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GATHERING WITH A PLURALITY OF VIBRATORY SEISMIC ENERGY SOURCES \/
(57) Abstract
A method for receiving and pre-processing vertical seismic profile RECEIVE
high fidelity vibratory seismic data includes the steps of measuring the DATA ™\ 50
motion’ of the vibrator which is related to the vibrator applied force times i
| a transfer function of minimum phase, causal, linear system relating the
actual vibrator output with the measured vibrator motion (50), separating DATA
signals according to the generating source of each (52), determining a SEPARATED [ \-52
ratio by dividing the vibratory seismic data be the measured motion of the
vibrator to remove the unknown applied force leaving the earth reflectivity
times a time derivative divided by a minimum phase function (54),
_minimum phase band pass filtering the resulting ratio (56) and performing INVERSION .54
minimum phase deconvolution (58) to remove the time derivative divided i
by the transfer function of minimum phase. ..
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properties of the inpedance function of the earth can be cal cul ated. The
present invention provides a nethod f:br: generating, recording and
preprocessi ng high resol ution 30 vi bratory source data for use in
vertical seismc profile technology. The nethod of the present invention

i ncl udes neasWPPHEE4®Phe noti on or notions of the vibrators. HOBUSIGINSEONS
are related to the actual vibrator applied force by a transfer function of
a m ni mum phase, causal, |inear MD19 /18490

PCT/ US96/ 15736 2 system and are used t'o parate received signals. These
signals are used in an inversion operation to process the received data.
The system of the prE&ent invention relates the -actual vibrator outpes W th

t he neasured vi 5 notion or notions. The vibrators are energized
with a predeter pattern. This pattern is used to separate the Mﬁ)eived
data according ¥ e soultce used to generate the detector notion ofyg.
notions. The regcelved datﬁ may then be processed to isolate the domﬁﬁbing

waves for each {10 |vigrajory source. The separated data nmay then be
processed by convenfi &al {correl ation using the downgoi ng wave data to
produce a seisnogfam In the alternative, a ratio may be determ ned by
dividing the vipreatpry se smi & data y the ngasured Jaotion or potions of
each of the vibratofsXo {5 renovéPthe unK?omm ap®ied forcg |l eaving the
earth refl ecti viity tiﬁ%s et ryvative sdividedshy a NI um
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phase function. M ni mum phase deconvolution is perforned to renove the tine
derivative divided by the transfer function of m-ninum phase. 20

Figureel is a drawing of a typical vertical seismc profile data gathering
technique. Figure 2 is a plan view of an alternate arrangenment of vibratory
sources in theowsnss the present invention. Figure 3 is a pcmussisweof a
second alternate 25 arrangenent of vibratory sources in the use of the

present invention. Figure 4 is a block gk?gran1of a flowchart illustrating
a preprocessing nethod for verti cal sef c profile data generated by
mul tiple vibratory sources. 30 In the present invention, nultiple

seism c sources are used. Each of these sources is a vibratory source in
which a signal directly related to the actual signal that the vibrator is
sending into the ground is used in pre- processing. These signals are
reflected by interfaces 35 separating formations having different

i npedances. The reflected signals produce notion or notions detected by a
WD 97/ 18490 34 PCT/ US96/ 15736 3 seisnic
receiver, such as a geophone, l|located wi t¥n a well bore. This seisnmc
receiver is positioned at one point in the wellbore, vibratory notions are
generated by sources and detected by the rec ngr. The receiver is noved a

5 predeterm ned distance to a q;?ferent catlﬁﬁJ/+3®e wel |
' | 40

N 38
FIG. 2
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and the process is repeated. In order to construct a seisnogram a

determ nati on of which source was responsible for the detected notions of
the receiver nust be nade. Each source has unique 10 characteristics that
ajds in isolating the source that generated the force which caused the
recei ver notwore%/18480 nce the data received will vary for eaPRIHSAGAEBS
Processing with the estinate of one source on data generated by another
source will produce an inaccurate 15 ismogram In order to increase
the accuracy in producing a seisnngré%(%fhe data nust be separated
according to its generating source for further processing with the force
fromits corresponding source. In a first enbodi nent of the present

i nvention, the 20 data is separated according to the source which
generated it. Fromthis point, the downgoing wave may be isol ated and the
data may be further processed as typical data by any one of the well known
nmet hods for processing vertical seismc profile data. 25 In a second
enbodi ment of the present invention, the vibrator notion or notions are
nmeasured to provide a signal that is used to process the data by

el imnating an unknown. The data is divided by a m ni num phase rel ative of
the actual transmtted signal in_the frequency domain, which 30 renoves
the actual transmtted signal |romg erm nation. Wen solving for the
earth reflectivity, detected data, ATA | S t ha.sgre derivative of the
transmtted vibrator ground fotee—rmrpHed—by the earth's reflectivity,
is divided by a quantity equal to theg3b vi brator ground force multiplied
by a transfer function of DATA

SEPARATED [ \-52
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m ni mrum phase. By doing this, the vibrator force is WD 97/ 18490

PCT/ US96/ 15736 4 renoved fromthe data. This | eaves the earth reflectivity
mul tiplied by a tinme derivative divided by a m ni rum phase transfer
fupction, which ratio is then renoved by m ni nrum phase deconvol ution. 5

I n gat hering seogmisasdat a usi ng seismic acoustic energy, groBGEUSPSAS ons
froma vibratory source may be used by pjacing a large nmass in contact with
the ground. A sinple vibrator nay be used in the present invention.
Typically a for @xeHSFaZppLITY VIBRXTORYSSOUROEUSEIENTC INETHOD FOR USE alanber

1A Teaction gpgsediiled SusiiS iERYRHs bm} R ik A°BEfALrL (G

to a stilt strUCture at a Cross ne reaciion Ness notion
i s measured by nounting acc‘@?myels?lﬂ ’FhE"FE %tﬂ"?ﬁ’l“%s itsel f. The 15

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

by accel eromot er's mynteraanet 06y Shildy JoHEUUEC 1B 085 TRIPSLardiid Ne

present invention, accel eroneters are used position so
that the out pw@w tﬁ?"@o#ﬁ&?“éllﬁw é%t%ﬁ%&ﬂpénaﬁﬁymﬁée made 20
whet her the sigiati@aanat ed aSpﬁa+$f&&éséxﬁg weetitaluseheniPrpeesiiag.

Cgune o i SRR BRI IR PLD RRIRELIDO Bt f e
vi brators 318, seurces is received and prepared for high resolution or
high fidelity data processing.

In vertical seismic profile data, it is conventional
practice to use a single seismic source to apply a force to
the ground in the proximity of a wellbore. The subseguent

10 motion caused by the application of this force is measured
at various locations within the wellbore. This is done by
energizing the seismic source and detecting the downgoing
wave and upcoming or reflected wave at a first receiver
location in the wellbore. The receiver is then moved

15 several feet along the length of the wellbore and the
source is energized again. The downgoing and upcoming
seismic waves are again measured. This procedure is
repeated periodically through selected lengths of the well
that constitute zones of interest. By controlling the

20 duration and frequency of the force, a broad band signal
with sufficient energy is achieved. By using the receiver
motions and segregating the downgoing and reflected waves a
seismogram is constructed, usually by correlation, or
inversion in the frequency domain, with the signal

25 representing the downgoing wave. From this procedure
properties of the impedance function of the earth can be
calculated.

The present invention provides a method for
generating, recording and preprocessing high resolution

30 vibratory source data for use in vertical seismic profile
technology. The method of the present invention includes
measuring the motion or motions of the vibrators. These
motions are related to the actual vibrator applied force by
a transfer function of a minimum phase,'causal, linear



25 22 and 24 with two pairs of acceleroneters 26, 28, 30 and 32, as
descri bed above, |ocated on trucks 34, 36, 38 and 40, respectively. The
signal's are transmtted via radio |link 42 to naster vibrator nenory 44
where they are checked to determine their reliability and are stored for 30

conpari son ygnj;@ger time. The signals that are gener at edpdpPiisdeiidaecarth
by vibrators 1 22 and 24 are reflected off the interface between

subsurface i npedance Inferr] and In{er?] at various points, I[err], I[err],

etc. along the interface. These reflected 35 signals are detected by
a seismc receiver D positioned in wellbore 16. After detection of
signals, seismc receiver WO 97/ 18490

PCT/ US96/ 15 e c e, 1| ustr at ed
T oo/ 15G}8tanlaha HPYCHada NEUhRTAdelbsialcidln] o Tioge)

gener at ed sF@ﬁ&?%saPEerB?F@c%%d??ﬁ#nﬁﬁﬁ§1PﬁtBPFEEElﬁ%tE% GRS utEce
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il lustrate poOSSi e arran or tru §d 40.
the detector motion or motions. The received data may then

be processed to isclate the downgoing waves for each

10 vibratory source. The separated data may then be processed
by conventional correlation using the downgoing wave data
to produce a seismogram. In the alternative, a ratio may
be determined by dividing the vibratory seismic data by the
measured motion or motions of each of the vibrators to

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

20 Figure 1 is a drawing of a typical vertical seismic
profile data gathering technique.

Figure 2 is a plan view of an alternate arrangement of
vibratory sources in the use of the present invention.
Figure 3 is a plan view of a second alternate
25 arrangement of vibratory sources in the use of the present

invention.

Figure 4 is a block diagram of a flow chart
illustrating a preprocessing method for vertical seismic
profile data generated by multiple vibratory sources.

30 In the present invention, multiple seismic sources are
used. Fach of these sources is a vibratory source in which
a signal directly related to the actual signal that the
vibrator is sending into the ground is used in pre-
processing. These signals are reflected by interfaces

35 separating formations having different impedances. The
reflected signals produce motion or motions detected by a



In Figure 2, the vibratory sources are spaced equally 15 al ong a
circunference defined by a predeterm ned radius. This radius nmay be of any
practical distance. The spacing of trucks 34, 36, 38 and 40 al ong the
circunference need not be of equal distance but may be spaced so that all
the trucks aravosmisa® top half of the circle, in one quadranPCTPP6NSBEc | n
Figure 3, trucks 34, 36, 38 and 40 are spaced random y around borehol e 16,
at different radii. Trucks 34, 36, 38 and 40 are-illustrated as having
three in the top half of a circle with borehole 16 as its center. 25
However, any random arrangement is possible as long as the separation of

t he S|gnals fromthe vibratory sources is not inpaired. Wen the signals
gener at ed by seisaicrre¢@iven, skha$ 24genphenekslFmtagh withinng 40 are

transmtted tQdTaperd) THEEDEYiddfic tﬂé@él%e ﬁeny@yfﬁeh&&d RROARS péﬁnéor
transfer to t e48foi corrblnail%grt raw sei sm rﬁ%eéﬁvewe from
seism c recei 1bare; VEP nyépﬁﬁéPgsa ﬂet?ﬁP? . PRUESES
stored on a t and 4eteaheBebyrthsfmgeddery cThputrecsiver disharoviedcat i ons. 35

The neasursed %&Q@E&rﬁiﬁe&e@{%@tﬁd’ @ Qflfkﬁﬁeﬁﬁti@éaéicﬂ-ﬂ%s thRaledie
generated int0o the surface of,the earth

PCT/U896/1573@n§ FHFOBﬁﬂcﬁ?ﬁr%ﬁcﬁ%?%ﬁﬁﬁqce technlque These measur ed si gnal s
are mni num phase fel arderstofcenstmsttual seignagranhat determination of

which source was responsible for the detected motions of
the receiver must be made. Each source has unique

10 characteristics that aids in isolating the source that
generated the force which caused the receiver motions,
since the data received will vary for each source.
Processing with the estimate of one source on data
generated by another source will produce an inaccurate

15 seismogram. 1In order to increase the accuracy in producing
a seismogram, the data must be separated according to its
generating source for further processing with the force
from its corresponding source.

In a first embodiment of the present invention, the

20 data is separated according to the source which generated
it. From this point, the downgoing wave may be isolated
and the data may be further processed as typical data by
any one of the well known methods for processing vertical
seismic profile data.

25 In a second embodiment of the present invention, the
vibrator motion or motions are measured to provide a signal
that is used to process the data by eliminating an unknown.
The data is divided by a minimum phase relative of the
actual transmitted signal in the fregquency domain, which

30 removes the actual transmitted signal from the
determination. When solving for the earth reflectivity,
detected data, which is the time derivative of the
transmitted vibrator ground force multiplied by the earth's
reflectivity, is divided by a quantity equal to the

35 vibrator ground force multiplied by a transfer function of
minimum phase. By doing this, the vibrator force is



generated into the earth by this technique. In the present invention, a
signal which is mninmmphase related to the 5 actual force generated
into the earth is neasured and taken fromthe vibrator source directly.
Thus, a relative of the actual signal is used in the process. The present

I nvention ta{i‘ﬁ?" gd fferent approach than conventional progesesesmsisr
vertical sei (fiasﬁrofi | e data.. 10 First, the present invention uses

nul tipl e sources and recogni zes that tfe notions neasured on the vibrator
are related to the actual output force or signal that is put into the

ground by a m ni num phase transfer function in the frequency domain. Both
the m ni nrum phase transfer function 15 and the actual output force are

unknown.  Seeoiitbed MHrdnCEHAMMEER! Ofnid1d diveSCEhe! SHPEA! AlE IR ey an
i nversion operation rnstead Q the correl at |,onti§r ocess of conver]gsoenal

vertical sei®WME RIS by pr bieeAerivatiye Siviced BY; 3 AN B
repr esent ed t¥ardiRer’ Functiegcujchlarativ Gy thenpreuaved dpy tivninum

derivative e : with the reflectivity of the earth. By using
i nverse fil %’ﬁ% %%ogﬁ’loﬁhga%ﬁﬁi mum phase bagnd Bass filter, the ratio of

gn . L MUl
t he measured sei g-n"ﬁcgaﬁ&eiréﬁgt §eismicAALA MAFING: PEASBLC: ATV Y%t or can be
conput ed. 25enerdit,S dithing €libratidrs fiwen unkribwateryuasbunce puay flsece. A
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their and rod assembly attached to a stilt structure at a cross
member.

Typically, the reaction mass motion is measured by
mounting accelerometers on the reaction mass itself. The

15 motion of a baseplate, which is actually coupled to the
ground, is measured by accelerometers nounted on the stilt
structure cross member. In the present invention, pairs of
accelerometers are used in each position so that the
outputs may be compared and a determination may be made

20 whether the signal generated is suitable for use in further
processing.

Figure 1 is a system diagram illustrating the data
gathering process of the present invention. A wellbore 16
is illustrated as located a distance from vibrators 18, 20,

25 22 and 24 with two pairs of accelerometers 26, 28, 30 and
32, as described above, located on trucks 34, 36, 38 and
40, respectively. The signals are transmitted via radio
1ink 42 to master vibrator memory 44 where they are checked
to determine their reliability and are stored for '

30 coﬁparison at a later time.

The signals that are generated into the earth by
vibrators 18, 26,_22 and 24 are reflected off the interface
between subsurface impedance Im; and Imp at various points,
I, I, ... etc. along the interface. These reflected

35 signals are detected by a seismic receiver D positioned in
wellbore 16. After detection of signals, seismic receiver



derivative and their reciprocal are also m nimum phase. Thus the seisnogram
can be further processed with m ni nrum 35 phase deconvol ution to obtain

t he i mpul se response of the earth in the frequency domain. In essence, the
ratio of WD 97/ 18490

PCT/ US96/ 1573&vGoisasoeasur ed sei snmc notion to the neasur edPEHEUPWASEP t he
vi brator seisnmbgramis the band |imtedd npul se seisnbgram It is causal

and m ni mum phase related to the earth response. 5 This method for
mul tiple sources is always correct since the actual and unknown vi bratory
notion has been elimnated. Two nmethods of sinmultaneous separation are as

follows: 10 METHOD 1 SWEEP# 1 2 3 4
VI BRATOR A (puais)moved anredetdrmlneGOdistanGeJ&bhole. asviBRoFtraBed phase)
0 180 Oin pﬁ&ﬂt&%BFEHEI%is ks, 20, $2 and 4 arkB@e- 180

ggg??lcﬁrgbf22%§ﬁélaﬁﬁy othe ?%ﬂﬁfqgég Fﬁgpa&ssﬁiﬁxf?#ﬁ%ékﬁa 6&%eg$82398e t he
mrror inmage dhteréadenbetwediBGutemrfase hnpedance fImy arfdedmyvetseparation,
oy Vine® SoHudapasieg, gt o Pralouek SBkd e AR RRRRLN < 1)
second time. This procedure is repeated several times to
produce the effect of having a vertical string of geophones
instead of the traditional horizontal line.
In Figure 1, the vibratory sources on trucks 34, 36,

10 38 and 40 are illustrated as being positioned radially in a
straight 1ine from borehole 16. Figures 2 and 3 illustrate
possible alternate arrangements for trucks 34, 36, 38 and
40,

In Figure 2, the vibratory sources are spaced eQually

15 along a circumference defined by a predetermined radius.
This radius may be of any practical distance. The spacing
of trucks 34, 36, 38 and 40 along the circumference need
not be of equal distance but may be spaced so that all the
trucks are in the top half of the circle, in one guadrant,

20 etc.

In Figure 3, trucks 34, 36, 38 and 40 are spaced
randomly around borehole 16, at different radii. Trucks
34, 36, 38 and 40 are illustrated as having three in the
top half of a circle with borehole 16 as its center.

25 However, any random arrangement is possible as long as the
separation of the signals from the vibratory sources is not
impaired.

When the signals generated by vibrators 18, 20, 22 and
24 on trucks 34, 36, 38 and 40 are transmitted to mass

30 memory 44, they are conveyed to recorder 46 for transfer to
tape 48 for combination with raw seismic data received from
seismic receiver D. The received data signals and the raw
seismic data stored on a tape 48 can be transferred to
computers at other locations. _

35 The measured signals are representative of the actual
signals that are generated into the surface of the earth



VI BRATOR A OFF 0 0 0 30 VI BRATOR B

0 OFF O 0 VIBRATOR C 0 0 OFF 0
VI BRATGR D : 0 0 0 OFF As in the first nmethod
confirmation of the 35 separation assunption needs to be nade in

real -ti ne. \Ggl 18490 PCT/US96/15736
PCT/USQG/legg I's nmethod produces slightly less signal, three instead

of four, but uses the |east denanding Pequirenent for separation, namely
that the sweeps repeat. 5 ~ For both of these nethods the necessary
processi ng signals can be encoded in a simlar fashion and the individual
vi brator notions can be extracted. This neans that only one signal needs to

be tel emet er@&.lcéxﬂgﬁ hﬁﬂx‘ﬂah@%ﬁe'é?ﬁgﬁ e?rgé‘%}ho Sﬁ‘ﬂgggcﬁeawred ss:u;rnﬁ.@c erring

now to Figure 4 a flow of present  inventjon
i |l ustrated 3% H?Hb‘il‘“’f“bmas?th ﬂ’é ¥R %W&rﬁ%gnﬁ%saﬁ}a%ﬁ‘t al
conput er or gendrattend iiortoctheepbakbhiby udeis rteicdhnigue. | Int the [ yresdntbl ock

50 data stor ggh Qi {ane 4%1bﬁal5wh1éﬁcf‘é. \%1mtﬁptpﬁaéecﬁé%§€legaﬁ'o bg,of any
type ofugul t%E)I e source seismc %enerate u ratory_source

t echni g Yl Sexse ﬁ*?é'eFQEEﬁiv%’at B\ g |9§r§§pa1§a 535“7?1‘?53?)‘? dedk& pegi ns
when t he seifrom thengpratoprossiibce directly. Thus, a relative of the

actual signal is used in the process.

The present invention takes a different approach than
conventional processing for vertical seismic profile data.

10 First, the present invention uses multiple sources and
recognizes that the motions measured on the vibrator are
related to the actual output force or signal that is put
into the ground by a minimun phase transfer function in the
frequency domain. Both the minimum phase transfer function

15 and the actual output force are unknown. Second, this
embodiment of the present invention performs an inversion
operation instead of the correlation process of
conventional vertical seismic profile processing.

The detected seismic data is represented in the

20 frequency domain by the product of the time derivative of
the actual force with the reflectivity of the earth.

By using inverse filtering through a minimum phase
band pass filter, the ratio of the measured seismic motion
to the measured motion of the vibrator can be computed.

25 This ratio eliminates the unknown actual output force. A
scaling factor is also required to preserve total energy
through this inverse filtering process.

The resulting seismogram is represented by the ratio
of the measured seismic motion to the measured motion of

30 the vibrator and is the desired answer, the earth
reflectivity, convolved with a minimum phase function. A
property of minimum phase functions is that their
derivative and their reciprocal are also minimum phase.
Thus the seismogram can be further processed with minimum

35 phase deconvolution to obtain the impulse response of the
earth in the frequency domain. In essence, the ratio of



20 the data is first generated. There are several nethods for generating
seismc data to permt separation of the detected data which have been

di scussed previously. Any of the previous nmethods along with any nethods
currently in use in the art may be used to separate the 25 recei ved dat a,
however, thewosfssgeed embodi ment with the phase separati onPEFEHSBEEPy
descri bed. At block 54, the inversion grocess is performed on the received
data with the neasured signals. This represents a significant difference
bet ween the present 30 i nvention and conventional processing. In
conventional processing, the received data is convolved with the downgoi ng
wave signals that are generated into the earth's surface. In the present

i nvention, abhéeueasuxed Faicpde hetierdtottiteh mnsiaswired: motiont af ntizg
assunptions yhpehe baves N8RI[AGS LT BRE PARY i DuSiltea itpaidat 8eisdogBdm. i S
divided in the trequengé qgfaln.bx thg Y%%é]@f%ﬁg

PCT/ US96/ 15738 &5nB28FAb AN pipintm phage related ko ERe RAESPot | ectivity
mul tiplied byesponse. derivative divided by a m ni num phase transfer
functions At bl ocknbE metidd HeP RO2EepPashiasss fild bAways Sop¥sedtto band

limt the inmpuyl se seisnmogram_ The resulti ei smogram at _thjis point, or
processed dggéEFﬁdtH%I%F€+{lﬂaﬂFhP§£§?¥B,vrggéﬁﬂﬁz' é?@n%@ﬁ %?eghe earth's
reflectivityetdminatied. with a m ni nrum phase

Two methods of simultaneous separation are as follows:

10 METHOD 1
SWEEP # 1 2 3 4

0 o o

VIBRATOR A (phase) o

15 VIBRATOR B (phase) 0 180 o 180
VIBRATOR C {phase) 0 o 180 180
. VIBRATOR D (phase) 0 180 180 o

This method avoids a 90 degree problem and only
20 requires that a sweep done at 0 degrees be the mirror
image of one done at 180 degrees. However, for
effective separation, the system should guarantee that
Vibrator A's motions are repeatable in real time.

25 METHOD 2

SWEEP # 1 2 3 4
VIBRATOR A OFF o o] 0
30 VIBRATOR B 0 OFF 0 0
VIBRATOR C 0 o OFF o
VIBRATOR D 0 o) 0 ~ OFF

As in the first method confirmation of the
35 separation assumption needs to be made in real-time.



function. It is a property of m ninmum phase functions 10 that their
derivative and their reciprocal are also m nirum phase. In block 58 the
seismogramis further processed with m ni num phase deconvolution to obtain
the i mpul se response of the earth in the frequency domain. In 15 essence

t he sei snogram regéhti ng after the inversion process and m ppfKdséase band
pass filteripﬂfﬁqg e band limted i npul se seisnmobgram It is causal and

m ni nrum phase related to the earth resBonse. In block 60 the resulting

sei snmogram i s displayed. 20 This display may be of any type in use in the
art, such as a conputer generated sheet, a CRT display etc., as long as

| npedance changes can be determ ned. The nethod of the present invention

for generatiggr. r.oli r i I3 25 ol ution vibratory
source vertipa**%%ﬁ@h1c§%?§???§ %%?%Bﬁgisﬁ%%%gaggggfbggfﬁﬁich i ncl udes the
steps of datinstenst afi §eurdi brti BeeRthe Least,Asmanddn¥a with neasured
signal s and yéduireRepitaFordseparat ibn pranel ystthiatd theesweepsy, an act ual

vi brat or sigpépegéﬂ ated to 30 what the vibrator is sending into the
ground is used 1 h pre-processing. The vibrator notion is neasured to

provi de & signal Eamatboth gfcheseppatheds tthe Nacessei¥ BEPGEPEIF vi ded by
the actual t&igsdlid tcath Beg@nbotedt br 4reimituy fhehdon. ag8 the

individual wvibrator motions can be extracted. This
means that only one signal needs to be telemetered to
the recorder for each sweep sequence.

10 Referring now to Figure 4 a flow chart of the
method of present invention is illustrated in block
form. This method may be performed on any digital
computer or work station currently in use in the art.

Initially, at block 50 data stored on tape 48 is

15 received. Data received may be of any type of multiple
source seismic data generated using vibratory source
techniques.

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

20 the data is first generated. There are several methods
for generating seismic data to permit separation of the
detected data which have been discussed previously.

Any of the previous methods along with any methods
currently in use in the art may be used to separate the

25 received data, however, the preferred embodiment with
the phase separation previously described.

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

30 invention and conventional processing. In conventional
processing, the received data is convolved with the
downgoing wave signals that are generated into the
earth's surface. In the present invention, an
inversion process is used which eliminates certain

35 assumptions which have been described previously. The
detected data is divided in the frequency domain by the
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CLAI M5 1. A nethod for processing high resolution vibratory source
vertical seismc profile data wherein electrical signals representing
seismc information generated by nultiple vibrators are received by a

recei ver poswogmeso5 at one location in a wellbore, charBEHes%628asby:
receiving nmeasured signals representing transnitted seisnmc waves from each
of said nultiple vibrators; separating said electrical signals 10
corresponding to each of said nultiple vibrators; dividing said electrical
signals with said nmeasured signals to obtain earth reflectivity multiplied
by a tine derivative divided by a m ni num phase transfer function to obtain
a m ni mum pheasured signalsgatwhigdy leaviesethageanth’ sirefheatividy data set
with a mni REMRASRADBYTa PESTe fddri®intivadapoiied by ta MIHiIRYN Phase
deconvol ution on said ni pum phase data set to obtain earth reflectivity.
2. The netf§fea EBFﬁ?%ﬁ E%b?#gﬂqn 1 in which the separating step includes
the step of: varptnhlobk §énerrirnismuns phasecband pass Oiltemi dstultipl e
vibratorss. Hgea o€ bEREND SN HE O iHb1ReC sl BRodrh. 2 Prie Whi ch the

recei ving rreasurgq&m gnal S stenp a{1_.ngclhu.desat.hg steps_of: measuring the
seisnic signﬁﬁsq} | 9lsmogra 1s point, or processe

detected data after this step, is now represented by
the earth's reflectivity convolved with a minimum phase
function. It is a property of minimum phase functions

10 that their derivative and their reciprocal are also
minimum phase.

In block 58 the seismogram is further processed
with minimum phase deconvolution to obtain the impulse
response of the earth in the frequency domain. In

15 essence the seismogram resulting after the inversion
process and minimum phase band pass filtering is the
band limited impulse seismogram. It is causal and
minimum phase related to the earth response.

In block 60 the resulting seismogram is displayed.

20 This display may be of any type in use in the art, such
as a computer generated sheet, a CRT display etc., as
long as impedance changes can be determined.

The method of the present invention for
generating, recording and pre-processing high

25 resolution vibratory source vertical seismic profile
data has been described which includes the steps of
data separation, division of the separated data with
measured signals and minimum phase deconvolution. As
stated previously, an actual vibrator signal related to

30 what the vibrator is sending into the ground is used in
pre-processing. The vibrator motion is measured to
provide a signal that is used to process the data. The
data is divided by the actual transmitted signal in the
frequency domain.

35



transmtted into the earth' sisurface; and converting said nmeasured seismc

signals into a neasured el ectrj 97/ 18490
PCT/ US96/ 15736 11 4. The rret” I,amumﬂ "H”H anu of clains 1, 2 or 3 in
whi-ch t he separatlng step inclutlesthe step o varying the generation

sequence of %t; dogSai d mul tiple vibrators. 5. The met hagt1asegisdsd'g to
any of clains to 4 in which the sepﬁ{atlng step I ncl udes the steps of:

estimating the notion of each of the ratory sources which is related to
the vibrator applied force tines a transfer function of m ni mum phase,
causal, linear system and relating actual vibrator output with said
estimated vi brator notion. 6. ~ An apparatus for recording high resol ution
vibratory sqagggvertical seismic profile data where electrical signals
representing seismc information produced by a force generated into the
ground are 5 received by a device for receiving electrical signals placed
at one posi ti.on Rnmathed | ey @rochesing dighettebglutimmyibyatergei vi ng

nmeasured si Gree’ QBEESEAN 'é&sﬁ%dpf&fﬂ% aaasrﬁsaéhmfege&hﬁaépund by each
of a pluralit, 9 V|brator alt)lng means for

sour fsmlc(%nformatlon genera
separating &4 FeE?P’F%%ﬁ
multiple vibrators are received by a receiver positioned

S at one location in a wellbore, characterized by:
receiving measured signals representing
transmitted seismic waves from each of said multiple
vibrators;
separating said electrical signals
10 corresponding to each of said multiple vibrators;
dividing said electrical signals with said
measured signals to obtain earth reflectivity
multiplied by a time derivative divided by a minimum
phase transfer function to obtain a minimum phase
15 data set:; '
filtering said minimum phase data set with a
minimum phase band pass filter; and
performing minimum phase deconvolution on said
minimum phase data set to obtain earth reflectivity.

2. The method according to claim 1 in which the
separating step includes the step of:
varying the generation sequence of each of said
miltiple vibrators.

3. The method according to claims 1 or 2 in which
the receiving measured signals step includes the steps
of: -

measuring the seismic signal actually
transmitted into the earth's surface; and

converting said measured seismic signals into a
measured electrical signal.



signals according to each of said plurality of vibratory sources; neans for

dividing said electrical si | il Iuﬁ ':M“Easured signals to obtain earth
reflectivity 15 nultﬂmuumj ml erivative divided by a m ni num
phase transfer function signals;® mtan8 fdr Heconvol ving said earth
reflectivitywmosriusdi ed by a tinme derivative divided by a RGIUSIEMse
transfer function signals; recording qgans for said sunmed earth
reflectivity nultiplied by a tine derivative divided by a m ni mum phase
transfer function signals; and WO 97/ 18490 _

PCT/ US96/ 15736 12 di splay nmeans for displaying said recorded summed earth
reflectivity multiplied by a tinme derivative divided by a m ni num phase
transfer functiof-si gEhesnethodrpecapdingites anucef Fkrimsolel &i®¥ 63 i n whi ch

the separ atijif whBaASthe Cl3ipasat iR SedOinkidéd & &tapnetat i on sequence of
each of said nmultiple_vibrat

Ls. 8. The apparatus according to.claimé6 or
7 in which the neans VSW?’&%‘\% Hﬁnﬁ’é%%’tff’eggg}lﬁﬂ%? s°$r$@l°&d8£:s%%ns for
measuring the semydtéplegridiragorsal |y transnitted into the earth's surface;
and neans for converting said neasured seismc

5. The method according to any of claims 1 to 4 in
which the separating step includes the steps of:

estimating the motion of each of the vibratory
sources which is related to the vibrator applied
force times a transfer function of minimum phase,
causal, linear system; and

relating actual vibrator output with said

estimated vibrator motion.

6. An apparatus for recording high resolution
vibratory source vertical seismic profile data where
electrical signals representing seismic information
produced by a force generated into the ground are

5 received by a device for receiving electrical signals
placed at one position in a wellbore, characterized by:
means for receiving measured signals
representing said force generated into the ground by
each of a plurality of vibratory sources;

10 separating means for separating said electrical
signals according to each of said plurality of
vibratory sources: |

means for dividing said electrical signals with
said measured signals to obtain earth reflectivity

15 multiplied by a time derivative divided by a minimum
phase transfer function signals; '

means for deconvolving said earth reflectivity
multiplied by a time derivative divided by a minimum
phase transfer function signals:

recording means for said summed earth
reflectivity multiplied by a time derivative divided
by a minimum phase transfer function signals; and



signals into a neasured el ectrical signal—9——%Fhe apparatus according to

any of clains 6 to 8 in whicht rati ng includes: neans for
varying the generation seguence l"gmnrl I"ﬁﬂm mul tiple vibrators.. 10.
The apparatus according to any o* ctalns in which the separating

means i ncl udes. s for isolating downgoi ng waves in said
el ectrical sﬁ%ﬁa ;, and neans for correlating said separategégﬁggﬁ%ﬁga

signals with sai d downgoi ng waves to oBRain earth reflectivity.

display means for displaying said recorded
summed earth reflectivity multiplied by a time
derivative divided by a minimum phase transfer
function signals.

7. The apparatus according to claim 6 in which the
separating means includes:
means for varying the generation sequence of
each of said multiple vibrators.

8. The apparatus according to claim 6 or 7 in
which the means for receiving measured signals includes:
means for measuring the seismic signal actually
transmitted into the earth's surface; and
means for converting said measured seismic
signals into a measured electrical signal.

a, The apparatus according to any of claims 6 to 8
in which the means for separating includes: '
means for varying the generation sequence of
each of said multiple vibrators. .

10. The apparatus according to any of claims 6 to 9
in which the separating means includes:
means for isolating downgoing waves in said
. separated electrical signals; and
means for correlating said separated electrical
signals with said downgoing waves to obtain earth
reflectivity.



