a

sequence of di%ts@: 5§ Pl ed val ues of the analog vibrations E’E ﬁ@%@ﬁw
A ;

dormain as recelv sensors 5 and geophones G Decision 35

performed to determne if additional sweeps are to be perforned at the
particul ar positioning of 10 vi brators Vagersus geophones Gin the
survey, in which case the sweep encoding is adjusted in process 36 for the
Pext : aweep, i nyihﬁa@wQ@bk@@éitda_rmaﬂterm,PfBQ,cQf@e%b 35;1314? Qi’cfﬁlpilﬁﬁﬂ_ rﬁ&e?_t ed
or e remain sweeps. Acgordin .a fir enbodi pent of the jnvention,
t he number of léage?)’?“ﬁﬂﬁ 8F nERF (q°.ng??8fwéalm§’??ﬁ§? ﬁ%cmﬁg’ig PessELsh PHRYR-
processes 32, 84¢ ideadquabut owdvefommsber.ef, thbrasesfory b the sigepeyifFor
t he exanple of Figure 1. where .four.vibratosns, VA through VD are .used, .four
sweeps are per?’(ﬁ?%&’. g@BSﬁag%(irﬁye&ilgﬁag?rs[ﬁé Héﬁ rléad’en%ﬁﬁﬁ rplationships
vibration 20 (iepdagtcesh sgsimiingOtrosplerifoldawiyg shaktlem conput er 24,

performs a Fourier transformof the recog%\reébration signals in process
38, upon both the signals recorded by vi V and al so the signals

recorded by geophones G to converi®the stoc®d tine-dddmin repr®sentations
into digital frequency-domain 25 representations. The Fourier transform
t echni ques useg i n Elrocess 38 are conventional in the art, and are commonly
referred to as®¥#®trlete Fourier Trahsfornms EBFTs) or ¥hst FoudB8r
Transf or nao( FFSwgep Bhe result of pgwcess 38 ps then sgwred in bhe nmenory of
vi bration sepagation system 10, either 30 i.n random access nenory of
syst em conput g#'”eﬁ? g’r in disk 56 180 ¢ 20

Sweep 4 180 90 80 0

In this ideal case, the matrix [S] will be represented by the
15 following, where i is the imaginary indicator (i.e., the square
root of -1, corresponding to a phase shift of 90°):

20

-1 1 -1 -i
-i <1 1 -j
-1 -1 -1 1

0 = ]
5] = -

However, it has been observed that the actual vibratory
energy imparted into the earth by conventional vibrators is
somewhat distorted from the ideal input waveform. This



storage 30. In certain cases, depending upon the encoding of the sweeps,
one may al so conpress the signal data to facilitate further processing.
Referring now to Figure 10, process 38 WO 98/ 12578

PCT/ US97/ 17001 17 for not only transform ng the recorded signals into the
frequency don¥PA¥H378 al so for so conpressing the signal dat BECWUBITAWW be
descri bed. Process 38 is an alternative enbodi nent of process 38,
and is particularly useful in the 5 casg where the multiple sweeps are
phase encoded rel ative to one another. fess 38’ begi ns with the

retrieval by &y&&r%gﬁ”?é‘tﬁe 2\:% Lhe! ﬂ'@)&lfe@t irgxg'sal cgaeék Pt{.pa% ﬁ{eg Eagrom

menory in process 1 S are phase t he
pilot 10 si ‘g‘ﬁéﬁ@@pﬁwle& t@mtrblaﬁmxsah/ ipmitbl ab@aldembret;\iorvu ttecanse

anot her from §f‘ﬁﬁﬂx—t19n§%§&ese)iﬁe%e acfﬁeﬂ%riﬂwﬁl éﬁ \fltb}atgﬁ’ Ssj.m]p%Q'fEétt hen

performed for a si.ngle _recorded sign i t'her
recorded by ofR¥RIENGeBpnBHIRtErs Y @sﬁ%ﬁarﬁbmbﬁﬁ%ﬂléyeaf%@m Bndn one

of vibratbrs i doduseleettipingeandng ﬁi&fz@%@@g i gnal aBdipidd) tikengk! ot
signal retri ed [ roc 8. The correl gl on of process 140 s
per f or med acc g EBVE @@?ﬁ cgn¥ent JibEatoffe Yeake Rl MErdRCELUl t S

are then w ndm:mhtla;aleysm ethedanputput 22rdn sdedp Sid @heepl StEIth tfMhbSe
D breraar S LR BEROPIG, el DAL SR odifd? T onoe
processes when the matrix of phases from the idealized
10 waveforms is used.

Accordingly, as noted above, the matrix [S] and its
inverse {S'] used in process 40 according to this embodiment of
the invention are based on actual vibration measurements at
vibrators V, such as taken by sensors (e.g., accelerometers) 5

15 in Figure 1, and by such other conventional transducers as nay
be used to measure the actual operation of vibrators V.
Furthermore, since many of the distortion effects (particularly
harmonic effects) are dependent upon the frequency of the
vibrations, the method according to the preferred embodiment of

20 the invention operates individually upon discrete frequencies
in the range, using the complex frequency-domain coefficients
of the measured vibrations both at vibrators V and geophones G.

As such, referring to Figure 4, separation process 40
begins with process 42, in which inverse complex matrix [S7'] is

25 determined at a first frequency fx. System computer 24
determines this inverse matrix, at this frequency fi, by
retrieving the amplitude and phase of the frequency domain
vibration measurements at vibrators V for frequency fi from
memory, followed by the use of conventional numerical

30 analytical technigques to determine the determinant and
cofactors of the initial matrix {S], and to generate the
coefficients of inverse matrix [S™'). As should be evident from
the foregoing, inverse matrix [S™') is based upon the actual
behavior of vibrators V in their generation of the vibratory



perfornms a DFT or FFT on the wi ndowed correlation results for recorded
signal Rl in process 144, transformng these correlation results into the
frequency domai n. Decision 145 determnes if additional recorded signals Rl

remain to be cessed (including both signals recorded b eophones G
and al so thoséa%wﬁﬁgﬁs recorded by sensors 5 on vibrators \o?cﬁnggﬁm%he
index i is incremented and control returns to process 140 for correlation.

Upon conpl etion of the FFT of process 144 r the correl ated and w ndowed
results for each of the 30 recorded signals RI, process 38 is conpleted.

Accordingly, osidralinPpRs@ss 38, can greatly reduce the anmobunt of digital
data to be processed bg system,conputer 24 according to the nethod to be

descri bed her ei nbel*&. Ters it VHPTREQe Yastaided 0| opprates arFalbiin fike
correlation fiW3¥86%eép8 and if vibrator Vp had a phase and amplitude error

PCT/ US97/ 17001, 18 .between the pil ot, si |, and the neasyred recorded, and
is limted onl3 ?%’et %guf‘f'r}hes"ﬁeﬁdo%%?l’? 14, BGE 3 1Bty fby T, SWegps that
conpr essi 09 | sanyee phaserehaaieldy as ndésrr iedc ebsye Mouddgappédry, ifoRT aviiged he
efficiency of f€¥3u359 ratign {g%ﬂgngdescribed 5 herein. As wll be

r )

recogni zed by those | e a optional process 38" nmay be perfornmed in
different ways to transform and conpress the signal data, dependi ng upon
the configuration of system conputer F4%andd dl so up the type of sweep
encoding. 10 For exanple, the correlfaji on gnd wi ndgwi ng of processes 140,
S} =
i -1 1 i
-1 i i 0.7+0.1

Inverse matrix [S™!] for frequency fx, determined in process 42
for this example, would result in the following:
10

0.37-0.014i 0.007-0.3151  0.007-0.315t -0.37+0.014i
0.007-0.3151  0.158+0.003i -0.342+0.003i -0.007-0.185i
0.007-0.315i -0.342+0003i 0.158+0.003i -0.007-0.185i
-037+0.014i -0.007-0.0185 -0.007-0.185i 0.37-0.014i

As noted hereinabove and as will be described hereinbelow,

inverse matrix [S™'] may be used to readily determine the earth

response for each of the paths from vibrators V. through Vs to
15 geophone G, at frequency £x.

According to the preferred embodiment of the invention,
process 45 is next carried out to set a quality value for the
inverse matrix [S™!] from process 42. While process 45 is
optional to the separation process 30 described herein, it is

20 believed to be useful to identify those frequencies at which
the solution is so unstable as to be discounted from the
frequency domain processing described herein. For example, the
frequency response at frequencies outside of the sweep range
will likely be unreliable, as will frequencies at which



142 may be done in the frequency domain rather than in the tinme domain, in
whi ch case processes 140, 142 woul d be perforned after the conpletion of
process 144. Ot her types of conventional processing may al so be done, as
will be apparent 15 to those of skill in the art fromthis description.
In process 40VQBRBSWing to the preferred enbodi nent of the PER/EFHTAHN
separation of the earth response al ong each of the paths fromvibrators V
to geophones Gis perfornmed upon the frqu ncy-domai n representations of
the recorded vibrations 20 generated in grocess 38. This separation

utilizes both the recorded vibrations at._g hones .G apd_al so. _vi,brati ons

detected at VPHEAGEFs eg/gecgtpﬁ &%¢es aFHQ%bntIPagggt%x r%\?eﬁ? i %ﬁ%‘fsess‘,seggr ation

t echni ques, idsddrdibed pbessincnrceadabityepduat woh] hehidelbermiredtas accor di ng

to the pilot si l.s (i [ k e tafi e i nput

vi brations). “S'ﬁ%q‘?l%fgl g%;sét?ﬂé%g%égéﬁgu{en\%ﬁtaifgn@% otq{r%so}:g?gséfcét}: :ﬁrgl Yy

det ermi ne t herespcniser 6upobiens @ty Epeaiansys fx 2ans ber Melkimdiese (a well-

non-lineagit 'Eéxaaiéaogggfséi%?%'cb%m@aé @aRhAhS ddiHHifRg PakkapeEat i onal
Vi

probl ems w th 1 ndivi ators are taken into account in the separation

process. Furt@eitidre, AbteDmtivedyarthe SWakdtlotPHAEoPaY N tHe8hE& preferred

embodi nent s ofefiR aN¥eNtéPHALREN Hathd RadeaeslLY @IPENsesgiareadbnpadh on
a frequency- by-f requeng% basis, rather than in a fre%uigﬁéﬁ i nd%@elrtlldent
manner as dondSiah O5nFERE| SR e FAPEET b MeAERR AT hes S rEELISE, "PhE
present i nvenswespsLhall e tderun IVOEB8/@RA18y values are excessively low
PCT/USQ?&&?OO%h19
erefor.

As shown in Figure 4, process 44 initiates process 45 by

calculating the eigenvalues A, also referred to as the
characteristic values, for the matrix [S] at the frequency &£.
As is well known in the art, the eigenvalues for complex

15 matrices, such as matrix [S] according to this embodiment of
the invention, will themselves be complex numbers. It has been
observed that the determination of earth response functions h
is not reliable for those cases in which the matrix [S] is

poorly behaved, which is the case when one or more of the

20 eigenvalues A for the matrix [S] is small. Decision 43
according to this embodiment of the invention thus determines a
quality value QV that depends upon the size of the eigenvalues
for matrix [S], and particularly upon the size of the minimum
eigenvalue. For example, quality value QV may be defined as

25 follows:

= ;\-mu
Xmin

Qv



handl i ng of frequency dependent effects, including harnonic coupling and
ot her behavior, in the separation process. Referring nowto Figure 4 in
conbination with Figure 1, separation process 40 will now be described in
further detail 5 relative to the nultiple earth response paths between
the nultiple viWP #1388 VV and a single geophone G it is of coREHESHA7UGE
understood that the process will be also perfornmed for each of geophones G
in the survey array. As shown in Figure 1, ggch of vibrators VA through VD
generate vibrations which are 10 transmtfed to geophone err], by way
of separate physical paths. Each path corresponds to one of the response,

or transfer, fufiateofsx BRg I’Iwmﬁﬁ‘? FHBeCBRK HEEY rach BiR i, @bised HEe b les, of

geophone ( err]t@nde¥i 8f & fenvifubsr €310 havhcekr 151 s qslpeaas V@skampllaggaﬁﬂiﬂtsys
of the type of vibration sweep ysed, the trgns er upctions will, of

course, indi cattlder BY HeREEsHenpRete ddifo FoB bf’l‘?rhé‘“@?FFh# d“"’\ﬁndlxatlﬁi‘y

ener gy, includimgoraihery,; gv aldhigﬁ négdn marraadis]s 1tsgpsowa§efndhawaﬁor n@et i on
in generatl gaselsmc Surv Lon |n et t he

| ocations of sUif%art a%]etﬁrrﬁazzﬁ?'?lc %P%lcf%%g |%E§q‘gae31tgg|vgaﬁlef r T&ti ons. 20
For a set of faitesnetpeelyf bei beeditmancfasusret tlee fahabidéty carsd \a[cenrpcymbugh
Vierr], one may. ‘éél%f{l?ﬁ Jd%rr Sﬁé}ﬁ ft'hgqg&é‘ﬁ’tgﬂ‘i’fﬁ}lﬁ 6\?9&#?&&%&

recorded at geop one err] stem o quat I"ons eac reque cy in
the DFT, as foltowsfupstion of the conditlonml@ﬁbﬁr SfAmBEFiX hi§ )+ oE] anethes +

qerr]-hc + Dl efunlcthibh R£rtiHe 21 QbR¢4Tudi +A§J:@fd:]rr %o+tﬁée§£élfé}§
Dierr]-hD R&err] Alerr]-hA + errt]BPé‘r‘ C%s.g@‘l Dierr].he R[err] =
Alerr]-hA k0 g &mopdipent é[fer fef 43\M’+BP§ FFISTLLE ! { FRF
conposi te recoruhed ftémwfkdommetephemurabd @8] chefdd poeplydbeidv@d by
specified frequenp%rﬁﬁg the quality wvalue QV against a limit. If QV exceeds
the limit, then a reduced weighting factor is generated in
process 46a for matrix [S] at frequency £i; for example, the
15 weighting factor may be the reciprocal of quality wvalue QV. O©On
the other hand, if matrix [S) is well behaved (i.e., its
quality wvalue QV is less than the specified limit), then its
weighting factor may remain at unity (process 46b).
Following process 45 (if performed}, process 47 is next
20 performed according to the preferred embodiment of the
invention to determine the transfer functions h, through hpy (in
this example), for all of the paths from vibrators V. through V,
for the geophones G in the survey region. Process 47 may be
performed according to various alternative techniques, as will
25 now be described.
As discussed above, the following matrix equation
corresponds to the application of source energy to the survey

region, for the example of geophone G;:

[R] = [S]  [h]

30
where [R] is the set of seismic records for geophone G, over the
four sweeps, where [S] is the matrix of source energy applied



geophone G for the nth sweep, where Alerr] is the source vibration
coefficient for the specified frequency as neasured at vibrator WO

98/ 12578 PCT/ US97/ 17001 20 VA for
the nth sweep, where Blerr] is the source vibration coefficient for the
speci fied f "B as neasured at vibrator V[err] for therex/uswmeep, and
so on. Each of the coefficients in this systemw |, of course, be a
conpl ex nunber. As the 5 vibrations have_been recorded at vibrators Vin
process 34 for each sweep and thus are kABwn, and as seisnic records have

been obt ai ned at,bgeo hone G{]e(;}g for each sweep and thus are known, the
above syst erPhdSbEBEPTR atRERRSh Yo PHR tHRKAOWNSWIePSm aRE ofReresdhiiti on
for the transd ahef mattionst lthahbferigfuniebions. t Irs BOch, sphetd i[@d hre&quency,

may be deterpd.ned, ﬁgrq;s r v t [ rix.torm.as

fol | ows: [erﬁj %%e e I'ch, %?gdegésrl}#%‘leﬁggt ﬁfes‘?l%\?gr@sseggﬁ%de s&é‘??&hef S]
cont ai ni ng tinveyservatyidm S ilowasepewrkrihapironess\[4,r proéess @&, Bn, bsol ves
for the bransf@l thuBsHHONRN crahstdle ARREISASU GRUBREYsed ) The
fol I owi ng dgggceialr p%i gﬁitmé)lr}]% rgfg%st_o the inver s[e ]mat r?xg%?e tcﬁ;e f%o%#ctge

vi bration reftldowingt pafeipyultirlicatdonst ed above, phase encoding is
generally utilized in the generation of the sweeps. In this case, each of
t he source

[h] = [$"] ¢ [R]

This matrix multiplication can be readily performed by system
10 computer 24 described hereinabove, as will be apparent to those
of skill in the art.
Decision 48 is then performed to decide if additional
frequencies remain to be analyzed by separation process 40. 1If
so, control passes to process 49 in which the frequency index k
15 is incremented to the next discrete frequency in the frequency-
domain representation of the measured vibrations. O0f course,
if no additional frequencies remain to be analyzed, control
passes to process 50 of Figure 3.
The above approach used a conventional phase encoding
20 scheme, in which each of the vibrators V were activated in
process 32 during each sweep. Since this embodiment of the
invention accounts for missing or inoperable vibrators in
certain sweeps, according to an alternative embodiment of the
invention, one of the vibrators V is intentionally turned off,
25 or not activated, during each sweep in process 32. According
to this alternative embodiment of the invention, no phase
encoding is necessary (i.e., all vibrations are in phase with
one another). Accordingly, the ideal source vibration matrix
[S] in this alternative embodiment of the invention would be

30 (for all frequencies):
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vi bration representations Alerr], Bn, Cn, Dn will be conplex. For the
exanpl e of the conventional phase encodi ng descri bed above, the ideal input
waveforms (i.e., the waveformof the sweeps if exactly generated by
vibrators V) wMQ9%2a578 phase rel ati onshi ps 5 (in degrees) FET AT o

the following table: Vibrator A D Sweep 1

0 90 90 180 10 Swe9972 90 0
180 90 Sweep 3 90 180 0 90
Sweep 4 180 90 90 O In this idea
case, the matrix [S] wll be represented the, 1 follow ng, where i is

the imaginary indicator (i.e., the squareiroot of {1, corresponding to a
phase shift of 90[err]): [err] and itﬁgln drde halfix [S-1' will be
represented as follows: 20 [err] Howe en observed that the
actual vibratory energy inparted into the ear h™ by| conventi onal vibrators
is sonewhat distorted fromthe ideal inputiwalelo Thi s WO 98/ 12578
PCT/ U97/ 17001

Of course, measurements of the wvibrations at vibrators V would
again be performed, to account for non-repeatability problems,
non-linearities, harmonic coupling, and the like. 1In the ideal

5 case, the inverse matrix [S™'] for frequency f; determined in
process 42 for this example, would be:

-0.667 0333 0333 0.333
0333 -0.667 0333 0333
0333 0333 -0.667 0333
0333 0333 0333 -0.667

[s1 =

Again, the actual values of inverse matrix [S™'] will depend

10 upon measured vibrations at vibrators V. Besides use of a
different encoding scheme, the remainder of the method
according to this embodiment of the invention proceeds as
described hereinabove.

Referring now to Figure 5, separation process 40°

15 according to an alternative embodiment of the invention will
now be described in detail. Process 40', similarly as process
40 previously described, is directed to determining the
transfer functions h for each path between vibrators V. through
Vp and geophones G. According to process 40', however,

20 additional reliability in the determination of the earth
response is provided by over-specifying the system of equations
upon which the process is based, in combination with using the
actual measured vibrations at the vibratory sources.

This additional reliability obtained from this alternative



22 distortion is due to the inperfect translation of the desired waveform
froma control signal into actual vibrations because of non-linearities in
the operation of vibrators V, inperfect coupling of vibrators V to the
earth, base plate flexure, and 5 i n acoustic coupling anong vi brators V.
I n addition, WQ9Ha¥8been observed that conventional vibrat TR0 ot
perfectly repeatable in their output fromsweep to sweep. Each of these
effects introduces error into the separa%%pn and anal ysi s processes when
the matrix of phases fromthe idealized waveforms is used.

Accordi ngly, _as _not 0 I X [ ' [ esJs[err]] used
in process 48"'%3% eg.'lq:ngl%t gﬁ?h%l{s%%ggg%{éi%%rﬁgrcﬁggh?%w%\néﬁ%nlére based on
actual vi br aeiimimating sheneffentsypfraebyes fromsghe zecardrednseismichsor s
(e.g., accel %BH&E&L&Q. 5a35is wdl1FikAsks fn tHedaby, SgedbrehBsr geanvent i onal

transducers as may be used to neasure the actual operation of vibrators V.

Furt her nor e, SSrvee ofiey getesle WRSRELPRS LRt aZesurrhatedufar ¥82 har moni ¢

ef fects) @rev@spswteﬂé@gy {fgariteaqugnesbritorBevyi & aldyogenetdiee Met hod
according to theﬁ{)referre enbodi nent . of 20

) L the.invention operate
ndi vi dual | y SHEBRLZ Sate AESr PRARIATER LS| Y HALF RS 1,8 BREC LT ex
f requency- dorabpatngid iodi epusi@fs tshenabasaredomnbnhy i meferiretihtatas/i brat ors
V and h G As , f ' i bys ' 40
o ot h BBTate. i MR kLA BoicE Y Soth B AlODupag g0

begins with | ( erse conp ) :
det er mi ned akcgufately fdisginaeistf knd spalyse ddwpivprrted FabsrEPHES this
i nverse Rt rigker this frequency fk, by retrieving the anplitude and phase

of the frequency domain vibration neasurenents at vibrators V for frequency
fk from In the general sense, therefore, one may consider the

recorded composite seismic records R, by a single geophone G for
the nth sweep in a plurality of sweeps as follows:

15 Ry, = Apha + Bohs + Cohe + Dphp + Ny

As before, R, is the recorded composite frequency domain
representation at geophone G for the nth sweep, A, is the source
vibration data from vibrator V. for the nth sweep, B, is the

20 source vibration data from vibrator Vs for the nth sweep, and so
on. In addition, the contribution of noise to the sweep is
present in this equation by the term N,. It should be evident
from the above that solution, for the earth response or
transfer functions h, of a system of equations as presented by

25 the above will be complicated due to the presence of the noise
terms N,. It is therefore useful to reduce the effects of noise
from the recorded seismic records, so as to improve the
accuracy and resclution of the vibratory seismic survey.

According to process 40', which is an alternative

30 embodiment of the separation process described hereinabove, the
effects of noise in the recorded seismic traces are reduced.
It has been observed that recorded nocise in the vibratory
seismic survey is mostly made up of so-called random noise; in
other words, the noise recorded in one sweep generally does not



menory, followed by the use of conventional nunmerical 30 anal yti cal
techniques to determ ne the determ nant and cofactors of the initial matrix
[S], and to generate the coefficients of inverse matrix [S[err]] As shoul d
be evident fromthe foregoing, inverse matrix [S-1] is based on the
actual behavi oW 2FW¥rators V in their generation of the vi b‘F Y1701 \\D
98/ 12578 PCT/ US97/ 17001 23 ener gy
in process 32. For exanple, if vibrator VAﬁgmled to operate at all in the
first sweep, and if vibrator VD had a phase“and anplitude error in the
fourth sweep, ] S f 5 '

phase- encoded ?;og g)éf'%{r:?b%%q{oﬁge %coq{d(?dOEB fX‘F&?%wEEB%I vePnr egaué%cﬁl a}sk
follows: [err] willense batdescrfised) mllﬁﬁeqﬂmwnﬂhmnm @frithedreeoydastess
42 for this exaglsg riOEICSUE1¢d dedectel Ltic bl LIS ideefs Ot e

her ei nabove an escrl ed her €l nbel oW, | nverse matrix [S[err]]
may be used to readlﬂlysﬂbl’erﬁ??@”qlﬁ’é dey t hiesphnddmept ofcihst imeeddons

from vi bratars néiet Bvessd niatt @elﬁerfw(&ﬂe ghessd 3t (mgﬂr@rmy tHen the
According to the refe ed..e he |nvent|on cess 45.isn xt
carried out to (ﬂél YiRF Irﬁe o’rntﬁ & RAEVEE- mat % x° ?’%‘f’ér?’ff fto

process 42. V\hidystpmoce:sﬁs 4équastions for seismic records R, must be

overspecified. The energy from each of vibrators V., through Vv,
is preferably encoded in some manner, such as the phase
10 encoding described hereinabove; the extra sweep (i.e., the
fifth sweep from the four vibrators) may simply replicate one
of the previously performed sweeps, or the phase encoding
scheme may instead contemplate the performing of five sweeps.
In the survey of Figure 1, where four vibrators V, through Vp
15 are energized, an over-specified system with five sweeps is

represented by:

Ry = Byhy + Byhg + Crhe + Dyhp + Ny
R = Azhy + Byhg + Cphe + Dphp + N
20 R; = BAyha + Bshs + Cyhe + D3hp + Nj
Ry = Aphs + Bshs + Ciche + Dichp + Ny
Rs = Asha + Bshps + Cshe + Dshp + Ns

where terms N, correspond to the recorded noise in the system.
25 Assuming noise terms N, to be random, such that ZN, = 0 over the
frequencies of interest, records R, may be expressed as the

following system:



optional to the separation process 30 described herein, it is 20 bel i eved
to be useful to identify those frequencies at which the solution is so
unstabl e as to be discounted fromthe frequency domai n processing descri bed
herein. For exanple, the frequency response at frequencies outside of the
sweep range WR1288kely be unreliable, as will frequenci esPEHUSHRITG VO
98/ 12578 PCT/ US97/ 17001 24 har nonic
effects are acute. In the exanple of proggss 45 descri bed herein, a quality
value will be determi ned as a weighting ctor by which the result of the
transfer or response functions at frequency fk can be nultiplied (a well- 5

behaved operation receiving a maxi ghti factor of unity).
Alternatively, the quality fa RO} ?‘\()\?'utseédlw) derive a filter applied to

the end result of the separatign| ofAasBanOnDsit ality control _
measur enent, so that one or r é| sweeps na%:be e-Ir if the quality val ues
are excessively low 10 t her ¢Rof = pdasiBy HIP’q.lH 4, process 44

initiates process 45 by cal culi gt ng AQeBgiqgn u sc[err], also referred to
as the characteristic val ues, @9’ the matriXx F%] atheY he frequency fk. As is
wel | known in the art, the ei géitval Nds Ber Godpl ex 15 nmatrices, such as
matrix [S] according to this enbodi nent of the invention, will thenselves
be conpl ex nunbers. It has been observed that the determ nation of earth

Eg]snonse fungt,i QReré tie mRtrigl [S0|RDrireEpbhas e a%eSma fir WhicH sbligcmt ri x
1S

vibrations from vibrators V. through Vjp:

5 [R] = [S] - [h]

However, the matrix [S] is not a square matrix, as the number
of sweeps is greater than the number of vibrator-to-geophone
paths (i.e., the matrix [S) represents an over-specified

10 system). Accordingly, solution of the above matrix equation
for the transfer functions [h] must be performed ;9 several
steps. For example, both sides of the above equation may be
multiplied by transpose matrix [S'], providing the following
equation:

15

[S"1{R] = [S"S]:[h]

Solution for transfer functions [h] for each of the vibrator
paths may thus be done, using the "generalized inverse" of
20 matrix [S], as follows:

[h] = [S"s]7[S7} [R]

These relationships are used in separation process 40’
25 shown in Figure 5, as will now be described. Separation
process 40' begins with process 52, in which system computer 24

retrieves the amplitude and phase information of the measured



poorly behaved, which is the case when one or nore of the 20 ei genval ues
[err] for the matrix [S] is small. Decision 43 according to this

enbodi ment of the invention thus determnes a quality value QV that depends
upon the size of the eigenvalues for matrix [S], and particularly upon the
size of the n™MAMIA"8i genval ue. For exanple, quality val ue GFTHEF/IFE01
defined as 25 follows: [err] WO 98/12378

PCT/ US97/ 17001 25 where [err] and [err] ? t he maxi mum and m ni num

absol ute values of the set of eigenvalues™or matrix [S]; in this exanple,

quality val ue %&%Sgg%xtaQZotrgerg{p thle0 By J'ﬂfg%aézh%f ?t d! Xg[aa]matrl

Accordi ngly, poor cour
al ternative déﬂhﬁ tnr@ﬁrgsef!iznfaartbyrvamceﬂem@e Hhs @ﬁmaﬁwwwﬁ)e used to

measure the staghdddse ﬁaérﬁscwfﬁwrdﬁ niahlelsiomt | Ofhefl @8t &oMAMASont HE
qual ity value QV function of the condition nunber of

corres
Tt [ S o CEMAGE PARELT o bi 17 RECSRGE oA Rés Lo ALEEy dmynt 47t Hae
PrefteL re]gle arenbmyfk nsamgp?ﬁforhi@ath smlfm IMOuGECtéiieQ&a43?fhtl§e drtgbﬂsﬁ,
or e frequen et.her e I S SO ve
conpari ng tﬂe ‘%‘qut P afch “@\Frééagﬁ 'ﬁi (flr‘r?t’ Q% %%e‘b‘g"c“\?é)r?/ﬂ?‘i
then a reducedswanghnmngbéamﬁmnlyspgnﬁnmaﬁeﬂylsyqnemcesnpdfhtfzn' mat ri x [S]
Feci pracal of PERRITy oD Sy 1BagF roInlbE ARG SENEIRRS, | i

reci procal of quali
behaved (i.e.ma§xix [S ] need be done in process 52, so long as system

10 computer 24 is programmed, in subsequent steps, to retrieve the

complex coefficients of matrix {S] in a transposed manner.
Process 54 is next performed, in which system computer 24

generates the inverse matrix [S"S]™ for the frequency £.
Preferably, process 54 first performs the matrix multiplication

15 of (s871-[S], and then determines the inverse matrix (s’s]™
through conventional numerical steps within the capability of
system computer 24, involving calculation of the determinant
and respective cofactors of the product matrix ([S8's], as
described hereinabove. Optional process 56 may then be

20 performed if desired, similarly as described above for process
45 in separation process 40, to determine a weighting factor
indicative of the regularity of (i.e., how "well-behaved" are)
the sweeps performed in the survey for frequency £;. &as
described above relative to process 45, this weighting factor

25 may be used to adjust the results of the survey for those
frequencies where noise, non~linearities, harmonics, or other
phenomenon are of such an extent as to call into question the
results at that frequency fi.

Following process 54 or process 56, as the case may be,

30 separation process 40' determines the earth response for each
of the paths between one of vibrators V and geophone G;, as
specified by the matrix of transfer functions [h]. This is
performed in process 57, in which the complex inverse matrix
[S"s]™! is applied to the records from geophone G, for each of



quality value Q/ is less than the specified Iimt), then its weighting
factor may remain at unity (process 46b). Follow ng process 45 (if
performed), process 47 is next 20 performed according to the preferred
enbodi nent of the invention to determ ne the transfer functions hA through
hD (in this eXA$1e878 for all of the paths fromvibrators VARCIASSUYROI/D f or
the geophones G in the survey region. Process 47 may be performed according
to various alternative techniques, as wl| now be described. As

di scussed above, the following matrix equé’tzr on corresponds to the

application of,source energy to the 154Y5VE on, for f
geophone G[erhl FHyers Qé]‘g*' [+ 2BBLaR%r %‘y[tﬁ]e PEOdyt ;y rof‘ g%ﬁ@hﬁol?%cords
for geophone Epmverjtionai hiwmefimal sateps, muitdpéifd}iors dpeeatidns x of source
energy applie / 5 .

PCT/ US97/ 1700 35%0%98 %b%ét %)?Ste\r}‘A CERP 35%% ?\?D o%cr:OIE%lenq‘lo’ﬂr svx%epssulgnaf
where [h] is pnecm S thetseigifetrinater dwctiensudt, forngeortiineal, [ S
are knownsby LHgrdgaHaIREEAS seéﬁh Bﬁfo€ﬁ§5v%at%9dt§l&%°pﬁfoﬁg Sggmatrix

[S-'] was found in process 42, process 47 can be used to sol've for

transfer funcPPbHEMMEE BY ??‘é%ﬁ?éﬁ@? PEOESSS HO 'f ol I owi ng matrix
mul tiplication: [hyfedusiselrihile [ddpathtSomgirdcessudo pld GabtoMbed e

readily perf‘J%QFdatéﬁﬁéiétSQ%phone Gy, it is to be understood that process
40' is performed at frequency fx for each of geophones G in the
10 survey region.

Following process 57, decision 58 is performed in order to
determine if additional frequencies remain to be separated
according to separation process 40'. If so, the frequency
index k is incremented to point to the next discrete frequency

15 in the frequency domain data corresponding to the detected
vibrational data at vibrators V and geophones G. Process 40°
is then repeated for that frequency. Once all desired
frequencies have been performed (i.e., decision 58 returns
"NOY), control passes to process 50 for further processing of

20 the survey data.

Referring back to Figure 3, upon completion of either of
separation processes 40, 40', process 50 may now be performed
to use the separated earth response functions for each
vibrator-to-geophone path in generation of the seismic survey.

25 The specific approaches to generation of a seismic survey
based upon the transfer functions and earth response found for
each path are conventional in the art, with the particular
process selected according to the desires of the geologist.

Referring now to Figures 6a and 6b, alternative

30 embodiments of processes 50 for generating a seismic survey
from the results of separation process 40, 40' described
hereinabove will now be described in detail. Processes 50a,
50b illustrated in Figures 6a and 6b, respectively, are
equivalent to one another, with process 50a of Figure 6a



10 conput er 24 described herei nabove, as will be apparent to those of
skill in the art. Decision 48 is then perforned to decide if additional
frequencies remain to be anal yzed by separation process 40. If so, control

passes to pr Of‘&@é”f’?éqn whi ch the frequency index k 15 S FRIUON dto

t he next disc uency in the frequency- domain representation of the
nmeasured vibrations. O course, if no additional frequencies remain to be
anal yzed, control passes to process 50 of f3gure 3. The above approach used
a conventional phase encodi ng 20 schene, 1 n which each of the vibrators V

vere activat echerFoRhO&eHd the #Hbiithc}AGBnE I 4hd Prbeess Nich @Fbedbnrataf

the invention accounts for _m ssing. or .inoperab) ibrators in certain
sweeps, accord%%&ome‘gnnhltp@r ﬁé‘f‘?\@“@ﬂ'ﬂodi%rﬂlﬁf \éﬁhévi'%féhtfirﬁ’ﬂ, th%e of the

vi brators V i sfdlnbebid ceddniptione broidessdd 504 50bt anetwiMaAliadthduri ng each
sweep in proces 2, Accarding to_thi | tLernati ve enbodi ment of the
FhaBtrifl ol hytfed omlsf of

i nvention, no Sé’e f.e., all vibrations are in
phase with5one anoRee¥rinrddrdintd Eigqure badeapronesscE2vibriiristn matrix [ G

inthis alter nabiebeneabad] graknof Jdit:cAYER!dQbnARY! €, 18 SB1ectdP scd |

frequenci es): 981 12578 . .
PCT/ US97/ 1700 Ri2} YEés+ |processufs cthare seleehera Ligstt nEbxatnrali orfthust

vibrators V woidhdc8osd e paehf 06 iiRén WenASEHIN, &4 JRpnbRECE! 3Bl ity

probl ens, analysis in a first pass of process 50a., Process 66 is then

10 performed, in which the coefficients of transfer function hy,
corresponding to the path between vibrator V; and geophone G,
are retrieved by computer system 24 from memory, for each
frequency point in the frequency domain representation. As
such, retrieval process 66 retrieves a frequency domain

15 spectrum of complex coefficients for transfer function h;,. As
described hereinabove, these coefficients in transfer function
h;n, may also include or have been modified by weighting factors
produced by process 45 described above, such that the
coefficients at specific frequencies may have been discounted

20 to some extent if the matrix of coefficients of the monitored
source vibrations were not well-behaved.

In process 68, the frequency domain coefficients h;, are
multiplied by the frequency domain coefficients I; for the
monitored source vibrations from vibrator V; in a first sweep j.

25 This multiplication of process 68 is merely a point-by-~point
multiplication of each coefficient in transfer function h;, by
the coefficient for the same frequency in the monitored set of
coefficients I; for sweep j. Process 70 then performs an

inverse Discrete Fourier Transform of this product of hy,Ij,

30 transforming this result inte the time domain. The result of
process 70 is thus a time domain representation of vibrations
that correspond to those actually detected at geophone G, based
solely upon the source vibrations from vibrator Vi,'using the
transfer function h;, for the path therebetween; this result is



non-linearities, harnonic coupling, and the like. In the ideal 5 case,
the inverse matrix [S-1] for frequency fk determned in process 42 for this
exanple, would be: [err] Again, the actual values of inverse matrix [S-1]

wi |l depend 10 upon measured vibrations at vibrators V. Besides use of a
di fferent en¥dM$&chene, the remainder of the method acc8FTHUSYHPL hi s
enbodi nent of the invention proceeds as descri bed herei nabove. Referring
now to Figure 5, separation process 40 % according to an alternative
enbodi nent of the invention will now be déscribed in detail. Process 40,

simlarly a 0CESS44. Vi ﬁkﬁ% Lbed, 1 ' tégk%g% eterm ni ng
t he transfe?#?%h%?igﬁgghﬂ%%%&gggﬁ%%ap 3%2t§§€ﬁ*§f%?%§grs f&rough VD and
geophones GVikrasienfg hensr §besconkyFibuksgpy ot vibratewdi:t poRatenadiatedi ity

in the deterfidrathe8e Of rdrl'@hRabther QERAAESrS Sy Provi ded by over-specifying
the system of equati ons upon whi ch %F' ﬁrocess I s based, in_conbination

with using the adf@SPSHelsdrfednenR dathH@K/PEr‘d’P%‘FR/ deupddet This

addi ti orgl redgnabi hséy obiaiivedvisabdhvs ial tseeeptd Vis cro¥®-88fdmied
PCT/ US97/ 17001 28 enbodi nent of the invention is particularly useful in
el i ni nati ng Wite &heetine dlomadnseeRicaantRbirR A 08 BEPMAYL hwbr-at FBRs. As

i's well knowesuitt B B¥dcesdeORMRNES HiusNbd & U MRYbabEENirialatt oMi bF ations
that are un%ikegggi%gltg¥avibratory energy at geophone G,, from which the
ne
depth of reflective interfaces may be derived. Of course, as

10 is well known in the art, the effects of random noise on such
time~based records may be eliminated by the stacking of
multiple records (in which the signal will reinforce and in
which the random noise will tend to cancel). Accordingly,
decision 71 determines if data from additional sweeps of

15 vibrator V; remain to be analvzed for geophone G,; if sco, the
sweep index j is incremented (process 73) and control passes to
process 68, in which the product of the transfer function
coefficients h;, with the source vibrations I; for the next
sweep is again performed, and the process repeated.

20 Upon completion of the frequency domain multiplication
{process 68), inverse DFT (process 70) and cross-correlation
{(process 72) for all sweeps of vibrator V; in the survey, system
computer 24 stacks the cross-correlation records for energy
between source V; and geophone G,, in process 74. The resulting

25 stacked record is thus suitable for use in conventional seismic
survey generating methods, indicative of the time delay between
source vibrations generated by vibrator V:; and gecophone G,.

As illustrated in Figure 6a, this process may then be
repeated for energy from each of the vibrators V; to geophone

30 Gn, by way of decision 75 which determines if additional
vibrators V are to be analyzed for geophone G,; if so, the
vibrator index i is incremented (process 76) and control passes
to process 66, to repeat the analysis for the next vibrator V..
If all vibrators V have been analvyzed for geophone G,, decision



5 vibratory energy inparted by vibrators V, or may generate signals that
are unrelated to any vibrations; such unrelated vibrations or spurious
signals are conmonly referred to as noise, and will obviously reduce the
ability of the §%§¥ to accurately distinguish and anal yze the i rted
vi bratory 10 %if In the general sense, therefore, one %ﬁ@m' er
the recorded conposite seismc records Rn by a single geophone G for the
nth sweep in a plurality of sweeps as follgws: 15 Rn = An
hA + Bn ha + Chn-hc + Dn-hD + Nn As before, R err] is the recorded conposite
frequency domejn 4igRiesHPifiteeRinbs Qﬁp&%@el&éprgéoaﬁoﬂw @Vﬁ%pto%fr rlis

the source vibration data fromvibrator VA for the nth sweep [err] is the
20 source viPRdYess HatEhe ABRVeT ‘EﬁsﬁrdPeQBf?%‘quqﬁelﬁt BO s\ i€ JeQRRCRS on.

In additi gn thﬁeies:Oﬂtis Mdz@ﬂweﬁﬁe@otpﬁ%de%st he) ﬁ%ﬁpcbﬁtﬁépmgrhﬁ whu S
equation by the term N er houl e_eyi dent e .gboye_t hat
sol ution, for Ri%&S Sir%]’ )éiﬁf%’ﬁgé € FFETEPE, T UTTES Bﬁgn% cf’fﬂ %ygﬁ%m of
equat i ons @s priébgaboesl \bytm impaetaeh @nergy| Semdcbwptheatm deophand IG.

presence of the nobssnt SHHRAEH be Alodehs' B85 SESL 1156 Lladtd §HEE 411

effects of noise fr e recor el smc recor
accuracy and ernEQrG gin tthe subven,oprosess M isuthey. Peﬁaﬁmmddngny ovay

40' ,
process Y% gyhﬁbﬁ % %&%ﬁgétéyﬁ?% is Smhﬁﬂ_}é@'ik %e tﬁl&%a?’é% SEl sm c

process descr erel nabove, the effects of noise in the reco
traces are redicédd. CPRVERIonadnoh SERFaOrHafeh MG FBEVENS se FORF example,

Vi brat or yisei proeess 8®ndys ifestdiy doatonUBepth Soidl [(€op) AABRYBPI FErma1n
other vords, LAg NghE e O'opetat Lot BRE FHAST 3hith 9532 the

survey data in a more usable form for the geologist. The

survey method of Figure 3 is then complete.
In proceés 50a described hereinabove, much of the method

15 was done for coefficients in the frequency domain. This type
of operation is especially suitable for modern system computers
24 that incorporate digital signal processors (DSPs), and which
are therefore particularly well-suited to perform frequency
domain operations and inverse DFT operations. Many

20 conventional system computers 24, however, are better suited
for time domain operations such as convolution. Process 50b,
illustrated in Figure 6b, is better suited for computers of
this type. The same steps in process 50b as in process 50a are
indicated by like reference numerals in Figures 6a and 6b.

25 In process 50b of Figure 6b, processes 62, 64, 66 are
performed as before, so that the h;, transfer function
coefficients corresponding to the path between vibrator Vi and
geophone G, are retrieved, for all of the frequencies under
analysis, from memory by system computer 24, The coefficients

30 retrieved in process 66 may have been modified by weighting
factors produced by process 45 described above, to discount the
coefficients at those ill-behaved frequencies in the system.

In process B2, system computer 24 then performs the inverse DFT
of the transfer function coefficients hi,, generating a series
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correlate to noise recorded in |ater sweeps. Process 40', as wll now be
described, utilizes the randommess of the recorded noise to cancel out its
effects anmong nultiple sweeps. Firstly, according to this enbodi ment of the
i nvention, BVOMIIS® sweeps nust be performed in process 32PCHUSIAMOB) t han
the nunber of vibrators V in the survey. In other words, the system of
equati ons for seismc records R[erg%, must be overspecified. The
energy fromeach of vibrators VA through®VD is preferably encoded in sone

manner , such as the phase 10 encodi n descri bed hereinabove; the extra
sweep  (i.e0m th§1¥$qumé§ﬂe§ﬁef§%ﬁﬁQH¥ FeRTeSAALA TR 9T R SRl y

replicate ongmafint DEOPT Y ir@epbis P ff GheBdastLaRs vibtatdey Rrasaiencodi ng
schenme may i nstead contenplate the performng of five sweeps. In the survey

of Figure 1,°%%&¥e four vibrators VA through VD 15 are energized, an
over-speci fi ed syskesm fitdt fsweepSjeandcessr 8priss ahefdpbyfodiedy,r in=
Alerr]-hA + BE-hB + (Jerr].hc + D1-hD + N1 err] = Alerr].hA + B[err].hB +
Clerr]-hT + Wiieh thaoimpuyse, Fpspepse series b, is convefygqd Wwithaberiing +
Blerr].ha + {dh@ih] réCora @€y lofibhs Mneftrdrea ebﬁ}ce Atk koht ef rdm +

Blerr]-h[err], err hC + err hl.err Alerr hA +
Blerr].hB + Pi%rhY:i F‘D?‘”’?l ] l“‘§ kﬁ%‘?‘lﬁs %e’%ﬁ?tﬁ!‘f echer §d3to the
recorded noitiR isButbe wiMatibng moniAvred by mmst Bris Mdcvridkdt on be

random such that [ =.0 oyer_the. fre uenci es | nteres ecords Rn
may be expréggg&sg g{hges faOItIlB‘ﬁA ﬁn%lspsts .9 d Qater transtfbrm g

10 into the frequency domain by the DFT of process 38. It is
therefore preferable, if process 50b is known to be the
analysis process, to retain the time domain record of the
source vibrations from process 34 for use in process 84. Of
course, if the time domain representation has not been retained

15 (but the frequency domain transform representation has been
stored), the time domain signal I,(t) may be obtained by an
inverse DFT operation prior to the convolution of process 84,
As is well known in the art, the time domain convolution of the
impulse response series 8;n(t) with the source vibrations I;(t)

20 from vibrator V; in sweep j will produce a time domain
representation that corresponds to the separated contribution
of vibrator V; to the vibrations recorded by gecophone G, for the
jth sweep.

According to process 50b of Figure 6b, the product of the

25 convolution of process 84 is then cross-correlated with the
pilot signal used to drive vibrator V; in the jth sweep. This
cross-correlation is done in the manner described hereinabove
relative to process 50a, to produce a time-based indication of
the arrival of vibratory energy at geophone G,, useful in

30 deriving the depth of reflective interfaces.

As in the case of process 50a of Figure 6a, process 50b is
completed by repetition of processes 68, 70, 72 for each cf the
sweeps performed for the source-geophone pair Vi, G,., followed
by the stacking of the cross-correlation reccrds to remove the
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or, where the matrix [S] corresponds to the matri x of source vibrations

fromvibrators VA through VD. 5 [R =[S [h]
However, the is not a square matrix, as the nunber of sweeps is
greater than ﬂﬁﬁkhgﬁ%er of vibrator-to-geophone paths (i.e. ﬁE” i x [S]

represents an over-specified 10 systen). Accordingly, solution of the
above matrix equation for the transfer fungtions [h] must be performed in
several steps. For exarrpl e, both sides of the above equation nay be

mul tiplied bygf Qﬁﬁxﬁ’ho[@ll m@\ﬂ;%egstrgeé&h' ngrrf‘zﬂ:r &On 15

[S[err]] [R - Lﬁa ol ution ftor transfer func I O each
of the vibrat®®€¢ lbe&%§ 1prafense Vabne, eamdi R e geppherasi Gf M\Féfﬁéﬁ of

20 matrix [&h,t@s squkrleWVSfol[th]wea byl ﬁfﬂrﬁ]emefxﬂ@f fthel B]Jrq'-@fsﬁn process
rel ati onshi psgélre used se r wn 1n Figure 5, as

ces
will now be d c??%’é&‘mgsfé a 95?‘8c 2ko' gfb‘é@"ﬁs \ﬂPghm?)‘F%(,oégs 52, in
whi ch sysfem cornmdtdongd retrleves t he anplitude and phase i nformation of

the nmeasured According to either of processes 50a, 50b, the separation
of the contributions of each vibrator V from the composite
recorded vibrations at each geophone G allows for the accurate
determination of the seismic survey. In particular, the
10 ability to separate the vibration signals according to this
embodiment of the invention greatly improves the resolution of
the survey, since the paths between individual vibrators and
geophones may be analyzed, rather than being limited to a
generalized analysis of the path between the entire source
15 array and each geophone, as is common in the art. This
improved resolution will, of course, improve the accuracy of
the seismic survey, and its sensitivity to small but important
geological features.
Referring now to Figures 7a and 7b in combination, an
20 example of a vibratory seismic survey will now be described.
Figure 7a illustrates a series of traces recorded by a line of
geophones extending at various distances from a vibrator
location V). In Figure 7a, each vertical trace corresponds to a
record from a single geophone, displayed in the mahner
25 conventional in the art with the time axis extending from the
top of the Figure toward the bottom, and with the distance from
vibrator location V, increasing from the right to left in the
Figure. The example of Figure 7a illustrates the contribution
of energy to the record from vibrator V, in a survey in which
30 four vibrators V were simultaneously operated and phase encoded
according to the Table set forth hereinabove in the Background
of the Invention. The plot of Figure 7a was then generated by
the conventional method of phase separation relative to the
phase encoding technique.
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vi brations at vibrators V, at the frequency fk (i.e., the matrix [§]);
process 52 further includes the determ nation of transpose matrix [S[err]]
frommatrix [S]. The determ nation of transpose matrix [S[err]] in process
52, as is wel WORA¥@Bin the 5 art, may be perforned sinpl PCEMISHELAFeN
reversal of the positional indices of each matrix elenent (i.e., rows
beconme columms), and as such nay be read|I¥ performed by system conputer
24. Preferably, no additional storing of éPenent s of transpose nmatri x

S db t 4 i
b ogr amred. i sulCRsREARS SRIPES FROVES i@ PRt ShnPex conbr Hbion: ofor
matrix [S] i nvﬂoﬁart@msppsfmi maermurvelar ofegsgire i7a nexilhestraterd, whererhi ch

system Computghe 2pASNEIAl S5 (e LONELAR IR kol YuSLRLSLIEr (Lo Che

frequency fk process or s
mul tiplicati cperlﬁ‘s)rmedf a{:@;pmirn]g] tpSthe mﬁehre‘ﬁdd@ﬂmdmﬁes Qﬁé:h’enver se matrix

(S[err]S]s[erflvddtigugh ﬁ?@\ﬁ%bgn@f PR €8 wéﬁ@ﬁ:ﬁe\.“ﬁ §oh&rdii Sgpéaf?é' Ity

of system conputer 24, involvi n% calculation of the determnant a
&

respective coERIStsO8f theErangdat: fvRgtiocns) bf diffrsyibratare ¥e) jansy the
her ei nabove. fiddurieal sBEAEELSALRALIBYS L ViBRalOr V.PELEEOIdRY ghofEsm %ﬂ:
simlarly as de bed above f cess 45 in se atio roce to
determne a m‘:’e?‘%hfrﬁgu?%‘ﬁforfqlgawgﬁ?? & lPN€r§ee ITaPt &%fre(%u °how
"wel | -behaved;exwxe)tet bﬁesmm'qosiomemotfama in the survey for frequency fk. As
descri bed above rel ative hi..n 2 may be

9 cggng;\fé uéés ';%] a%d\'\ef)gw glll f%% %ﬁkgr :

used to aajust th urvey &% hosE requ e noi se,
non-linearit uexmorcrvamnnmmvmedobhethe preferred embodiment of the

invention described hereinabove. Firstly, the first arrival
times indicated by region 88b of Figure 7b are much more
regular and consistent than the first arrival times indicated

15 by region 88a of Figure 7a, thus improving the ability to
account for near-surface layer thickness variations when making
static corrections using the velocity of refracted waves in the
near-surface layer. Regions 90a, 90b of Figures 7a, 7b,
respectively, correspond to a portion of the survey in which a

20 reflection event is occurring (i.e., the time and distance at
which a subsurface interface is detected); a comparison of
Figures 7a, 7b will show that the fidelity of region 90b at
this event is much improved over that of region 90a,
facilitating the analysis and identification of the reflective

25 event. In addition, comparison of respective regions 9la, 91b
and 92a, 92b, between Figures 7a and 7b, will show that the
preferred embodiment of the invention improves the survey
through its reduction of high frequency noise in deeper
portions ¢f the survey.

30 According to another embodiment of the invention, process
50 may be implemented to apply the frequency-domain transfer
functions {h] by way of an inversion process, as described in
copending application S.N. 08/435,940, filed May 5, 1995,
assigned to Mobil 0il Corporation, and incorporated herein by



phenonmenon are of such an extent as to call into question the results at
that frequency fk. Follow ng process 54 or process 56, as the case may be,
30 separation process 40" determ nes the earth response for each of the

pat hs between ogy Ezs | brators V and geophone Jerr], as specified by the
matrix of transfer tunctions [h]. This is perfornmed in procesBCHUSHIMMNI Ch

the conplex inverse matrix [S[err]S][err] is applied to the records from
geophone Herr] for each of WO 98/ 12578 44
PCT/ US97/ 17001 32 the sweeps (i.e., is applied to the product mat ri x

[S[err]] [R]) li;hn:somnseeféwlmlﬂunﬂﬁé Cp‘érm'I@Eﬂrﬁ( JEIMobRY | 681 | ngtéég”;

per formabl e by syst 3 ﬁ4 Accordin as a resu
t he set of transfer h&o [ ?(ﬁp%ﬁhon%aﬂ ¢mepsfer fmmtn.enphngl(mg to

each of the vi Bmattbe- fmcgmmlyodmmfﬁ heiheks ¢ efrf g‘eggglgy%ée% rg&%? z?t Jrocess

40'. O : 40°
Singl 6 geopnond ey B AR 1Al 88 B RR% sReis Rabrakorisn gaophose path)

performed at fcogHERRSAd thon zefteatiivgegphomasof Entirﬁh% min i Phase
in order to

region. Fol | owfQlcpiQEeES & | r.f or ned
deternine if adgr tional freéﬁencr es r rrgrg% ftsud"pc%é"‘% AHITPORESS AFAMS t O
separation pr o5&ty of theggartnder gequ@m:yveramtiexe& nanﬁ&rea@@tﬁ%

at a

point to the nand ﬂﬁﬁr’cﬁbelﬁl}ﬁ%ﬂc%flélﬁ) dc]:'?)t &g [% e%l}%nr% éng/ i®YEhones

correspondi ng ;,obrahceordet ect ed vi brati ona a at vi
G. Process 40' Y energ
10 As dlscussed above, according to the preferred embodiments

of the present invention, a signal which is minimum phase
related to the actual force generated into the surface of the
earth is measured by sensors 5 directly from vibrators V. As
such, an actual signal is used in this analysis process instead

15 of a theoretical pilot signal as is conventional in the art.
As described in U.S. Patent No. 5,550,786, issued August 27,
1996 and incorporated herein by reference, the recording of
vibratory motion and the processing of the recorded seismic
data is done in such a way that the unknown actual applied

20 force need not be known. The only important factor is that the
measured quantity is directly proportional to actual force
applied. In this manner, the actual force can be eliminated by
division.

According to this embodiment of the invention, it is

25 recognized that the motions measured by sensors 5 on vibrators
V are related to the actual output force or signal imparted
into the earth by a minimum phase transfer function in the
frequency domain. In the frequency domain, the measured output
force signal S thus corresponds to the product of the true

30 vibrator output U and transfer function of minimum phase T:

where - represents multiplication in the frequency domain.



I's then repeated for that frequency. Once all desired frequenci es have been
performed (i.e., decision 58 returns "NO'), control passes to process 50
for further processing of 20 the survey data. Referring back to Figure 3,
upon conpletion of either of separation processes 40, 40', process 50 may
now be perfoWR¥WRFBuse the separated earth response funct iRFRUISHEI08kCh

vi brat or -t o- geophone path in generation of the seismc survey. 25 The
speci fic approaches to generation of a seism c survey based upon the
transfer functions and earth response fodfd for each path are conventi onal

in the art, Mg e riicular, _proce sel ected accordi to the desires
of the geol o&é\%.és%fte%etf gﬁcr:llﬂh%n r;lgv%/st 8 ’ﬁ%‘g’?ﬁ"%‘% pg’gsghdc%ﬁalal ?g?‘?%ﬁ i v8YShem
embodi nent s pelaricgesrue Blbdahorgentpat ithyidhs the meassued eyibratmrt he
results of SRS bon PhoEess diflactth 1AL thReH NERG! RAROY . Ml depow b

described in_detall. Processes Il l'ustrate gures ba and 6b,

respect i vel yEunitd 0BTy apRa tthep aghuah ritiit, sairee forsessUsMmref Figure 6a

WO 98/ 12578 unknown. PCT/ US97/ 17001 33

performed in the fre%genc¥ dormai n and grocess 50b of Figure 6b perforned in

the time domain. R FEAFMEE TRAYES: Ri AehRqHRS PYI FerRhaRedeScioht i on,

processes 50aydrufihoace) vatdirepriesenteahin ithy ofequdicymuenabyiey tag¢. 5

par 1 cul ar GRIRs TR AR BRCGEELARAAR oF Bhe A1 Sturce’ fozceu
with the reflectivity E of the earth as indicated by the

10 following formula:

R=3jo - U - E

where R represents the measured seismic data, jo represents the
time derivative, and E represents the earth reflectivity
15 function.

By using inverse filtering through a minimum phase band
pass filter the ratio of R / S can be readily computed. This
ratio eliminates the unknown U, the source output force, from
the equation as follows:

20

As is evident from the foregoing, the unknown actual
vibrational force U has been eliminated from the equation. A
scaling factor is also required to preserve total energy
25 through the inverse filtering process.
The seismogram is now represented by R / S and constitutes
the desired answer of earth reflectivity E, convolved (in the

time domain) with a minimum phase function jo / T. It is a

property of minimum phase functions that their derivative and
30 their reciprocal are also minimum phase. The seismégram can be

further processed with minimum phase deconvolution to obtain E,



anal ysis; process 64 then selects a first vibrator Vi, thus selecting the
path between vibrator V[err] and geophone Jerr] for analysis in a first
pass of process 50a. Process 66 is then 10 performed, in which the
coefficients of transfer function hi, corresponding to the path between
vibrator Vi aftP¥8Mone err] are retrieved by conputer syR2¢EP§4700% om
menory, for each frequency point in the frequency domain representation. As
such, retrieval process 66 retrieves a fr%quency domai n 15 spect rum of

corrpl ex coefficients for transfer function"h[err]. As described
her ei nabove, S d1Bet n ]
i ncl ude or ha&ggﬁggﬁgﬁ%gb? gﬁﬁyl%glé t'1 ng fagtgéiq%?§ uéé t 6?%@§ggy45

descri bed abodemaiiuch Inhassenre ¢bef Ri Li%riedsmogsyedis ithef b@%f@ue]rﬂéﬂlélsdnay

have been di s¢gphitfd s€9smo Momtexge&ugafl bhe rﬁrﬁi &M\ gﬁasgeééla%anté of
t he nmoni tored source_ vibrations were not well-behaved rocess 68, the

frequency dontP® ?ﬂf§PfFEFEﬁR§? ‘h[ PP ASFRFARY] PFpF?%ﬁjQEFrPﬁ f%%uﬂh@ﬁcy domai n

coefficiests kigce ]refmanweommmet aeedasptyeteunkat,I @oarte ov hdtoaiyor
Mlerr] inafir rrultl plication of process 68 is nerely

Lo BEphen e B
a point-by- poﬁ“ il ispP s H“Bf’ Ath coefficient in transfer function
h[err] by the coefWith esfefencd ke shaeméthn¢ueﬂsyu$sedIheremnabnweyj set of

coefficients . ] s
b scret e FourPeritniincPefdBaR e, BEOSESS o0 B ETLAS |BRlRL A, 6o
transformng pﬁt%ormgubr syaten gompuper ddndPnPraviale e[Bﬂal/iISb.f :pr@ctbss 70 is
thus at esenta vi r ns,t 0 t hose
actual | yhg‘eat ec‘?% a%ﬁgéo%%ﬁneuéaﬁggé%d ollairxlg't} l?rogﬁ he sourepe%flﬁgla Tns
fromvibratoriM. &si ngtem@mv&msteanﬁﬁﬁmtfuoqtmns fliw] thetatgroduct of
therEbEt“Be”?tﬁé“f%v%§§Hléodf%e vibration matrix [S8™'), from measurements by

sensors 5 from vibrators V, with matrix [R] based on the

recorded vibrations at geophones G, at each frequency f,:

15

[h] = [S"Ie[R]

This product results in a matrix [h] of the transfer functions
h, over frequency, for all four of the paths between vibrators
Va through V, to geophone G, at frequency fi, in this example.

20 In effect, the records R are separated to provide traces, for
each geophone, corresponding to individual ones of the
vibrators V. Of course, as noted above, similar operations
would be performed for each geophone G of interest in the
survey.

25 Referring now to Figures 8 and 9, process 50" performed by
system computer 24 according to this alternative embodiment of
the invention, where the reflectivity E is determined by the
above-described matrix inversion of the set of separated
transfer functions h for each gecphone G, will now be described

30 in detail. BAs shown in Figure 8, process 50" begins, in
process 100, by retrieving, from memory, recorded data
generated by system computer 24 (in process 40). As noted
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an idealized representation of the actual detected vibrations, where the
contributions of vibrator Vi are separated fromthose fromthe other
vibrators V. Process 72 is then performed, by way of which the pilot 5
signal used tWOIRB vibrator V1 in sweep j is cross-correl BEHUSHITMLt he
time domain representation of the product hi,-I[err]. The result of process
72 will thus be a tine-based indication of, the arrival of vibratory energy
at geophone Gn, fromwhich the depth of r¥flective int erfaces may be

d d O ' h t ff f d
nglr Is\(;eon suc%B?\lr’érrg aseclig}:gc%ﬁil\é\q'#glhgg% ﬁgﬁggsr bgplt 3 g’fﬁfg ?Sf'goof randem
mul tiple recénastions vierchll héous Qlfathﬂll Mthsebatwee‘m Gkt aitorsiw,C fthi-bagh
random noi sevyidd gedpon® G3NGeLY a1iCEReGhil%s BECLALARSEL Qgigﬁr,glz,gqgs ol

datafromaddltlona sweep , renal n
geophone Gn; IRFLe%s ‘-’ﬁ‘i’@@%@p&%@kw fe ﬁhﬁ:mﬁéhtlédfa(lmeecé‘gsfﬂﬁ)emhd

control passpathCardd RERHES fﬁ&quérﬂ:y\/\/ﬁhghbé high Jo); r?QHQEe&flrxttlaetﬁiér&%ﬁrle%ﬁct I on

coefficients hJc wi th Séhedsourc g}l ration ji he next sweep 1S again
performed, aRa-theShASc &8s ETRR eZ?Pntrl utiop Hf RSPELETPSRAYH t he
frequency dosweep rﬁnchuphcn:eslon (process 68), inverse DFT (process 70) and

cross-correlatio e s..of vibrator V1 .in the survey,
syst em conput er n%‘(&r tac %(é}%% onagoFr et c?”dﬁ"?%bo‘?’ﬁs"“?’&ﬁé%’r gy between

source V, anar‘gwmm@teﬁs perfproedsen Tthe Teasneed|gignglabat géapHen@sr ecord
I's thus3ui t@bl epdiesdSE2! PeHURARE! QN oY 139k difference between the
present invention and conventional processing. In conventional
processing, the received data is correlated with the pilot
signals, which are the ideal waveforms that are assumed to
correspond to the vibrations actually imparted into the earth's
15 surface; however, as noted above, distortion effects such as
poor coupling, non-linearities, base plate flexure, and the
like produce distortion from this ideal. In the present
invention, as will now be described relative to Figure 9,
inversion process 102 eliminates certain assumptions which
20 previously have been made regarding the vibrator force injected
into the ground.

Referring now to Figure 9, the operation of inversion
process 102 according to this embodiment of the present
invention will now be described in detail. Process 102 begins

25  with process 120, in which the geophone G, of interest in a
first pass of the process is identified; in process 122, the
specific transfer function matrices [h] for geophone G,, over
frequency, are retrieved by system computer 24 from memory.

Use of the previously determined separated transfer functions h

30 corresponds to division of the recorded signals R at geophones
G by the measured vibrations S at vibrators V, as described
hereinabove, but where such division is performed after
separation of the contributions of specific vibrators V to the
composite records R. Process 124 indicates the specific



survey generating nmethods, indicative of the tine delay between source

vi brations generated by vibrator Vi and geophone Gh. As illustrated in
Figure 6a, this process nay then be repeated for energy fromeach of the
vibrators Vi to geophone 30 Gn, by way of decision 75 whi g nes if
addi tional vi t¥8\ are to be anal yzed for geophone Ga; ﬁgnﬂ%ﬁg‘ﬁQ
vibrator index i is increnmented (process 76) and control passes to process
66, to repeat the analysis for the next vigrator V1. If all vibrators V
have been anal yzed for geophone Gn, deci sion WO 98/ 12578

PCT/ US97/ 1700di3atéf @i 'f'o'raﬁhi/cldﬁﬂﬁ%nb8§§ of dihtersioieerbenss demi,e t0
be anal yzed |n the bove- descri bed fashi I f s t he geophone index n is
i ncrenented (g 2i?B§g SpERt TS Hﬁ@guﬁﬁ%th} FG@ES@ 52, IPPPRANE Fot he

process is raneamadréet #i lthak iheedsidrrators V that inparted energy

sensed by the nex one Upo etion of R0CESS 50 or al

Vi bratorg V and alP %%tg]és %p?% s?i’vgl);?c $9 &S S geﬁ;tss %ﬁ‘?

per f or nedp bytnmysfei: ﬁmmmhbx sfwirs the smt@dtsoarméngé:d'altnrt‘he tdethe ed
manner, as 'SoxFé}%‘iF g&e&e& nla®li ¥ epﬁ]ﬁt %BE § ?&u%ﬁ%!@é’sof 'i?(te?é@gp' e, 10

process 80 mma e conmon poi nt ers, nornmal nove- out
(NMO) operat i &he trangfiere funglhians hes@YRL ¢ quem%wreadatem@%r

usabl e form féynetrlieage&ixs&lg‘éhcewﬁt%ﬂ \i%Ya 1 hogd % Ek&ék!éf‘s. 3275 then
conpl et e. <?rocess 50a descri bed ove, ch of the nethod 15 was
coef

done for q?egﬁt§°Fquq%QUPFﬂahéHEflﬂB ?Wpllfﬁﬁ§ gl pkater times

10 within each trace (i.e., so that the signals correspond to a
statistically stationary process). Process 128 then applies a
minimum phase filter to the transfer functions h; over frequency
{e.g., time-domain deconvolution with a minimum phase filter),
thus removing the effect of the minimum phase function jo/T

15 therefrom and iscolating the earth reflectivity E for that path
between vibrator V; and geophone G,. This filtering may be done
by way of frequency domain division, or by time domain
deconvolution, depending upon the particular system comptuter 24
involved.

20 Decisions 129, 131 are then performed in a nested sequence
along with index incrementing steps 130, 132, so that inversion
and minimum phase filtering is done for each combination of
vibrator V; and geophone G, in the survey. As a result, a
reflectivity record E is provided for each of the paths of

25 interest in the survey.

In process 104, a model trace is generated for each path
of the survey. This model trace is basically a trace with a
spike to record the phase and amplitude of the original data.
This generated model trace will be used later to remove any

30 phase errors that may have been introduced in the pre-
processing process of the present invention.

In process 106, receiver deconvolution is performed upon
the results of the division process from process 104. In the
preferred embodiment, this receiver deconvolution is of a



of operation is especially suitable for nodern system conputers 24 that

I ncorporate digital signal processors (DSPs), and which are therefore
particularly well-suited to performfrequency domai n operations and inverse
DFT operations. Many 20 conventional system conputers 24, however, are
better suitedWOd8125e donmai n operations such as convol uti oPCTRISSHHEs 50b,
illustrated in Figure 6b, is better suited for conputers of this type. The
same steps in process 50b as in process 502 are indicated by like reference
nunerals in Figures 6a and 6b. 25 A process 50b of Figure 6b,
processes 62, 64, 66 _are.perforned _as_before, s at the hierr] trapsfer
Punct i on coet FIaIh, Z2E0HPEE pGRIPRE SO oot 1S b REEH GPBFIAT PLRTRS
geophone G aemsemils evedon¥olutdlon ofist hesdd egduwendhes prelsntandinyensiofiy om
menory by sys ééyn) ffhGLEN 0 of I LA..P 66
may have beenﬁﬁg%l Veg&@;dééfgﬁ?ﬁﬁgeﬁbg?%Fg %gggu%eﬁ&g§ﬁ%§%%%%ggﬁ55ggﬁéé
descri bed abofermato dicscagmpvehethoefeffschst sdue t hosevariatiiongyebetween
frequenci @s | Pnd B k3t Btel vodd BR§SEe dsedSySt em conput er 24 then perforns

the inverse DFT of _the transfer function coefficients h[err], generating a
series WO 98/ 1Brpesess 108 performs receiver statics correction on the

PCT/ US97/ 17004a firehn bro6éss i106.d0MRI the @akfeer&dtdanboaRhesent aldnseant t he
ti me domai n i npul se.response

f the earth to vibratory seismc enerqgy. For
a first sweepSTUrcs JoSaELan qathsreFo ETOAB8Cet Yeh SERRAEEN (b4 pbFae
response seriegsoyerathtissronViik/ gdliteting Hes thee performed, in process
10 110, using a constant source location variable receiver gather

is used to remove ground roll. In the preferred embodiment,
the same gather for statics correction and for F-K filtering is
used, constant source location. In process 112, shot
deconvolution is performed on the data which has been static
15 corrected. This deconvolution is also of the Wiener-~Levinson
spiking ensemble deconvolution type. However, as with the
receiver deconvolution performed previously, any deconvolution
that is of a common shot gather type to remove shot noise is
acceptable. Process 114 then performs zero phase spiking
20 deconvolution on the data which has been subjected to the
receiver and shot deconvolutions and the statics correction.
This deconveolution is a spectral whitening deconvolution to
reduce monochromatic noise. This ensemble spiking
deconvolution will be adequate to filter out the high-frequency
25 and short time duration of minimum phase earth and impedance
effects; these minimum phase effects include the dynamics of
the corresponding vibrator V present between the monitoring
point on vibrators V) and the earth surface, weathered layer
effects, and certain reflection effects. The filtered transfer
30 function is then applied to a spiking deconvolution process,
such as is described in Robinson and Treitel, "Principles of
Digital Filtering", Geophysics, Vol. XXIX, No. 3 (June, 1964),
pp. 767-778, and Peacock and Treitel, "Predictive
Deconvolution: Theory and Practice", Geophysics, Vol. XXXIV,



dormain record I[err](t) of the nonitored source vibrations fromvibrator WV
In sweep j. As discussed above relative to Figure 3, the source vibrations
nonitored by sensors 5 is recorded in process 34 as a tinme domain signal,
and is later transformed 10 into the frequency domain by the DFT of
process 38. |WOP¥IBPRrefore preferable, if process 50b is kREWNSIHT t he
anal ysis process, to retain the tinme domain record of the source vibrations
fromprocess 34 for use in process 84. O urse, if the time donain
representati on has not been retained 15 ? ut the frequency domain

transformrepngsent ahi eep,st t [ s N; .SiqgRa ' may
be obt ai ned byI@OZnQi.2%%?2%%#?%2?&%ﬂsrgi'or—ro‘ﬁe—cvmg%-ug&ﬂ 488 x?m__o_é_M k? Liddn ess
84. As is wel |&ilreisel nReagders {BSCy K949 v CasRAFPPIESN FO| tike drashctiheni ¢hul se
response series fifle~Hohdin Wriaket MRASUNGR ViEDERS | RRSwhly(£ineQr theom

vibrator Vi in swe wi |l produce a ti .domai n representation that

corr esponds tov’qu@%g’éga?%%’pégﬂ{‘gimﬁ iﬁ&fzuﬁlﬁr%tg’r Wreto W% vibrations
recorded by genjflenei€h deajueinke)jth sweep. According to process 50b of
Figure 6b, the pro t.of the .25 . convolution of process 84 s then
cross-correl ated wi ﬁe%h%e%}a}s&tngsfan e%?&ff?g“%cﬁ'l va& ?FBF‘&?%rh\Sﬁ' MR e jth
sweep. This cridsesmodel etizdeogensraited &ih prbcesmriidr fdeseadtbarthetei nabove
relative to progs B o TP &#ﬁﬁ- | ndi.caLl f rival
of vibratory energf/1 g{?ég%%l%%%gdg%%se u mpgfg‘gdé' gke)r?%/ﬂh% %ﬁlgt g% of
reflective i nterPgeethatndnayy hape kegre igrtrpdueed 5 GFReOPLET AN PEAcePs eSS
S0b is compl etdply repetition of processes 68, 70, 72 for each of the

sweeps perforned f t he _sour ce-geophagne pair Vi, Ga, .followed by the
stacki ng of the cr%&?c&f}%%%?%ﬁ ?gc%ﬁjéﬁfeﬁePErde@“ttﬁ@n for recording

and pre-processing high resolution vibratory source data has
been described which includes the steps of inversion with
measured signals, receiver and shot ensemble deconvolution,

15 statics correction, F-K filtering for noise, zero phase spiking
deconvolution and model dephasing. As stated previously, an
actual vibrator signal related to what the vibrator motion is
measured to provide a signal that is used to process the data.

The data is divided by the actual transmitted signal in the

20 frequency domain. This process is then followed by the normal
gather and stack processes (i.e., process 118 of Figure 8) as
conventionally performed on vibratory seismic surveys,
resulting in a cross-sectional estimate of the location and
depth of subsurface geological and strata.

25 According to any of its above-described alternative
embodiments, the present invention provides the important
capability of allowing, for each geophone in the survey region,
the separation of earth response from individual ones of
vibrators that are simultaneously energized in a vibratory

30 survey. This improved separation is done in a way that permits
multiple vibrators to be simultaneously energized, thus
improving the overall efficiency of the survey operation. This
improved separation takes into account non-linearities in the
operation of the vibrators, imperfect coupling of the vibrator



W08/ 12578 PCT/ US97/ 17001 37

ef fects of random noi se. The process is then perfornmed for each of the
vibrators V for each of the geophones G of interest in the survey, followed
by arrangenent of the survey in process 80 according to the desired fornmat,
gat hers, andwm®8M25881t 5 corrections. According to either PERUSIBIINSes
50a, 50b, the separation of the contributions of each vibrator V fromthe
conposite recorded vibrations at each gegphone G allows for the accurate
determ nation of the seismc survey. In ggrticular the 10 ability to

h I di. h
Tvent | on gri PREFDY N REPPELaT U on 0or i ERREST L OtbRE ot ns
bet ween |ndlnonﬁidbaW|bebavnax,ahngebu#mw@sgnebetn;c@mabyz@ﬂiﬂﬁather than
being |im tefgéditan éﬁg#'éﬁg %ﬂﬁ%&gﬁﬁ? Qﬁetfﬁéé¥ﬂHioheE¥f%ﬂbtéﬂ%v@Qt're

source 15 array a geopho common I nt Tht
i mproved res'ﬁ'ln!m%nuakwf tdfe poesert jnvensient Hatezadthent ofailngesersnic

survey, and ﬁélssoysgaékmféﬁ %t Qnér@i- lmdHe olfMERE tﬁ’HraQ%QEOQéé‘é"nofteat ures.
Referring now t ures and i n conmbi nati an, 20 . exanple of a

vibratory sé&%ﬁﬁ%§1§BF9e®hﬂﬁlq SWS@PtR?(ﬁ%R?PFB%d Q$qﬁﬁrgeﬁ%f%q§ @& ates a

series of t raﬁfa%t@qegresotﬂw p&ebeﬂe Mvepedphowill &d apfangntattor &#hbsds
di stances from a vi brator. ch_wvertical trace

corresponds ¢ qul885¥d5¥*%ﬁnﬁ§ Eﬁﬁg?é?gR§86R8n%g %ﬂgﬁasgdtQ*§tlﬁe nmanner

specification.

10 While the invention has been described herein relative to
its preferred embodiments, it is of course contemplated that
modifications of, and alternatives to, these embodiments, such
modifications and alternatives obtaining the advantages and
benefits of this invention, will be apparent to those of

15 ordinary skill in the art having reference to this
specification and its drawings. It is contemplated that such
modifications and alternatives are within the scope of this

invention as subsequently claimed herein.



25 conventional in the art with the tine axis extending fromthe top of
the Figure toward the bot mlt"ﬂ"' 1"" ul e distance from vibrator |ocation
VA increasing fromthe ri nelg Whe Figure. The exanple of Figure
7a iIIustratm tRﬁzggé)ntri buti'on of energy to the record fromyvibrator VA in
a survey in wWAed four vibrators V were simultaneously GHUFH1E®1and
phase encoded according to the Table set forth herei nabove in the
Background of the Invention. The plot of Fhgure 7a was then generated by

t he conventional nethod of phase separation relative to the phase encodi ng
techni que. W38/ 12578

PCT/ US97/ 17001 38 Referring now to Figure 7b, a plot of the contribution of

vibrator VA for the survey of Figure 7a is illustrated, where the _
separation of the iqont ai Aethed Jff perfobiaida Vibr@oReskosntd Ax&RKdI Ng to
the preferred enbqdinent. of the 5 i nvention. The traces of Figure 7b

were then gerRFREFIRY thie §HeBuRT: of the transfer functions hA (for
vi brator ¥A) and the neasngegirmoar pturvaital iodneibtatordy atothd/ASurffaceeaeh

geophone at ch f Sl d the jnverse DEI of.the result to
gener at e theefqengaggﬂaufgn%{lrbgggg %@ eabtn Die%oan‘}aliﬁrgggt%fo%i%ﬁﬁggnﬁ% and 7b
will illustraweepise thermowheenofptls irdagabyty hef firefluencyl svweepdi beig of t he
i nvention desgrijhgdy hgrei Q¥eor St iiral DEy fdd Sk ' times indicated
by region 88b ofl Flgaure 7b are (rjruc% e;éJr.)grraebﬁs(adr{ %Bgégé%%;lstent t han the
first arrival tines i ngpgh@(éd:he energilzing siep, measuring source

10 vibrations at or near the plurality of vibrators;
storing a representation of the measured source
vibrations in computer memory:;
detecting field vibrations at a plurality of
detecting locations at the surface of the earth, the detecting
15 locations being spaced apart from the location of the plurality
of vibrators to define a plurality of vibrator-detector paths,
each associated with one of the plurality of vibrators and one
of the plurality of detecting locations;
storing a representation of the measured field
20 vibrations in computer memory;
for each of the plurality of vibrator-detector paths,
determining an earth response transfer function at a plurality
of frequencies, based upon a representation of the measured
field vibrations at the detecting location associated with the
25 vibrator-detector path as contributed by the wvibrator
associated with the vibrator-detector path and upon a
representation of the measured source vibrations from the
associated vibrator; and
determining an earth reflectivity function for each
30 of the pluralilty of vibrator-detector paths by operating a
computer to perform a plurality of operatins comprising:
retrieving the earth response transfer function
associated with the vibrator-detector path, over the plurality
of frequencies; and



15 by region 88a of FIJ roving the ability to account for
near-surface | ayer thic mum@ll E ﬂjpvhen maki ng static corrections
using the velocity of refftaét t he near-surface | ayer. Regions
90a, 90b of Figures 7a, 7b, respectively, correspond to a portion of the
survey in whith?4288  ref|ection event is occurring (i.e.,PGIARSYARL and
di stance at which a subsurface interface is detected); a conparison of
Figures 7a, 7b will show that the fidelit region 90b at this event is
much i nproved over that of regi on 90a, e{%l litating the analysis and

i dentification of the refl I tion n of
respective regions 91a, 91?%{%&5‘%5 th&z%gg%i ‘Q%d;ﬁggggtﬁ%?ﬁée “i%to e4i | |
show t hat t hEupgteiomy Wa Bh eartiidiimumt pbase rfehtRWemlmhdnphevea;rtIhe survey
through Its refddiancyl sildliohl SO4CRY Vidirafok ladleghiel pard] ons of the

survey. 30 Accordi ng to anot her enbodi nent of I Aiventi on, process
50 may be inplemented to apply the frequency-domain transfer functlons [ h]

by way 06 an i Nnvez.si Orrher REESSd @dﬁiﬁrlbeﬁﬁﬁtﬁeﬁoé&ibyl%&napm ication S. N

08/ 435,940, filed Ma sign to Mo Q |, Corporation, and
i ncorporated herein %fepeag%’%gfahfzgggggmg an flltenng Spteps for 'each

PCT/ US97/ 17004 13@ phusalifyercetbratdrs kmdpeaoh sof aheoliedddtingd |
Corporation.léé‘%cﬂroggqg to this approach, each transfer function hvg(f) in
the frequency domain (where v and g indicate the vibrator and geophone

I ndi ces of the specific vibrator-to-geophone path)

10 3. The method of claim 1, wherein the step of

determining an earth response transfer function comprises:

retrieving, from computer memory, the stored
representations of the measured source vibrations and measured
field vibrations;

15 operating the computer to transform the stored
representations of the measured source vibrations and measured
field vibrations into frequency domain representations: and

operating the computer to perform, for each of the
plurality of vibrator-detector paths, a plurality of operations

20 comprising:

defining a first matrix of the frequency domain
representation of the measured source vibrations at a
frequency, and a second matrix of the frequency domain
representation of the detected vibrations at the frequency;

25 determining an inverse of the first matrix;

multiplying the second matrix by the inverse of the
first matrix to derive the earth response transfer functions at
the frequency; and
repeating the defining, determining, and multiplying
30 steps for a plurality of frequencies.



5 corresponds to a ref tlon E tinmes a m ni num phase function
M The m ni rum phase fu " ates sone effects of the earth
(e.g., the weathered nears and al so the inpedance of

vibrators Vi ting the |nput Vi bratory energy. 10
di scussed abo@g%ggségr ding to the preferred enbodi nents of ?ﬁgnjﬁ?'@ggﬂt

invention, a signal which is mninmmphase related to the actual force
generated into the surface of the earth iggmeasured by sensors 5 directly
fromvibrators V. As such, an actual S|gnaP is used in this analysis

process instead 1%  oOfpya hee%&tdfceh Ph! 9! fHr@Rak ASmdrsERRYERt  QNAl Jen
the art. As described_ in U S. Patent Rlo. 5' 5ﬁ786 |ssuesd ugﬂ{ét 27, c’Iif996

and i ncorporapé%i TS ALY\ OF fireAEAREleShe recording of vibratory notion and

the processing of the iReerflesimeithel eigaivaluesdopetid) invelsa yRYHat the
unknown act uaJtE %glmﬁgd 20 orce need not be known. The only inportant
factor is thattk &3%f P Quantity is directly proportional to actual

force appbied. In thisdmeeminiidiea aséigttingr actap keretsporbingd dty the
di vi sion. Acc Qf the invention, it is 25
recogni zed th éj?ﬁ%lhgﬁ g{ﬁém%eq‘% ?gﬁ%mlggngg?’% 5 on vibrators V are

related to the actual output force or S|gnal inparted into the earth by a

m ni mum phase trangfer Tiukl“ﬁétt%h Io¥ Eh‘@uﬁ rEaYmRE¥L S oFrRl Q:elgﬂtiﬁt? ddtdency
dormai n, the neasured qut force sig ét hus corresponds to the product

of the true 3¥PrreFPERES €° cﬁJtrﬁG@lP%rﬁj “la?‘&ﬁ‘#e‘?nq @fcthenegenviadugantohase
T: S = UioT vhigligum bRET &5 AHeS eifbhvluctAiErSn 1k daR ek CAUGN Btefionai n.

6. The method of claim 3, wherein the energizing step
comprises:
energizing the plurality of vibrators over a
i5 plurality of frequency sweeps that equals the number of the
plurality of wvibrators:;
and wherein the step of determining an inverse of the
first matrix determines the multiplicative inverse of the first
matrix.
20
7. The method of claim 3, wherein the energizing step
comprises:
energizing the plurality of vibrators over a
plurality of frequency sweeps that is greater than the number
25 of the plurality of vibrators;
and wherein the step ¢of determining an inverse of the
first matrix determines the generalized inverse of the first
matrix.
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Transfer function T is ammummgﬂﬁﬂm‘%usal | i near systemrel ating
true vibrator output U wi ibrator motion U. In this
equation both the m ni mum phase transfer function, T, and the actual out put
source forc¥OWI2%Be 5 unknown. The seisnic records R det RGEPHY B ophones
G (or hydrophones) are represented in the frequency domain by the

convolution of the tinme derivative of t actual source force Uwth the
reflectivity E of the earth as indicated by the 10 following formula: R =

jw* U* E wheregR regre t ur e \ysrep ntsthe
time derivative, and rg‘ggféé%n S {jﬁgﬁegf ?‘ﬂﬁ eﬁ.ﬂeg??\%r?eyrdfglhs é@e}fl on.
usi ng i nver semprises:i ng t hrough a mini num phase band pass filter the ratl o

of R/ S can be read'é:Ynu@.‘EHHé’é@é’ly Eﬁe&gi@ix‘x@ éﬂdh”b@aﬂ?é ﬁlfh“i‘:aﬂwocyf‘ U, the
source output force, fromthe eq uatlon as, follo err] As 1s evident

fromthe foVEgEALRYS tlﬁeauﬁk’f*ﬁﬁ/w 3EEURE %WPBnﬁq’r fébr sY RERIUANSY
el imnaged gwéepi mgequation. A scaling factor is also required to preserve

total energy 25 t hrou the inverse filtering.prqocess. .The seisnpgramis
now represent ed by Rs/l"’%q&ﬁae‘e iengrgizing each of “the plurality o of

vibrators in a second phase relationship, different from the

first phase relationship, for a second frequency sweep.

10 9. The method of claim 1, wherein a selected one of the
plurality of vibrators is not energized during each of the
plurality of sweeps.



t he desired answer of earth

r er E, convolved (in the tinme domain)
with a m ni num phase funct LH‘I (ml im lJi I“ﬁ a property of m ninum phase
functions that their deri eir reciprocal are also mnimm

e t he

98/

phase. The sgj m can be fur r processed Wi th mninum

deconvol ut i onaiogﬁgg%’gl n E, WO 98/ 12578 PéRBTron
PCT/ US97/ 17001 41 the ref I ectivity inpul se response of the earth in the
frequency domain. In essence the R/ S seggnogramis the band limted

I mpul se seisnobgram It is causal and m ni nrum phase related to the earth

response. The accuroaconﬁ\etttkch oZppen@cdting Bi glishic surkee wéécﬁﬁ!@enon t he
actual, yet unkn e vibrato notion has been elim nat

reference to PHE 4T Li&’faslﬂ\fgsg%”ﬁ% BinFHoVRIC S1earir n{n% ‘ﬁ\?g"f“é
process 47, aneﬂunemenp@rcaﬁ |snrurmau¢rbzhﬂ:1pasfﬁmmchtby)rs;zeaemmmbter 24 to

prowde[R]/[ h r | t d. b S-lerr [RI,
or the transf"g‘;rc Eﬁﬁc %oﬁ%e gﬁg“ffa% %%tte g%g%lg E}fart\g%gfeﬁl‘?% 8H§H’h] S
t he.produbt cénengd:zedvever aspdncal bl sweepsit rand mBashirerienis mEasur enent s

by sensors 5 ééfé@t\éhb{r%&,{t&o}{s teom J@éerca:asr[ﬁha{fa%?e ﬁfa&lﬁﬁﬁ&oﬂﬁé‘-ﬁm Thi s

vi brations at geophones at each frequency
product resul ¥ |Vﬁb§aﬁ%ﬁ5f'l sthehpreyiqued vt phkaingd f"i}ﬁé’?r‘:eﬁk seismier

frequency, fGliesthirehénts Heingespatds BedigeraVifdral 8hSa Vlordgtt@4ORendt 0

geophone @ aém{prreggreg.cy fk, in this exanple.

10 determining earth response tranzsfer functions for
each seismic path between one of the plurality of vibrators and
one of the plurality of detecting locations, by operating a
computer to perform the steps of:

retrieving, from computer memory, the stored

15 representations of the measured source vibrations and measured

field vibrations;

transforming the stored representations of the
measured source vibrations and measured field vibrations into
frequency domain representations;

20 defining a first matrix of the frequency domain
representation of the measured source vibrations at a
frequency, and a second matrix of the frequency domain
representation of the detected vibrations at the frequency:;

determining an inverse of the first matrix;

25 multiplying the second matrix by the inverse of the
first matrix to derive the earth response transfer functions at
the frequency to derive earth response transfer functions at
the frequency; and

repeating the defining, determining, and multiplying
30 steps for a plurality of fregquencies; and
for a plurality of frequencies, filtering the earth
response transfer function with a minimum phase filter.



20 In effect, the r¢y rated to provide traces, for each
geophone, correspondi xmﬂﬂllmwnﬁﬁlmones of the vibrators V. O course,
as noted above, similar opertati®ns wdul d be perfornmed for each geophone G
of interest_jn bh!% survey. 25 Referring now to Figures 8 and 9,
process 50" WFePoTRed by system conputer 24 according to tHEUSSFA®Phati ve
enbodi nent of the invention, where the reflectivity Eis determned by the
above-described matrix inversion of thecgset of separated transfer functions
h for each geophone G wll now be described 30 in detail. As shown in

Figure 8 procesy S0nReghafod ik RAAERSFO, Arehir ' GhidhaXing, from memory,
recorded data generated by system computer 24 (Ln process 40). As noted
WO 98/ 12578 for each ' pair of one of the plurality-pfudbratems 42

above, thi sagtchendfl thecpLdaliihe sBiddrRTihg] 16¢ationasl 8¢ datcidoRgef OF
all four of #he p%t hs b?tween vi brators VA through VD to geophone G, over
al | frequerRPERIY REFESTUENGISEAt i ng factors generated according to the
qual i tySval ues QV f ordetzechibing pdieh edpgenealesf péqtise cinvergebefi tioor por at ed
into this rgﬂ'te\{n%q_rg La,,§0 as to di scount the contribution of
poor | y- behaved sweep f'fequencies. Process 52 corresponds to a division, or
i nversion, process t [etermiping o medgbhindefantasucedrespgndlingato gaephones

10 G Prggféﬁraﬁ.%ée?f:&ﬁe&;é d@tékﬂmﬂgc%@%pgi fference between the present
i nventi on and conventional processing. I'n cohventi onal
10 12. The method of claim 11, wherein the weighting factor
corresponds to a ratio of a maximum one of the eigenvalues to a
minimum one of the eigenvalues from the determining step.

13. The method of claim 10, wherein the number of the
15 plurality of frequency sweeps equals the number of the
plurality of wvibrators:
and wherein the step of determining an inverse of the
first matrix determines the multiplicative inverse of the first
matrix.
20
14. The method of claim 10, wherein the number of the
plurality of frequency sweeps exceeds the number of the
plurality of vibrators;
and wherein the step of determining an inverse of the
25 first matrix determines the generalized inverse of the first
matrix.

15. The method of claim 14, wherein the combining step is
performed using frequency domain representations of the earth
30 response transfer functions and measured source vibrations.

16. The method of claim 15, wherein the combining step is
performed using time domain representations of the earth

response transfer functions and measured source vibrations.



processing, the receive ed with the pilot signals, which
are the ideal waveforns t]mr‘w!amﬁgﬂmﬂho correspond to the vibrations
actually inparted into the eartth'8 15 =*surface; however, as noted above,

di stortion ef&ﬁﬁhﬁ ch as poor coupling, non-linearities, base plate
flexure, and t produce distortion fromthis ideal. | PRI YNt

i nvention, as wll now be described relative to Figure 9, inversion process
102 elim nates certain assunptions which 28 previ ously have been nmade
regarding the vibrator force injected into the ground. Referring now to
Figure 9, the operlavtlonnoippart\aeu@mwégﬁesmﬁ@z B0 beNgndthdr)i $he

enbodi nent of tQﬁggresent |nvent on w.l | w be descriped in detai

Process 102 DRt T98PONSE (4 B BLREAL YO |ﬁwﬁﬁﬁ§ﬂ?ftﬂé FREH0Adoral o

i nterest in ainfpartedpfisen of pﬂheapince.ffs viibratiery isimadtahdoyyigcang 122, the
specific tra I n r hone (Jerr], over
frequency, a;}”zécr%é?'%ge%% r&e@%{:#&fﬂ corrpuf)gf %%‘%? lgl;hnﬁérmry Use of the
previ ousl? det er mi ned mewxatfezt stantie rrepyesentatidns30f somradeesponds to

di vision of t 0L G£P e
vi brations SJa}'t%%?%%?%sQ\?%ngéﬁgétghrggggﬁer el nggoégg h%hlg?a%rs#& egguch
division is d@#F@FﬁEﬂ'after separation of the contributions of specific

vibrators V to the conpesé#® foRCBEESinY x%w(és&ﬁté&%dsnéfcaiﬁsaél ‘ﬁispec' fic

WO 98/ 12578 CT/ UsS97/ 1700
vibrator Vi fISreheret e gatecting Heophi®Rsion is to be done,
10 a computer, coupled to the memories, and programmed

in such a manner as to perform the steps of:
retrieving the stored representations of the measured
source vibrations and measured field vibrations;
transforming the stored representations of the
15 measured source vibrations and measured field vibrations into
frequency domain representations;
defining a first matrix of the frequency domain
representation of the measured source vibrations at a
frequency, and a second matrix of the frequency domain
20 representation of the detected vibrations at the frequency:
determining an inverse of the first matrix:
multiplying the second matrix by the inverse of the
first matrix to derive the earth response transfer functions at
the frequency;
25 repeating the defining, determining, and multiplying
steps for a plurality of frequencies; and
applying a minimum phase filter to the result of the
repeating step; and
an output device, coupled to the computer, for
30 display of seismic survey information based on the earth
response transfer functions.



t hus defining the speci 1 tlurmmwrat or Vi to geophone {err] of
interest in this invers;i“mnm HI h is specified, process 126 selects
the 5 transfer function M for "t h& cbntribution of vibrator Vi to the
overall record matrix [D], for all frequencies of interest. Once the
transfer ful@BOHIni over frequency are determined, a spH&GHYSATIWN er gence
filter is applied, in process 127, to correct for attenuation of signal
anplitude at later tines 10 wthin eagg trace (i.e., so that the signals
correspond to a statistically stationary process). Process 128 then applies

a m ni num phase g It t apsf . tigg?r i r (e.g.,
ti me-domain decolndvol 3’%‘?0%‘\%%?53 %fn?inﬁjlnrfgﬁése |‘{'rltne(r%)‘l{1,g ?%Wn%& ng the
ef fect of tHShIFPAEIAPIAIS PEREPT®BN dtneRchsof theepdirakitndf sol ating t he
earth refl egfdgtidniBsf Oknd RAlepBabh: bet ween vibrator Vi and geophone Gn.
This filtering may be done, by way of  frequency gomain, di vision, or by tine
domai n deconvol ut i on,deﬁéﬁ’é*ﬁ%/% %501%19%" i 0| the dyvezrecehpther 24

i nvol vell. 2flirst matrDegisdns 129, 131 are then perfornmed in a nested
sequence along with ingex i ncrenent i ste 30, 132, so.that inversion
and m ni mum phase fi PESFFRYPH 80”81%1%%%° BhLFHSSBRGA Y |7 4% Vi and
geophone Geigenvadusarfxom the detesuiningastepl ectivity record E is provided
for each of the paths of 25 interest in the survey. In process 104, a
nodel trace is generated for each path of the survey. This nodel trace is
basically a trad®.-w ﬂ'heaamﬁﬂaéuﬁooge‘ékﬁiél e phersingtheawpidhtida of t he
origingd daggbtotcdrsesisdmiscdoRURALid 3FCaWahkinlifn USBUcE AL tO renove any

30 phase errors_that nay have been introduced in_the pre-
eigenvalues to minimum one of the eigenvalues Irom the

determining step.

20. The apparatus of claim 18, wherein the number of the
15 plurality of frequency sweeps equals the number of the
plurality of vibrators;
and wherein the step of determining an inverse of the
first matrix determines the multiplicative inverse of the first
matrix.
20
21. The apparatus of claim 18, wherein the number of the
plurality of frequency sweeps in the energizing step exceeds
the number of the plurality of vibrators;
and wherein the step of determining an inverse of the
25 first matrix determines the generalized inverse of the first
matrix.



processi ng process of the present invention. In process 106, receiver
deconvolution is perforned upon the results of the division process from

process 104. In the preferred enbodi nent, this receiver deconvolution is
of a VO 98/ W dshass PC/ US97/ 17001
44 comon receiver gather format. A Wener-Levinson spikus8n7o0:

ensenbl e deconvolution is used in the present invention, however, any
deconvol ution which uses a comon recd ¥y4p gather format to renove the
effects due to variations between 5 i ndi vi dual receivers may be used.
Process 108 perforns receiver statics correction on the data from process
106. In the preferred enbodi nent a constant source | ocation gather to
renove receiver statics, (i.e. intra group statics). F-K filtering is then
performed, in process 10 110, using%Y constant source |location variable

receiver gather is used to renove grodqg roll. In the preferred enbodi nent,

the same gather for statics correctjwn or F-K filteriyng i s used,

constant source location. In proceséi}lZ, shot vol uti is perforned
5 : :

on the data which has been static corrected. This decon nis

al so of the Wener-Levinson i ng ep®Ynbl e deconvol uti on type. {However,
as with the receiver decopvol ution rtgqrmed previously, any decgnvol ution
that is of a comon shoy gather ty to {renmove shot noise is accgptable.
Process 114 then perfgfns zero phase Hki ng 20 deconvol ution fon the data

whi ch has been subjecfed to t

FIG. |

0

VIBRATION

SEPARATION
SYSTEM
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recei ver and shot deconvol utions and the statics correction. This
deconvolution is a spectral whitening deconvolution to reduce nonochronmatic

noi se. This ensenbl e spi king deconvolution will be adequate to filter out
the hi gh-frequgpg %E and short tinme duration of m nimum phase earth and
i npedance effects ese m ni num phase effects include the dypetussnay;the

correspondi ng V|brator V present between the nonitoring point on vibrators
V} and the earth surface, weathered |aggrj2effects, and certain reflection
effects. The filtered transfer 30 function is then applied to a spiking
deconvol uti on process, such as is described in Robinson and Treitel,
"Principles of Digital Filtering", Geophysics, Vol. XXl X, No. 3 (June,
1964), pp. 767-778, and Peacock and Treitel, "Predictive Deconvol ution:
Theory and Practice", CGeophysics, Vol. XXXV, WO 98/ 12578

PCT/ US97/ 17001 45 No. 2 (April 1969), pp. 155-169, both reprinted in The
Robi nson & Treitel Reader (SSC, 1969), corresponds to the production of a
ti me-domain trace |nd|cat|ve of t he tmo way tine of the vibratory energy

along the particula 15 reflection sequence). Mode

dephasi ng |s , rocess 116, using the nodel trace

gener at ed a gﬁ% 104 fq mggﬁh path to record the original phase and
anpl i t ude, any pl R ors that may have been _ntroduced by the

previ ous proceSS|ng 10 sfeps.

FROM
WH%FRS

SYSTEM 24
COMPUTER e

9
107 v ‘IIII.'

25

/]
l\:_fo
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Thus, the nethod of the present invention for recording and pre-processing
hi gh resol ution vibratory source data has been described which includes the
steps of inversion with nmeasured signals, receiver and shot ensenble
deconvol ution, 15 statics correction, F-K filtering for n " ﬁ% phase
spi ki ng decorW@P¥IZBn and nodel depha5| ng. As stated previo '§97é gct ual
vibrator signal related to what the vibrator notion is measured to provide
a signal that is used to process the3dd@a. The data is divided by the
actual transmtted signal in the 20 frequency domain. This process is
then foll owed by the normal gather and stack processes (i.e., process 118
of Figure 8) as conventionally performed on vibratory seismc surveys,
resulting in a cross-sectional estinmate of the |ocation and depth of

subsurface geol ogical and strata. 25 According to any of its
above-described alternat [V odi ment s, € lpresent invention provides the
i nportant capability of pallow ng, f f the survey region,
the separation of earth fesponse frQrACTIVATEdMULTIPEE jof wphbrators that are

si mul t aneously energi zed{in a vi br atf oNIBRATORSIrOVER Il(s i mproved
separation is done in a ay that pefm DESIRED }svﬁapbrat ors to be

si mul t aneousl y energi zed] thus i npréwrg—theqoverat+—efficiency of the
survey operation. This iphproved separation t&kes into _account
non-linearities i perati op of Mo]e Japerfect coupling of
t he vibrator 9 8 F&ﬁéoﬁob VIBRATIONS |34

“38 ENCGODING AT GEOPHONES G

YES

PERFORM FFT ON
RECORDED VIBRATION [~—38

SIGNALS

SEPARATE EARTH RESPONSE
FUNCTION FOR EACH —~—40
VIBRATOR—-GEOPHONE PATH

l

APPLY SEPARATED
EARTH RESPONSE —~— 50

FUNCTION TO
GENERATE SURVEY

FIG. 3
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to the earth, non-repeatability of the vibrators, and other non-ideal

behavi or, thus inproving the accuracy of the resulting survey and inproving
the resolution of the survey. Through use of the present invention,
intermttent failure or 5 noi sy operation of one or nore ?% gmv,' rators
does not nece¥9IMB that a sweep be repeated. Qther benefi

advant ages of the present invention will be apparent to those of ordinary
skill in the art having reference todthizs specification. 10 Wi | e
the invention has been described herein relmm §o its preferred

enbodi nents, it is of course contenpl ated ng fications of, and
alternatives to, these enbodi nents, such nodifijcati ons and alternatives

obt ai ni ng t he advant ages and benefits of thisdinvention, wll be apparent
to those of 15 ordinary skill in the art havijng reference to this
specification and ii ts drawings. It is cont enpl gt ed that such nodifications
and alternatives @are within the sc n_as] subgequent |y

cl ai med herein. WD 98/ 12578 R UE‘N&? K 42

PCT/ W97/ 17001 47 GCLAIMS: 1. A net ho%ﬁ?& &g&&k_ﬂ' atory seismc
survey, conprising the steps of: 5 E gta pluraljtgy of

vi brators at the iurface of the earth to vibratfe the earth over 4 rality”’
P

of frequency sweeps, the nunber of the pluralitly of frequency svwfeps being

44\ DETERMINE EIGEN VALUES| )
OF [S]

YES

> 45

REDUCE WT. FACT.

46b

4ba WT. FACT=1

1

APPLY [S7] TO fk VALUE

f49 OF RECORDED GEOPHONE
VIBRATIONS TO OBTAIN | —47

INCR K RESPONSES h(fg) FOR
ALL PATHS

TO 50

FIG. 4
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at least the nunber of the plurality of vibrators; during the energizing
step, neasuring source 10 vibrations at or near the plurality of
vibrators; storing a representation of the neasured source vibrations in
conputer menory; detecting field vibrations at a plurali ty of detecting

| ocations at WO&8/4357% ace of the earth, the detecting 15 SETUSHAIM e ng
spaced apart fromthe |ocation of the plurality of vi brators to define a
plurality of vibrator-detector pathsg/gah associated with one of the
plurality of vibrators and one of the plurality of detecting |ocations;
storing a representation of the neasured Efl-ﬁ%d é%e vi brations in conputer
menory; for each of the plurality of vibr Mg ctor paths, determ ning
an earth response transfer function at a plurality of frequenC| es, based
upon a represent atig brations at the detecting

| ocati on associ at €d W|th the 25 eg ector path as contributed by
the vibrator assocgiated with the ' up
representation of {the neasured >0MCEREQJJENCXn§kfrERNE: Sﬂat ed
vibrator; and det¢grmning an eaf tCOMPLEXC{TRANSPOSHEC MATRIKoI each 30 of the
pluralilty of vibrfator-detector pat hs by opigq}]l ng a conputier to performa
plurality of operatins conprisihg.retrieyi he earth response transfer
function associategd with the vi brator det ect o path, over the plurality of
frequenci es; and

VI br ator-d

AT fi, PERFORM MATRIX MULT. /54
OF [sST]1 anD GENERATE
COMPLEX INVERSE [ssT]?

l d
DETERMINE WT. e

FACTOR FROM /56
X——hmﬁ OF [sST]7

l

APPLY PRODUCT OF [SST] ST
TO f, VALUE OF RECORDED /57
GEOPHONE VIBRATIONS TO
OBTAIN RESPONSES
h(fc) FOR ALL PATHS

/59

INCR K

TO 50

FIG. S
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WD 98/ 12578 _ PCT/ US97/ 17001 48
filtering the retrieved earth response transfer function with a m ni nrum
phase filter to yield the earth reflectivity function for the

vi brator-detector path. 5 2. The met hod of claim 1,

conpri sing: r\!ﬁé&(ﬁﬁ?ﬁg the dividing and filtering steps for é’g{ éﬂﬁwe
plurality of vibrators and each of the detecting | ocations. 10

The method of claim1, wherein the §2p20of determning an earth response
transfer function conprises: retrieving, fromconputer nenory, the stored
representations of the nmeasured source FROMit4@ns and neasured field

vi brations; 15 operating the gorrput er to transformthe stored
representations of the nmeasured 2 sured field

vi brations i f r ncy donai p H?ﬂ@c; d_op&ating t he
conputer to E 0r$A3r each o str%gfﬁura?t 0 gﬁ rator-detector pat hs,
a plurality of operations 20 conpri si ng: i rix of the

frequency donain reprewation aof the nea%®ured sour vibrati pns at a
frequency, and a second ha

rix f |, eseptati on of
the detected vibrations at & he %@Gﬁ@ﬁe&sjﬁgﬁm&w %Ieterm' ning an

I nverse of the | SEco trix by the inverse
of the first ndtrix to derlgé ;EE Egiig Eggz;;se transfer functions at the
frequency; and RETRIEVE h;j, TRANSFER FCN 66
COEFFICIENTS FOR GEOPHONE Gn j

OVER DESIRED FREQUENCIES

)l

FREQUENCY DOMAIN MULTIPLY
hin WITH COEFFICIENTS 68
1j FOR MONITORED SOURCE |/~

VIBRATION FOR SWEEP j
INCRE.MENTI i
J !

i
\,5 |INVERSE DFT OF hyfy |70
Y

CROSSCORRELATE PILOT| -,
SIGNAL WITH F{h; - Ii}

71 /78

ORE
WEEPS INCREMENT n
?
INCREMENT| 74 T
: T STACK CROSSCORRELATION FOR
76 PATH V;#-Gpn OVER ALL SWEEPS

AU

ARRANGE SURVEY

SUBSTITUTE SHEET (RULE 26)



repeating the defining, determning, and multiplying 30 steps for a
plurality of frequencies. WO 98/ 12578

PCT/ US97/ 17001 49 4. The nethod of claim3, further conprising, at each
of the plurality of frequencies: determ ning the eigenvalues of the inverse
of the first yRloghissg and 5 determ ni ng a wei ght ppgrkeweten
corresponding to the eigenval ues fronf{h2 determining step. 5. The et hod
of claim4, wherein the weighting factorﬁgr,&roesponds to aratio of a

maxi mum one of the eigenvalues to a 10 ni'mum one of the eigenval ues
fromthe determ ning step. 6. The nethod¥of claim 3. \M% rein the

energi zing step conprises: energj zi NnGELEDE GROPHONE & y offL-Vibrators over a 15
plurality of frequency sweeps thateguars tne_nomer—of the plurality of

vi brators; and wherei nSbhe step of determ’rﬁng an inverse,of the first
matrix determnes the nul thplicafive shrveiSgmRitos e fipst matr|x. 20 7.

The nethod of claim3, wherein the—enmergrzgny—step—conprises: energi zing
the. plurality of vibrators over a plumality of frequency fgweeps that

Is greater than the nunber RETRIEVE. hin TRANSFER FCN s
COEFFICIENTS FOR GEOPHONE ¢ |/~
OVER DESIRED FREQUENCIES

y

INVERSE DFT OF TRANSFER 82
FUNCTION COEFFICIENTS S
hin "’Sin

>y

TIME DOMAIN CONVOLUTION
OF Sin + Ij(t) TO "

PRODUCE SEPARATED RECORD | /~
Rin {t) FOR SWEEP j

¥
INCREMENT
: CROSSCORRELATION OF 86
T PILOT SIGNAL WITH e
7 RECORD Rin (1)
78
7 4

MORE INCREMENT n |

SWEEPS i
2

INCREMENT
,‘ V?B

74
STACK CROSSCORRELATION FOR |/~
PATH Vi—»Gp OVER ALL SWEEPS

S

ARRANGE SURVEY

FIG. 6B
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25 of the plurality of vibrators; and wherein the step of determ ning an
i nverse of the first matrix determ nes the generalized inverse of the first

matri Xx. WD 98/ 12578

PCT/ US97/ 1700 1wefbsR2s78 The nethod of claim 1, wherein the enePrtﬁj Zi ng step
conprises: sinultaneously energizing each of the plurality of YSPHE80s i n
a first phase relationship for a first _frequency 5 sweep; and

si mul t aneousl y energi zi ng each of the &I/L]Qal ity of vibrators in a second
phase rel ationship, different fromthe first phase relationship, for a

second frequency sweep. 10 9. The nethod of claim1, wherein a
selected one of the plurality of vibrators is not energized during Pach of
the plurality of sweeps. WO 98/ 12578 .

PCT/US97/ 17001 51 10. A nethod of generating a seismc survey baseggon
previ ously obtained vibratory seism c neasurenents including neasu nts
of source vi h§ations fromat or near vibrators |ocated at the surfu.e of

the "‘earth thac are simultaneously
A
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5 energized over a plurality of sweeps, and neasurenents of detected
vi brations from detector |ocations spaced away fromthe vibrators, the
previ ously obtained vibratory seism c neasurenents being stored in digital

formin a congy Jigory, conprising: 10 determ ning earth
response transter }unctlons for each seismc path between onECHUS$HE001

plurality of vibrators and one of the plurality of detecting |ocations, by
operating a conputer to performthe st®p32of: retrieving, from conputer
menory, the stored 15 representations of the nmeasured source vibrations
and neasured field vibrations; transform ng the stored represent ajggons of

t he measured source vibrations and neasured field vibrations into 4§uency
dormai n representations; 20 defining a first matrix ofr\he<

frequency domain representation of the measured source vibrations
frequency, and a second matrix of the frequency domain representa of

the detected vibrations at the frequency; determ ning an inverse tahe
first matrix; 25 mul tiplying the second matrix by the verse
of the first ' Y tihg e n nansf funct y gn { the
frequency t and
repeating t#e
plurality of f ' t he
earth respong@ )
A A, v gt
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WD 98/ 12578 PCT/ US97/ 17001 52 11.
The nmethod of claim 10, further conprising: for each pair of one of the
plurality of vibrators and one of the plurality of detecting |ocations, at
each of the pl Wgdghtshgof frequencies: 5 determ ning the
ei genval ues of the inverse of the first matrix; and determ niheF/usImezoght i ng
factor corresponding to the eigenval ues fromthe determning step. 10
12. The nmethod of claim 11, wherein W¥]2wei ghting factor corresponds to a
rati o of a maxi mum one of the eigenvalues to a m ninumone of the
ei genval ues fromthe determ ning step. 13. The nethod of claim 10, wherein
t he nunber of the 15 pl ura'{-r'ﬁgm@frequency sweeps equal s the nunber of
the plurality of vibrators; @ ein the step of determ ning an inverse
of the first matrix determ nes li‘he mul tiplicative inverse of the first
matrix. 20 14. The method of cl & m 10, wherein jthe nunbe} of the plurality
of frequency sweeps 3 eed$ the nunber of the plurality ¢of vibrators; and
é(beﬁm
iz

wherein the step of niRECEIVEl nver se of tlhe 2 f¥rst pmatrix

determ nes t genera i \DAT#Ae of| the first matfi The ~Akt#od of
claim 14, whgp‘ n the conbii IS 3‘PII€I§JG /Pda
DECON
102~ | INVERSION l
PROCESS MODEL / 116
l DEPHASE
194 MODEL ;
RACE CONVEN | 118
l PROCESS

105\ RECEIVER
DECON

!

108~ | RECEIVER
N STAnCS

110 FK
\ FILTER

l

112 SHOT
N DECON
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performed using frequency domain representations of the earth 30 response
transfer functions and measured source vibrations. 16. The nethod of claim
15, wherein the conbining step is perfornmed using tinme donain
representations of the earth response transfer functions an
sour ce vi br at WG&12578 \wp 98/ 12578 bR A6
PCT/ US97/ 17001 53 17. An apparatus for separating, fromone another, the
earth response to a plurality of swdggsiZof vibratory signals inparted from
a plurality of vibrators sinultaneously and received at a detecting
| ocation, conprising: 5 menory for storing representations of
source vibrations as recorded at or near each of the plurality of
vibrators; nmenory for storing representations of vibrations detected at the
detecting |location; 10 a C?ﬁ?ﬂaeﬁ coupl ed to the nenories,
and programed in such a manner as to pertor P e steps of: retrieving the
stored representations _of the neasured sour vi brations and neasured field
vi br ati ons; tr#hsforning the stored represengations of the 1592§peasured

0

source vi brati ons and neasur ed Tt T ac] i ofrequePKT 102
representations$; defining a fifrst -té&ﬁ @tb @&%qﬁ@ncv domai nﬁ
representationf{of the neasured source vibratjons at a frequency, and a
second matri x ¢f the frequengy—donai-n- 122

RETRIEVE [h] FOR GEOPHONE Gn

-

y

12~ SELECT VIBRATOR V;

!
126 SELECT CONTRIBUTION OF
“\|VIBRATOR V; FROM [h] OVER ALL
FREQUENCIES

1:52\ +
INCREMENT APPLY SPHERICAL DIVERG. FILTER—"'27
N

Y
APPLY MINIUM PHASE
DECONVOLUTION FILTER Ve 128
TO [hi]

INCREMENT
}

e

129

131

TO 104
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20 representation of the detected vibrations at the frequency;
determ ning an inverse of the first matrix; nmultiplying the second matri x
by the inverse of the first matrix to derive the earth response transfer
functions at requency; 25 repeating the dgfiimi
det er m ni ng, ‘gﬁgwkﬁ”ti plying steps for a plurality of frequenc@gsg’g@rlld
applying a mninumphase filter to the result of the repeating step; and an
out put device, coupled to the conpui%v’,'lZfor 30 di spl ay of seismc survey
i nformati on based on the earth response transfer functions. WO 98/ 12378
PCT/ US97/ 17001 54 18. The apparatus of claim 17, wherein the conmputer is
al so programmed to perform at each of the plurality of frequencies, the
steps of: determ ning the eigenvalues of the inverse of the 5 first matrix;
and determ ning a weighting factor colFROMO3& ng to the eigenval ues from
the*determ ning step. 19. The appar at us g% claim 18, wherein the wgrghting
10 factor corresponds to a ratio of a Xi mum one of the ei alues to a
m ni rum one of the ei genval ues—f+em-the—determ-ntnrg—step. 20. The apparat us
of claim 18, wherein the nunper RETRIEVE PILOT SIGNA /138

FOR VIBRATORS V :

]

FOR RECORDED SIGNAL 140
Ri, CORRELATE e
WITH PILOT SIGNAL

!

WINDOW CORRELATION RESULTS /1 42
OVER DESIRED "LISTEN" TIME

146
/ R
INCREMENT PERFORM FFT ON 144
i wmnowe? gogRELATmN e
{ OR Ri

T0 40
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15 plurality of frequency sweeps equals the nunber of the plurality of

0-2.

vibrators; and wherein the step of ‘determnining an |nverse of the first

T et e T RGN SARGH MerbRt o, oL T

sweeps in the energizing step exceeds the nunber o

vi br at
mat ri

£.

LU L.L

| | Ifl
ntem 1onnl appl %auon

Wﬁﬁ?q"f Waluty of

Bﬁéﬁ‘e??ﬁ"n@%’”ﬂ%é"s@@ﬁé? foptinagliop ef\jtep Sof Hf firstsbeed| r st matri x.

" frequenc

The technical features mentioned in the abstract do not include a reference sign
between parentheses (PCT Rule 8.1(d)).

NEW ABSTRACT

A method of separating the effects of the earth response on vibratory energy
from individual ones of multiple vibrators (Va-Vd) to geophones (G1-GS5), in
generating a seismic survey, is disclosed. According to the disclosed method,
measurements of the actual vibrations generated at the source are made, in addition
to the geophone measurements of the refracted and reflected vibrations, both over a
number of frequency sweeps. The source (Va-Vd) and geophone (G1-G5)
vibrations are first transformed into frequency domain representations, by way of
Discrete Fourier Transforms. An inverse matrix of the recorded frequency-domain
source vibrations is then generated for each frequency. When the number of
sweeps equals the number of vibrators (Va-Vd), the inverse matrix is merely the
multiplicative inverse of the source measurements; if the number of sweeps exceeds
the number of vibrators (Va-Vd), the inverse matrix is the generalized inverse of
the original matrix. The inverse matrix for the frequency is applied to the recorded
geophone vibrations at that frequency, to derive the transfer function (ha-hd),
corresponding to the earth response, for each vibrator-geophone path in the survey.
A weighing factor may be used to discount the effects of poorly behaved sweeps,
and may be based on the ratio of the maximum and minimum eigenvalues for the
inverse matrix. Using the derived transfer functions (ha-hd), an earth reflectivity
function may be derived for each vibrator-geophone path by applying a minimum
phase filter to the separated vibrator-geophone transfer function over frequency.
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(57) Abstract

A method of separating the
effects of the earth response on
vibratory energy from individual

ones of multiple vibrators
(Va-vd) to pcophones (G1-G5),
in generating a seismic survey,
is disclosed. According to the

disclosed method, measurements
of the actual vibrations generated

at the source are made, in

addition to the geophone
measurements of the refracted
and reflected vibrations, both
over a number of frequency
sweeps. The source (Va-Vd) and
geophone (G1-GS) vibrations are
first transformed into frequency
domain representations, by way
of Discrete Fourier Transforms.
An inverse matrix of the recorded
frequency-domain source
vibrations is then generated
for each frequency. When the
mumber of sweeps equals the

number of vibrators (Va-Vd), the inverse matrix is merely the multiplicative inverse of the source measurements; if the number of sweeps
exceeds the number of vibrators {Va-Vd), the inverse matrix is the generalized inverse of the original matrix. The inverse matrix for the
frequency is applied to the recorded geophone vibrations at that frequency, to derive the transfer function (ha-hd), corresponding to the
carth response, for each vibrator-geophone path in the survey. A weighing factor may be used to discount the effects of poorly behaved
sweeps, and may be based on the ratio of the maximum and minimum cigenvalues for the inverse matrix. Using the derived transfer
functions (ha-hd), an earth refiectivity function may be derived for each vibrator-geophone path by applying a minimum phase filter to the

separated vibrator-geophone transfer function over frequency.




