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1 METHOD AND APPARATUS FOR CORRECTI NG EFFECT S OF SHIP MOTION I N
RI NE< SEI SMOLOGY MEASUREMENTS - The present inventioppPegl ates

general I \%a&%s@“ ne sei snology, in which a novi ng—ship—5——genrerates

sei smc nd detects reflections. Still nore particularly, the
invention relates to the correction of the d tHas BeepRieglacodives for
"the notion of the shinp. The field of sﬁ ses on the
use of artificially generated el astic ves to ; | deposits
such as hydrocarbons’', ores, water, an\c,ivajgeot hermal reservolirs.

Sei smol ogy al so is used for archael ogi cal purposes and to obtain geol ogi cal
information for 10 engineering. Exploration sel snol og rovi des_da éﬁcﬁgat
when used METHOD AND ARPARATUSF@R CORREGEING: %93‘ B MQT}
- and geol ogi cal data can structure and-

di stribution of rock ty&%§ﬁ§ﬁ%¢%§ﬁnﬁmm “Most oi |
conpani-es rely on seismc interpretation for. selecting the sites in which

to invest in drilling . exploratory_oil wel £ fact th
sei smic data iEheupresent H“’ﬁg‘ﬂp’i{)} “b‘e&ﬂ"ﬁ’é?'!é? “?f‘?‘ﬁé?’fﬁ'%@&’*a’f’h“é ﬁefﬂ"‘f'ﬁ'%gﬁlﬁg

petrolg e“&ﬁﬂ f‘eﬁ%ﬁmhé Wévedahd fére flereliy r&fecﬁ@ﬂss il mibitk Baﬂiiéﬂar! the hﬁ%ﬁﬁ%‘h Rlavéstal

part - Of Ite of an exploratory and devel oprrent wel
Experi encthe correcubnsfﬁiecdntectddaelsnﬁmwam forfthe miotion of thashipgr eat | y i rrproves t he

i kel i hood of f ul t

outi ety por (B B ssRldE, fpcuitg oy the ase ofpriliEially Sentldl AEA' ekl |

depl oy a jpédi€aifiers?" dépakits sbahlaadhydiecm-m ames| heatel)i indgeothefntl vmdvoifhe

streaner 20 includes nmultiple receivers in a.confjguration gengra S

“shown i n. Seigelegy alsaiis egmlefor pichaelogical; purposes s@tﬁ Fma"‘gm qseoi%%w‘éﬁnﬁﬁ@ in
the d %{g&ﬂﬁﬂ% ﬁﬁylﬁfa"tl @ISAI alrdgg ﬁ&\gm dath fibtJ When dsed in confubticrewith Hther -

also and receivers 114 typically depl oy
“bel ow t hea\adaﬁlacg:ophysidala borehole,7 @nd Yeolegicel dataQcan providec infoematisne gboutcthe or
receivers 114, and the seismc

fib t b t
el:]u?:orrgﬁtWﬁ#@ﬂ&bugqggﬁgbpgé’n i I ?‘ﬂ'?y constructed in sections 25

to 100 meters NMost siNgbiipatiiés FcNE bl deisaicOinbérprelatio forOsclérting the sitesninr which to
uni formy spaced receivers. The streaners nay e'b ever,al |l es | ong and

often a di8vestiig drilli "‘8 exploratory ioflswells, ¢ Disspitesthefackethat seismiccdats de usadetoRBB Nt
of se éeuﬂﬁ&l [ Edefind 4
and i s transmitted to tﬁﬂhshl ﬁ?g%“% RF%?J]Q ﬂd?]kaggb‘?‘?%hﬁlﬁr%t es éﬂ_ﬁtalhal

(or nor e)becoik laontabpars of)ﬁeldam; the sites e onekpldratoneand deyelopnieptrvell. aﬂwmm he

o o0ec i Bt el 184865 @enil afth gy hiavid e RReieRa AR S SERRISER PR
di stance bet WESisniiib da @equisifivh {svettinly péttoriéld Bihiohdend and at$kd) CAtiEsaSseismic h

as structure 60 which liés below the ocean floor 63. By esti matlll;lg t he
di st ance ships deploy a streamer or cable behind the ship as the ship moves forward, The streamer

20  includes multiple receivers in a conﬁgurauon generally as shown in Figure 1. Streamer 110
trails behind ship 100 which moves in the direction of the arrow 101. As shown in F:gure 1,
source 112 is also towed behind ship 100. Source 112 and receivers 114 typically deploy -
below the surface of the ocean 70. Streamer 110 also includes electrical or ﬁbér-optic cabling
for interconnecting receivers 114, and the seismic equipment on ship 100. Streamers are

25  usually constructed in sections 25 to 100 meters in length and include groups of up to 35 or

| more uniformly spaced receivers. The streamers may be several miles long and often a scismic
ship trails multiple streamers to increase the amount of seismic data collected. Data is
digitized near the receivers 114 and is transmitted to the ship 100 through the c'abling.at rates
of 7 (or more) million bits of data per second. Procésging equipment aboard the ship confrqls
30  the operation of the trailing source and receivers and processes the acquired data,
| - Seismic techniques estimate the distance between the ocean surface 70 and subsurﬁice

uctures, such as structure 60 which lies below the ocean floor 63. By estimating the distance
90 % - THIS SAEY_T HAS BEEN
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“t0 a subsurface structure, the geonmetry or topography of the structure can

be determ ned. - Certain topographical features are indicative of oil
and/or_ gas reservoirs. To deternine the di stance to subsurface
-structurepsPprgource 112 emts seisnc waves —+15—-whtch—Treftectof f

subsurface structure 60. The reflected waves are sensed by receivers 5
114. By determining the length of tine that the sei s'FhlSoSh °n lagedok t o
travel from source 112 to subsurface structure 5 114,

:3

an estimate of the distance to subsurfaceg struc
obt ai ned. The recelvers used in marine selsnDIogy are comonl y
referred to as hydrophones . marine pressure phones, and are usually

const ruct ed us Ehsé | ?ﬁet Eéd%n{‘éﬁgﬁ%gg;#h%(),f Ry f}i;{]&hiecfﬂ 5¢ Qelefrained C

rraterlals rram*zir i t-anat e

mat ani ObaCmmdpo@,ﬁphi‘oal fextunesaatie mdﬁaawecﬁoztﬁndﬁoregamatsmm c material
devel ops a vol tage

gl fferenceg{lg en o e fac§§ when sublected to
 nmechani cal ben&9 dgtermpinethe distanceiq ngfcm esggrcg £ Smits seismig, Wayes
el ectri Cahs?%gmggﬂe £ shssum&es:hmr%odemmaea Ridves Bressergdd: By peceivers

can be neasure tage I's proportional to the amount of nechani cal
bendi ng olllpng detesmibing thedength that thecselsmic wavesctlsi took tastgavel from sowgce

hyar opnoniLE of BoteRipE PRAESL AP oL RERUER, DI an, iRl SF v Bbtaliond Jiiaorie

hyrdophonﬁﬁxctureﬁot:anbeobtmm types of seisnic sources are used to generate
sei smc waves for the seis preasurements. first -source e .
conprises an i MPRITSSFAYErS Hbmm"d?' %Bya‘lféé“)a“"fﬂ f%ééﬂéﬁg’y&%ﬁé%ﬁ ®i e
duration g € phb BVERN RNV ESthrhited | BnYl S€ plezbElectHE faHLA6RY.
and det ect| ng t S'ﬁessryéeflec‘ts%’db@rrpu g%]sla re}:eFtverul S tfsg zto determ ne the
di st an¢e Synthétz piezoekectivicu mae&mlsstmbt s cbagiwgerzifconats: ibgeumo titanatgy cor lead

%t om oy TpHCRRe; s HATE Youd oo ool of migg i igheih) AbBoP 5" Sl

required Hiffefence Buwebneobﬁusﬁuc@w%agsuajwbcstmedmurcclebendhg Thin ebamoplaung
si tuati ons, be harnful _to 25 marine life in the Ih’h@gd@ye Vi ginit ¥ I
source 119n these surfaces allows an @ﬁ‘?ﬁf'%ﬁﬁ%’l‘ﬂcﬂpﬂ o he grde t 801 that this voltage

| mpul si vegeger hESufeds he%ﬁldv%r'; Bgllifo tothe m&ﬂﬂto?ﬁ'fecﬁa)ﬁiﬁl UJ_IgdﬁFg &"BrEssure

source which generates a ratory ener gy.
measunenethange d:mmde the receder ss) Nsuhxngdi:nm seismiaq esfecgy propagating thmnsmmg;h

5 e b e B Ao FbiE b i

period, vhyd ys sources enit |lower anplitude pressure waves over a -
time peri od ty_El cally between 5 and 7 seconds. Further,, the frequency of

the vibrating SWartypes of seigmic; surges fre used, to enexate %ﬂ"c“ﬁﬁl}gﬂ’f"f fer thee s§ismic
l-ow .and Nin@&bubdnieE NPhe firdl sbhr2e 1fgeBnipfiab£ Ih §Mpulsive source which generates a high.

20  energy, short time duration impulse. The time between emitting the impulse from the source
and detecting the reflected impulse by a receiver is used to determine the distance to the
subsurface struéturé_ under investigation. The i'mpulsive source and the associated data
aoquisitien_and processing system are relatively simple. However, the magnitude of energy -
required by seismic techniques using impulsive sources may, in some situations, be harmful to

25  marine Life in the immediate vicinity of source 112. |

~ The environmental concerns associated with impulsive sources has lead to the use of
another type of seismic source which generates a lower magnitude, vibratory energy. The
measurement technique which uses such a source is referred to as the high ﬁdeiity vibratory
seismic (“HFVS"™) technique. Rather than imparting a high magnitude pressure pulse into the

30 ocesn in a very short time period, vibratory sources emit lower amplitude pressure waves over
atime penod typically between S and 7 seconds. Further the frequency of the vnbratmg source
varies from S to 150 Hz, although the specific low and high frequencies diff
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system The frequency of the source may vary linearly with respect

tinme or non-li'nearly. The frequency variations are comonly called
a "freque $ygep”. The frequency sweep is = thus between-5_and 150 Hz
and 5 to 7 seconds in duration. The nagnitude of the sei smc wave
oscillations may vary or remain at a constant anplitude. hsBeudleepQEed
the oscillations, 5 however, are nuch |ower than the ma

i mpul si ve sources and thus, there are fe\gler envi ronme ,”"I

with the HFVS seismc technl que. Sei sm ¢ shi ps rrus

forward while seismc rreasurerrents are being recorded for many

reasons. Referri t|II o ure 1, the r nes 114, .connect i.n | res
and st resdystem. EI TEH RN YL F‘{F&F’%g@&d??eﬁ 10 time °ﬁ§f’ﬁ'@'“g‘“
neopr ene i Cfréduiehc ﬁh@iﬂﬂodsm&aﬂh@m Jealléd a-ﬂfr&,uhmm n meamrency iibaptmbe -
Is then filled Wth sufficient er -t han-wat er gﬂglé 0 nake

streamer rtbug IPQ!NVFV‘ Hand 50iHz and |5éagspwn§w%qu \Th of the-sejsmic me
appr oxi mat @%ﬁ m varfyetﬁtrelhﬁﬂgn Q'\%n?taﬁium?f]tu&t rﬂx&ﬂnﬁfm&?“ tHe\Gscillations,

appr oxi mat e maers long trail. betwee s stern and the
st r eansr slumqvem atel Guch lomter dhnnhnamgmmdemfsmmlawamrcascanddbus, thereiafe fewenr

paravane 113. uII the s on.l Qut to an appropriate operating
wi dt h. Depinﬁ Slnﬁop%ﬂe‘??'”%ﬁmmméfg FI(S;lStened to the streanmer at
vari ous pl aces Sdismig ships niuﬂngb\lfe foagrd avhile seisfft/inessarenrentscare being yebondedafor C

pressure and tilt b| fl.ow of ter over

so_that the t hem
rai ses or PHHere8sqse g’ﬂ’@& P tp Figure ldﬁ‘:‘ NYAEPPURRsS H 14 THRINERRB WiTes, and fgess
cont rol | ergefB& picvided on thebdtihmbrd afepladd iRAHE & ﬁédp%ﬁe bﬁ’beé(nﬁl aﬁaﬁn i erggure 1)
through the streanmer cabling and thus the depth can e

desi rel. Pb inches indiamsien Téwad»atlhﬂ\so filled wrwgfﬁsmnt bswﬁbm-wcéhwé e pake
the ship ?:QT rr%{i)\& EEE&FangfbﬂMme F &regy-f % tich PREGhd BF&H&P]!@MI ately 300

apprOX| mat e econd, streaner 110 y I's a
fl exible da#l lenanud alnyenbeh etresth pf mmnmmommawéy 80 tmeters longntraihtbetween the

S rehror o R BER0R ol R {15 B OUEThe RSPl A I BupBRL RCdetER: (e
i mpor t ant pmvhheumlpultsathe strearperi aaﬁdmgyﬁ ouritonars hppicpriawaoperaing widtki Mepth
neasur ement sei sm c, shlgs often d

nul ti pre &P@é‘fﬁé@'@éwg‘)%@m ‘PHE? sixpamet, at, varjoys, places alongits, l yﬁ”’teff be -

‘Mai Nt ai_ nediebizeysense tHeHyarsRtatic prebRPCaRBEY BRESVihgY RAhitBe BowesTVRiter ovak tiedl | Y
as t he, boat, noves forward. Wthout the barvanes, the streaners nmay

becone entT8E lowerthe streamer to the dssired drptl fine cdepthiibataths fontrolfers éﬁ'ﬂ‘r H’t i on
bet ween StrpgAaH Qn be colgTollec(!a b% B sig ﬂﬂr tth%gﬁ %ﬁ‘mﬁn@%ﬂm?mﬁ %.?rthé‘a

ocean surface as possi a ecaus oSt opera |ng
the shi p bechanged s desired oFor thtmlreomhés deptis cordmol system osunonion effectively, the ship

forwarg ‘?m;aﬁ’iﬂ or e reasonabl y'

const ant ypical ~shi pgg%gég’r%q’afbﬁva&rﬂﬁ%@[%’rgﬁgy@}?‘ggper_ second.

Because the st ISeeomlr stramehenlm;ceﬂly is 2 flexible cable and thus the ship must move forward to
maintain @ desired fixed scpamlon between the sources and streamers, and between - the

r—rw’

streamers themselves The spacing between sources and streamers is important in the manne |
seismology and must not vary while seismic measurcment are made.
25 ~ Third, seismic ships often dep]oy multiple streamers using barvanes that allow a fixed
~ separation to be maintained between streamers. These barvanes force the streamers laterally as
the boat moves forward. Without the barvanes, the streamers may become entangled. - The -
boat’s speed determines the amount of separation between streamers.
| Fourth, seismic ships must cover as much ocean surface as possible cach day because
30 of the cost of operating the ship. For these reasons and others, seismic shlps must move
forward while taking measurements and the forward speed must be reasonably constant.
Typical ship speed is approximately 2-3 meters per second. Because the streamer is deployed
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4 behind the ship, the source and receivers also nove at -
approxtmately 2. 5 neters per second. Although ship notion is
necessar yyp-apgescri bed above, the notion distorts or "Smears” ~the~

acquired seirsmic data. Broadly, snearing results from\,\EmFSJe Glas Bd1R tlacd
ship, and thus the sour ces and recelvers nove I on
takes place. It is generally recogni zed t hat the s m m lm
ship nmotion on seisnmic data results fromtwo anal ytical l

phenonena-source notion and receiver notion. Although the receivers and

source are pulled behind the ship and thus nove at the same speed as
the ship, t veh€ approximaféRt 5 infeté#§ pétl sevondnal yzed
[ ndepende?‘nﬁ%pﬁﬁgﬁnﬁ’tth resé%o\?g? a;l)ponx So;ug ce noti gﬁl I S

| ess of a concblthnush&lnpnwm\xenmmnom dmuwubng@emn@edmagéaf SABICF’ ¢
systems ﬁgause ¢ Ss%{sﬁag gaiﬁ @gﬁdg¥r§§arﬁng%mlt's9ilom ﬁ)e%@i’%ﬁx@%ﬁnﬁu%be‘c

i npul se e snearing I n

i ncl udes ﬁiumkfam“ttaxvmnhwd)whilodﬂa fcbbm:bmskkes plaa vRiis wraﬂ(yummzed that .
notion. Thus, ‘the HEVS- a}csci' uvi red data shqulqc‘i} ect ed for bohh rec |ver
and sour cie smearingsff Ip motion on seismc qitaff gma%‘?oﬁ"é!f‘é"a s ?1"

oper at i ngplitnﬁﬁbﬁ?ﬂ—ﬁonﬁé‘é HotichGnt réceivéRinolioe mdngld aue&eéiwieﬁs anid'so0RGurepullsd ed
be efficient. It is thus desirable to naxi m ze data cgol Igctlon in as ?lhort

a time behingdsthpshinppd thus move aksthe sama speed asie Fhipithe 2
(typical 'Xaééém: i\ 8n &hendeml fibf\the SAEG GF Seciver Mbﬁalslouma%mmt.ed o

every 10 to 20 secon s. se of the ship's speed (2-3 neters per
second), kmmdbamgmwt;en@tmuo ampulsing seusembased spigmie systemp beqaasgthe 5

meter hou . I [

ship \?\(/)ere V'é % ggfﬁggﬂgl (C)% n{2am%)'%skpeedgr?etsfttr gﬁg%hg#&fbng SB\?’?Ic ost
and | ess maﬁagwaflm wysengl nﬁbhdeoﬁghﬁlamamhtrﬂmns from bbiheleedayerlandrsease ng
t he cost re uir ei s nts of sired sectl n_of the
ocean. otion.  1hus, ‘kfﬂﬁiﬁg\g 5‘? ﬁE aeﬁi?l‘ﬁﬂg% %@ﬁ“ﬁ&’&@’% ?8?"1‘589 fsgpree
receiver ,i\aqmﬁource notion for HFVS recorded data. In an article

entitled "The Effects of Source and Receiver_ Mtiagn on Sejismc 25 méla, "
by Hanpson andTBragh Soste sssocipted, pith opsratipg Gssismic phip raquiys thy the Ef“?il&

met hogl Oérooedures%gf sacéfragntf 9 isk Qfe&’x?arbleat‘aqnﬁ%ffzﬁ am%bn&ﬂom | HokOSGile

Although he netho Hanpson an Jakubow cz may have theoretical
merit, thes passibled Bgcaump&thel length fof the, frequancih svm@mlcabhrai seconds @f MQre),

sei S C Sy Burdés iré p)@%ﬁh&é 5&:%:%@ %ﬁ?gY& 1¢ 20 {eBndsC Bt&@?ﬂ& H‘ t‘ﬁ@%ﬁ\l@ﬁ"ﬁp&ﬁh

t enporal ‘and i ST hpract
that for meuavp:r sccanél, a mg-”“ﬁ sobrca mtst be adtivatéd 30 sodrier thag hveryrﬁédo%%meicrsas

d h,a f f E(i.e.. the. f
of the el haseh e 05 oty Tocalod o e agirada i Shn Borbrer el HEh a@m :
by t hgo | emech m%am&ecomrol woMebe foaf 8fid ®4s loeanSsuifate WaURI Ba) gbveréd<kach Tieg,

relatlonshlp
thereby mcreasmg the cost requxred to make seismic measurements of a desired section of the

ocean.

At least one 5nempt has been made to correct for receiver and source motion for HFVS

recorded data. In an article cntitle_d' “The Effects of Source and Receiver Motion on Seismic

25  Data,” by Hampson and Jakubowicz, Geophysical Prospecting, 1995, p. 221:244, a method for

correcting for receiver and source motion is disclosed. Although thc method of Hampson and

jakub_owicz may have theoretical merit, the method is impractical for use with conventional

marine seismic systems as it requires the HFVS source to be activated with a terbporal and

spatial spacing that is impractical. It is well known that for a wave traveling with a velocity V

- 30  through a medium such as water and with a frequency of F (i.c., the number of cbmpletc cycles

| of the waveform per second), the veloclty V is related to the frequency F by the !ength of the
wave, referred to as the wavelength (). The relatxonsth is:

1 THIS SHEET HAS BE EN
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; .. . . : V=F[ err]
(1) Thus, the wavelength [err] is VF. In water seismc waves
propagat;, b&la known vel ocity of _ approxinately 1500 neters per
second ( pgb mately 3325 miles per hour). If the*ﬁrghes%~——«m-trequency
in a sweep is assunmed to be 60 cycles per second (or_60 "Hz"), the
wavel ength of 5 such a seismc wave is 25 neters eﬂﬂ@maméld a
certain type of data distortion known as "aliasi e must
be activated at a spacing of at |east o half of the

Thus, for Hanpson and Jakubow cz's nmethod to work the vibratory sources
must be activated at |least every 12.5 neters, and preferably sooner.
To activate a source at such narr#w=FeA spacings, the ship nust travell)

Tionnt ngBs e welenbt 4 VAt T eies obmic sy peomasee Yich o ipiRy'of °°
appl i cati lmaycmocﬂ%ereé] t@&nﬁ Eﬁq_‘aﬂfnaié?f 3994 infi[es Yer hotr)S TF ithéh éﬂt

t he deficrfenc he npson” and Jakabowi z net hod. a

syst em priaggeemdylin awdep is assuarcd t6 <be 60 cyclebptmsecenb(nreﬁo ‘Hal).ghe wawe nmthmf

and do so i,n a.cost effe It thea ar es,
o a3 J0EN a SeiSmn wovR s o e POl TR bl A Feryall 36 BF g cisporiX b
The pr 0b|a‘§“‘§hﬁ?ﬁé"' fiRCsoRR@\Rust bE attivated 9 specﬁﬁg sphtvlea!s: loyie i€ osmesmmengm
measur enent and proceSS|ng SyStEHIO t he present invention. The

sei sni ¢ riEwsulos Fiampsem andjakybawicz'g meyhadetmwork the yibratery sQueces B bearsivatedt he
di stortiqp g t@%@n??_‘?ehﬁﬁ}s‘: ﬂﬁfﬁefeﬁ W %6&% frpgng gﬁﬁnw SSUrcht Eﬁ'@l narrow

ship. Accor e 1rnventio tows behind it one or
~seismc spmngsst}mrwip must teiveloauehr stovees than nsrprd'srrédJi?Mdeatpeawon&t ant

vel ocj t The ;seismj ¢ sources emt sei h '
e vl or and TF YRR becRiaftRgesht 1o 2B hArREUESE eéipoic blenh 487 fte by piteAE
ocean fl qpbhca%ﬁs hiti @ edrrdch SheS @atl FBS thitN thotieh &IFVIRE Sship) WithBuiC theddeficientiesn
in the recorded _ seismc data that can be nodel ed usi ngéb'ehﬁl er th ory

The dat a iphesensinghe Hempaasy andclakabopiz method. Sych asyrew Ripferab
the corrqgiy %&gfeaﬂtfngﬁr%:e@om afl'do é??tpéq:*:ﬂ ffe@ IW? fhanner, BEspite the arent

enbodi nent’, I's correc receiver 'notl o u5|ng
any of a aﬂ&ntasza.rmaln;a alf attempltqu!eedomnglsddhm’syﬁmm Imvarfntedrmt i on.

The t chni que fo0 rrectin source notion,includes correl ating the
recei er- ﬁf 5?’%8“ gﬂ"leﬁ"%"‘rgf r@ﬁ'c?"é"\%e@bq? iyane my Wﬂ%ﬂ‘
transf or rprécessinl SyBtedlof tHe present inveiioh.OMRL scibid MeBiufcmet dnd\PPocssifg wssénw m
(such as an_inverse F-K transform on a, sel ected subset of the

-t r ansf or rfisslosed hereinyemovesihe idistprigrpingparing:seisaue deta resylting;frora the mfeﬂont ofhejat
res U'sglg‘ tgAI:éé? H}s thE'YxWeﬁﬁodlf the %1%@'?&&9 BE%. d HEohd"YE F@?e 86 {E@E‘ afif't 2
0 sel ac

*

correspon trave S upward from su sur

structur a&reamera ap itroves| forwand at aacomtaar velotityo Ehe seisehip sources eamit)beismic waves
ropri Ier or,r ecti on ers ted for ,each set .of inverse

f"ro gn S 3&% tra throu the water an ect O mterffn:ergp etween rock ormations betlow t

ocean floor. The motion of the sources and receivers introduce distortion in the recorded
seismic data that can be modeled using Doppler thediy. The data preferably is corrected for -
source motion independently from the correction for receiver motion. According to the
preferred embodiment, the seismic data is corrected first for receiver motion using any of a
25 variety of techniques and then for source motion. |
~The technique for cormrecting for sourcc motion includes correlating the receiver-
cmreeted data with a reference sweep signal, performing a transform (such as an F-K
transfo:m) performing an inversc transform (such as an inversc F-K transform) on a selected
subset of the transformed data, and computing appropriate correction filters for the data
30  resulting from the inverse F-K transform. The inverse transformed data corresponds to seiérﬁic
energy that travels upward from subsurface structures at a particular angle referred to as a dip
angle. Appropriate Doppler correction filters are computed for each set of inverse transformed

! THIS SHEET HAS BEEN
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"6 data and the process is repeated for all subsets of F-K
ttansformed data. The Doppler filters are applied to the seismc
data, and the filtered data are sumed t oget her. These and

ot her ad¥Paid®38es of the present invention will be apparent”To one skilled
I n the art upon reading the follow ng detail es lakdde
invention. 5 - A better understandi ng of the eetﬁgg&@n%a I'on can
be obtai ned when the foll ow ng detail ed descri ‘“Eﬁﬂmﬂﬁm eferred
enbodi ment is considered in conjunction@éth the awi ngs,
I n which: " Figure 1 shows a ship for nmaking seismc
.measurenments with a towed streaner array I ncluding a seismc source
and mul t ipd,%g 'ﬁv sts]ereated for all skbsels'oF ﬂxmme@emmmmewwﬁnm
systemin accordance wth the preferred - i ment of the present

i nvent i orre applied to the seismjg @!&@néthsrfdﬁmm Wé!’ Eé.]lehod of correcting
seismc data tor t qo%gr %Mednid
ool veror * thesd B ioBl SRy ofthe pALA TG U 82 sBfarkitte s

nul tipl etﬂﬁ&ehyﬁfca&hﬂ tﬁdﬁlldwb:hdttailms tion bf tetinwehtiomcei ver rmt ion on the

dat a; Figure 5 shows a preferred nethod far Lrec seismc
data for the o bewsrn yrsierstandingof the presggt 'F‘@?,‘B!Weﬁangtﬁ ned % when the 16liowing

Fi gure 6&%@»@ &ecrrﬁ‘%ﬁﬁpm% lré?éneaf emBb meﬁz d@tcang.a'erqu FedfjulieiBh 'With the

Figure 7 WS exe records.of multiple receivers in which only
data at &lmwlngdmvlmldwplchngl e is included in the shot records;.

FLOure © Sho e 1 ok AV R AR RR AR A bt niet

constr'uciﬁdmmgldsamiqsong:elaaoa{umplsfecélbufs; lters to the shot- recor ds of
Figure 6; 25 ure 10, shows the geonetry associ ate Wh‘% aﬁ |ng
sourd®, a si ngiBeot rﬂmw a sqawmraeqsawme&hoﬁmemeabﬁm gt RRGH

amount  ofplRglim&k p{yef By the noving source; and
Fi gure 1% shows&t ﬁe pre ?sgrre rret hod for computing Dopplér shift corrective

filters for Figurend showvethti prefemed onetho®®f correcting seismicpdasa dor the distertion
ot on of S48 Oy SHEn RS R BR N E ) "cour cos. For si Mol i city, the
techni que wi | IFigafe 4 shoviicaemiphayl préssiirer dult€ fONE enultiple récbivels and ohic' distdrting
cal | ed aefriéaotftrfc%ﬁfa)mo‘{ﬂh‘%ﬂtﬂfda reflecting point

Figure S shows a preferred method for correctmg seismic data for the distortion caused

by receiver motion; _
Figure 6 shows an exemplary plot of seismic data in the F-K domain;
Figure 7 shows exemplary shot records of multlple receivers in which only data at a .
20 constant d:p angle is included in the shot reoords

Figure 8 shows the re]atlonshlp between apparent wave velocity and true wave

velocity;
Flgure 9 shows the preferred method of constructmg and applying. Dopp)cr shlﬁ filters
to the shot records of Figure 6;

28 Figure 10 shows the geometry associated with a moving source, a single point
diffractor, and a receiver for calcuiating the amount of Doppler shift caused by the moving
source; and ' .

Figure 11 shows the prefcrred method for computing Doppler shift comrective filters for
multiple diffractors. _ o
30 The present invention corrects seismic data collected by a marine seismic system for

the motion of the towed seismic receivers and sources. For simpliéity the technique will be
described with reference to a “diffractor” (also called a “scauerer") whlch is a reflecting point
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7 . |l ocated, at the physical interface between contiguous subsurface
f'or mat'i ons. Because a subsurface interface is conprised of nmany poi nt
di ffractor§ he entire interface can be mapped by nerely
superi rrp53| ﬁa he results fromeach point diffractor. - Referri ng
now to Figure 2, a seismc system 50 constructed in accdﬂxﬂsheEHa&ABEé}l HePiSced 5

preferred enbodl ment generally includes a seismc neasure
processing system51, a user input device 59 (prefer lg‘ﬂ"
buttons, sw tches, and control knobs), a?display deviC

nore seismc sources 112, and one or nore cables (also called strearrers) of
seism’c recel vers 114. A streamer of receivers is also referred to as a

"gat her. 'tl?*?ﬁ sical inféifice’ RiIWEdn 2Batighions Subiurface yformaicrs. i Bedcauises aa
processi ng unlt 5 Yl fed to a data storage 10 wunit 54, and source and

recei ver submeﬁeammus mprﬁaedsulfmw pointdifvagiors: dhe entire intergacesan he mapped

measur engnt system 50 na ncI u ot her g not shown in Figure 2.
The user ym%/ly supemaggﬁ:&l %M&ac&spgfm% #A8lit cormands and
configuration Rd?é:ﬁhgﬁ{d 'FiEu(i?e ha seiswdi€ Bystem 50 consiivetediinpdceprdince wiithSthe

provi des visual representations of data, configuration informtion, &(j
status i pfefenmed emhodimenh generally, inthidessd seiswicamagasugeraens apd PE)‘P‘?F%F&SY%”'E pRe

to the seisnc 1 V b | T,
Source. 1055 i rice RS GG 2 RERDERL bbb Schl b SERLP iR, & Beplay
and i npuldgyiee §3 oot SiSmofcseitinie 8uréds?! 12) @hd! 86 o mbieddbles (also callel sirdamees) of
recei vers includi ng piezoelectric- based devi ces or any other sujtable,t

of scismin receivers 1d: . A streamer of receivers ip plse sefsmeg, 16,8 8 “patbrer o C‘ys"ﬂs ic

control s_t he oper Fely f ih e

data in ﬂeﬂf“‘a’&mﬂﬁ ?WF%@%’P?&PQE{?% roggsﬁg‘é %"g’md%g ar dgtgp%g
or 10 GRitFaVaddiseerce ﬂﬁdc@éﬁﬁrﬁﬂiei'fhwuﬁnhfsﬁop&rshb\hldrbeqfecégrﬁzabﬂncdmlﬁsmd
receivers 114. Seismc agnal s detected by the recejvers

transmt Msﬂfsﬂleﬂesﬁtﬁn% AP ayd
nit 52 es
g and 3, %gﬁi ex p'ﬁgl“}ﬁ eﬁ&ﬁf@ﬁ%ﬁuygﬂxﬁxgl ?ds and (f?nﬁallxrsa(t:lﬂg ??éﬁﬁ{t@? n%mefsgfﬂghﬂw

the sei sfihe dispiey devivn52 providysodans rauesenitations bl daa céanfighiayion onfoanaﬂou remd
recor ded - seismic data for the notion of the recgeﬂtﬁrs 114 an
sour ce ummmaa@ntfe theeuser.  Theesonprronnsh JeceiverssPrefraly icqupleotn a?‘{‘s"l'ﬁo

Alter Qat | gkpﬁsﬁ?érﬁ WaCh r%%n‘é IS 55! Oﬂ?dsoﬂfhe 12 in6lREECAA sJ:ﬁBFe ﬁ‘ﬂﬂkSk |

and trans erre o another ter sys or ana ysi s accordi ng
t eachi ngsombetduehptsel-ﬂWSadomﬁeodnd*emina sborces.i ORegeivens d 18r mch.tr.lee suitablei c

ship. Th referted daacorrect t hod corrects first for .the
o f bt | obyROBBRYE reomers PRIHIGE gicspslscirisnppsed devich o gy DibEL spfiibibiyme of,
teQSI Zrﬁlgg&gﬁfcﬁg&,&e notion in steps 170- 240. Each of these steps is-

The processing unit preferably controls the operation of the seismic measurement

20 - system 50, storing data in storage unit 54 (which preferably is a magnetic tape, a hard disk. or
CD ROM dﬁve) and eontrolling the operation of the source 112 and receivers 114,  Seismic
sxgnals detected by the receivers are transmitted to the seismic measurement system, processed
by processing unit 52 and stored in storage unit 54.

Refernng now to Figures 2 and 3, and explamed in more detail in the discussion that
25 follows, the seismic measurement and processing system 51 preferably corrects the recorded
seismic data for the motion of the receivers 114 and the source 112 according to the
methodology illustrated in flow chart 150. Altcrnatively, the seismic data can be stored on
~ magnetic tape or disk and transferred to another computer system for analysis according to the
teachings of the preferred embodiment at a location remote from the seismic ship. The

30  preferred data correction method corrects first for the effect of receiver motion in step 160, and

then corrects the data for the effect of source motion in steps 170-240, Each of these steps is
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"8 Correction for Receiver Mtion (step 160) Referring
now t o Flgure 4, a gather 114 of receivers 125, 126, 127, 128 is shown with
a Pr gs54hH8 signal 120 recorded by each receiver. The pressure signals
120 are referred to collectlvely as a "shot record.” Tine is—

the horizontal axis. An exenplary trace is shown for OneTHisShexdt HesrBedr

represented along the vertical axis and distance is 5 represented acrQss
for sinplicity, a straight line is used ?o represent the :\ “E“ ﬁa

records. If the receivers di not nove while
records, the traces 120 woul d be recorded at a fixed |on and
I me, and not space. Because t he

.therefore woul d be afunctlon onIy of

recei ver s Sorpectionior s 20HON (3ieD "] (assuned to be nmoving to the right
in 10 Figure 0 Plaute U ghttles 119608k 525) 128127, QﬁS:ﬂhbwmvh;ha
W th respect tcl)é%-l %t@afgg éits ace, as indicated b ces gJ?
each recelpmsureTsxgmbsHQZ’Dcmdﬁ byetm&:htfﬁe&!w 17be peessuie 3‘8"‘ éF‘?/é o

pul | ed behi hi p ga I |
Fepr osent Soluvels &% Bonol Hebyg & Tiipé W FeghQpitha Aong 16 Sedcal ?’E% e‘?éé'?’*ﬁ‘t“ iy
particyl a&eﬁﬁseﬂtedlaardss the horidomalosds. An exemplaxy tracEusf shbmrfgr on¢ rdceiver 135ande

4, each receiver is assumed to be | ocated osi.tign ro en 15 the shot
record beé?frﬁmphﬁ%am@'!l@r's!%‘ﬁé@'?&‘“ F%&’ﬂ'f‘% Ot 19F0S- Recei ver 126

begi ns at %%%R&ﬁ&,a o n{o%g WHIE'r e&)?%‘m?the sﬁﬁﬁ"eb&ﬁs.rtﬂ@ traces20 waldbyer

128 at Iocatlon r i stance ween the initial location ro
and the emedandedoatsi ﬁxdllor.mcm énmdtcmforeoﬁouwlbe@p@e@ltmf onlyof time, anderatspages

It is ass d fq oses of this.discussio {1t s b
receivers, °§{§“5ﬁéf‘7 ecei ers aLe f%d%ég'g Hoying sgl&@%gg:egﬁg %?ﬁg&kggéreé b gL in
speed jof ré 13) Peackt sShdtGe€trd lid récbrtet Vas 2 fugérion2fiot ondy MWith respezs to mmmbusﬂs:eds
may exi st ue to_such factors as the elastjcit fag%%% st reaner

Shot r ecospee] e indicated by tracesi 122 fop epchyraeaivar. 5 Fpresentyuaces ]‘3Prfé§h°
The | nes recej ver fs;ﬁmw SEMhd % ‘f S’?wseeé’éﬁ‘ﬂ‘i{a;ﬁomi bn MEshdt FeRbfHit1 20 epresentsthe
assuned t

receiver spee onst ant the receiver speed is ur,
t hen the pseismid pressufe signals seesad byghe wceumyattalmlculadpolnhgl time and spag&t record

Lo ot e " b RefDTiag AT RS FRA, fi PhoelBP |0 AGIm L BbE odEd ol Bodiit YEWRRL
magni tidde g Eiet Tekofd bégugf Thes, $6@lver 125 be |ﬁ§9ﬂ@cﬁﬁn3ﬂ§56‘cké&i\1e?f12§ Veking at

| ocation s, source spee selsmc sign S(t) produced by the
source, rdmmerrlﬁimabcmerrlzw aC kication smed and receivér t1i28eatt locationnri28ge The
variant spatial shift can be mat hemat j cal | y, mpdel ed .as the
convol ut i GHstasce hetaesn ﬂxeﬂymaumt-qm rorand theending positipp is 4 finction of the speed ofjthe,
referred to . as a unit im

e+ operSietient i B tsturseih s plimloses o shis disqustisp et they e o e peogiyers AL

convol uti @s thé speed of the sources, is the same as the speed of the ship, although in theory slight
20 differences in the speeds may ekist due to such factors as the elasticity of the streamer 110,

Shot records 122 are represented in Figure 4 as straight diagonal lines. The lines
~"(representing pfcssﬁ_re '_\\'ravefomls) are straight because the receiver speed is assumed to be
constant. If the receivei speed is uy, then the position of each receiver at any time t during a
shot record is ro + uyt. 'The linear _slaming of the shot records 122 is équivaiem to a time-
25  variant spatial shift, If p(s,us,S(t),r,upt) represents the magnitude (pressure) p of the shot
record as a function of source location s, source speed ug, seismic signal S(t) proddced by the
source, receiver location r, receiver'spe'ed ﬁ,-,'and time t, then timc variant séatial shiﬁ can be
mathematically modeled as the convolution of p(s,us.S(t).r;u,t) with a "Dlrac delta funcuon
(also referred to as a “unit impulse™); |
30 P(s5us,S(O7=T0+urtup,t) = pS,us,SALr=Toptinst) * 5(r0 + upt) 2
. where the * operator denotes convolution and § denotes a delta _functibn. The com}olution of
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two fupctions (a function represents a series of vaI ues at

various points in time or space) is a ~ known nat hematical operation
whi ch i nvol_tyi?eiqirepl aci ng each el enent of one function with an out put

function &t according to the magni tude of the i npu{»—eiferrrenf""é'ﬁd then

superi nposi ng the output values. For a mor e det ai | ed expl atth eQ,IReplaced
convol ution, reference 5 can .be made to "Exploration
Sheriff and Gel dart, published by the Press Syndi catﬁﬁ “E““‘\
University of Canbridge, 1995, p. 279-8 2

represented by [err](ro + urt) in equation (2) can be renoved by
convolving the result in equation (2) with a spatial shift in the opposite
di r ect i ontwofaactions (a functientregresentsra series iof &aluesati various peintsrinftimeor mce) 158

[sﬁlr 1E l ed s\‘ﬂﬂ“’”r @E@Fﬂg’“ﬁ ﬁpf"ﬂﬂ°'li§’$%§a}hﬂqg?s(r8'}1'a?ﬁ Fﬁc?' ‘Eé“}‘ém ofon Rﬁcﬁr es u tag yl n

a shot .regapat Havttiohe séafédtiaeordipge fo Sthet hﬁgﬂmﬂe(uf 16k Hipupoglerhem and. thehus,
t he effect of receiver notion on the shot record is neutyali Zregerche

‘convol vi ngppetimpesiog theoowput values. Form motredetalle explangipn: o FIVelIoR,

spati shi f » n

I nvol ves %? f“é‘%{g %ﬁa?ﬁdﬁ |ca+|6§éj tb taél hgh?e dggﬁgcg:igh uﬁ‘ﬁk‘ﬁ% il tstlhgn]gesgf
time and Syrlicad dfithe University of Qainbelidpe, marmzmm domsu ns).

Q her ways to correc; t he. shot records for receiver @n ar avail a

l, e
For exanpl 3 The SP?@‘ Sshift senresented, by i + Hr‘édﬁa"tqf’lﬁ)‘ﬂ’"( I'§H‘°B% by i
t
et T FESTORELD, b 0,8 vl P

‘space’ domm{.e,pf@m\mhmﬁsnﬁghe,leﬁ;ré:r equency donmai n using a nmat hemati cal
-operation called a Fourier transform The freguenm es_involved with

such B®urier transfPiSsSOIDIR= P(sus,SELITFOrF Bt undd ™ HEX 5 Ynt)f r equenci es. The

Fourier transfo of the delta function, [err](ro - urt), is e [err]
. where | repres s the imagi nary nunber (the square root of -1), k

represent fn iqitian (3)S BéHvoRitioh ro?%@EHiYaﬂﬁElﬁﬁed Stice rré&eh Wihake BO AMEGSHIBHE-)

and [err] is a known constant. s vel known t hat convolution-in
the time agt) resphsin alehotiracord shaechu nead:nwtbetmsmbnarp(u,eal atopositiontrige Thus, the
frequency domain. Thus, .the spatial shift introduced in, e uatlonch) ﬁ
count er baefess of resgiver motiason #‘GISI‘%‘HFPQM ipamtralized by ronyQlvisg E’F shobrecerd with ape

[ ?2[}2 %phsﬁﬂtg;ﬁ]?ﬂfebﬂsr% i ecg)é ﬁ?ﬁ%'sﬂl[ﬁaslt tsﬂ&xl? be rTcoEﬁ'QEHJEHat te foPégolrp dnialisis
involves functlons and mathematical operations that occur as functions of time and space (the
80 called time and space domains).
Other ways to correct the shot records for receiver motion are avaxlable For example,
the correction provided in equation (3) can also be represented in the frequency domain in
20  which all functions vary with ﬁeqﬁency, not time. Functions can be converted from their time
and space domain representations to the frequency domain using a mathematical operation -

called a Fourier transform. The frequencies. involved with such Fourier transforms include

temporal and spatia! frequencies. The Fourier transform ofthe delta function, 5(rg - urt),is ¢

12xku,t where i represents the imaginary number (the square root of -1 k represents'thc
25  spatial frequency (also referred to as the wavenumber) and 7 is a known constant. It is well
known that convolution in the time and space domaiixs is equivalent to multiplication in the
frequency domain. Thus, the #patial shift introduced in equaition (3) to coumterbalance the

spatial shift caused by the receiver motion can be represented in the frequency domain as the

. product of the Fourier transforms of thc shot record ande . '21"‘“" } THIS SHEET HAS BEEN
_ ; REPLACED 3

w | . P(f,k) . e'iZﬂKur' ' ) o (4) -

v 7-20-99 1:46PM MORU- 1T /Uo~0&0~ (RdY W WV A AWE L TIT WD



. SENT BY:MOBIL BUS. RES. CORP. ; 7-20-99 ; 1:47PN MBRC-IFP 703-840-7/0aG> U9 Ju220JdLriridiod

10 Where P(f, k) is the Fourier transformof the shot record and is
a functlon of 't enpor al frequency f and spatial frequency k. The
synbol : _} .ngnot es nul tiplication. : Referring now to

Fi gures 2 % t he seismc neasurenent system 50 renpves the

effect of receiver notion using equation (4) by first ocggRy Fourler -
transformof the 5 -shot records in step 162. The seis éekﬁgBtegﬁ{ and
proce55| ng system 51 conputes the Fouri er transforﬁlmi”m l

a variety of known techniques such as thd%ast Fourier

step 164, the seisnic measurement and processing system 51 multiplies the

Fourier transformof the shot records by the Fourier transformof the delta
functi on ONheuUR(fi &) is the Foufi&) tralsfﬁmm eofitthel shat record] and: js. a fangtionyof temparaly

166, the pr oduct from st 164 | 0, back he time and
space dondryueRsyY AN SEPF"E ﬁ?‘l% F\E}ﬂ fid §°'Ehs‘“f‘1l?5)8?'i°é’ Fouri er
transform whi chp gty 'lﬁ:\@td‘ﬁgmls gegggggrgg exsmxc measuremen@‘%?&t@ﬁrSUWs fher A

correcting for recelver noti reference”to Figure

t o cor r ecteffect of rexeiver owtidn fusingtequatian (4) rby(ﬁrSt m!nplémsl the Fouriamtransfarnhofithe
will be de r|bedW| eferencetoo SUC h

receiv t recprds,p §Pe1‘?el(%o The ﬁésnggltgmreﬁjg dhﬁ[@ﬁ?sgifg%ggﬁﬁuﬁrgce tgr.snbhe
system 51 E&Jrﬁﬁfu&nﬂahﬁ ukin@ing orRCeT &/ Gariethiof knbWR 1EchRju¢e SudhsSaseher Fash Fourier
| ocation at whi ch the shot record is to be fixed, To fix the shqt

record forTnepefamm.odn siep7 64, 1the seismicpmeasuremeent and pEQACISIRE: SYHER 3 ﬁ%’slgleem
sel ects t Neupfef tramifortd ofifRels 619196&&'5%); {h% rﬁgbﬁ%%éfﬁfo?mjo? {he defi@ fuﬁ’c?ﬂn of egué]ll%ﬁ

when each recel ver 1s near ocatlon ri portion of the shot. cords

to ‘be sele y seiiznKu,t
I dentifie é)y rerer enge n?nber S Bgﬁw‘fg‘; pe&'l%bﬂgaf’%&?gtfgg %i@n?g%?’g?nétcm
nmeasur e rback intoahe smimidSsphEedommhltaiougﬁ rahi opRralidn aefefred feasthetinverse Foaderr d

fromreceiver 127 unti recel ver noves a di stance approxi nately equal
to one- haI'F‘"Sfm“‘I’lHéhg'l‘% teehnigugay from | ocation r1270. At t hat

poi nt, seismc Rﬁ‘ﬂg Srﬁlgtﬁﬁﬁr foi“&gge?mg FOF (REGVEY MtichS B@é&‘nPJd with ?&%r%nf:

portlon 127b of ecor m receiver 126 un rece ver
al so novest wromesd the shot rg:owforkhetmom oféthayechwm |T(huanctqu wilb e descrihed with

by the syablriey 1 8k dich Sectiveh o RERectiE 17, Ik TR, B s8I Bopfugt”
only ;)fso';] I“almdrpbdtwdﬁgt i}ﬁ:ﬁjencS{ seledts dﬂa ffmh:j a {t:)cegﬁﬁwhild ?Te ggﬁ;@ﬁs ﬁ]id (tjlid%catlon at
br of or ab y eﬂ r’m?’ﬂ'grwﬁ todhe Hgt; h oxohe Sty résord fos docation nﬁwlﬁa@n!sn&he
and pr oce measur %esplgél}l sEfib S%{%‘I‘@ﬁ(ﬂ%}'g‘ ;egc;rdi Pr%m%%%.%&s %5' ?ﬂi aﬁg

COI’I’eCtIO ource n (S erring
Figure 3, 12§ wrlraa eacle teseiveriismeaniotationOr129g. The porion @F U shiob fecBisao barsereered ce

by seismic measurement and processing system 51 is identified by reference numbers 127a,
20 127b, and 127c. Thus, seismic measurement system selects the initial portion 127a of the shot
record from receiver 127 until that receiver moves a distance approximately equal to one-half
the group interval away from loc;tion r127¢. At that point, seismic measﬁrexﬁem and
processing system 51 selects the middle portion 127b of the shot record ﬁ'pm receiver 126 until
that receiver also moves one-half the group imerval away from location r127¢. Finaliy, the
25  last portion 127¢ of the shot record from receiver 125 is selected by the system S1.
The methods described above are exemplary only of the methods for comrecting for
receiver motion and the invention is not intended to be limited to any particular method,
- Preferably following receiver motion correction, the -seismic measurement and processing
system 51 corrects the data for the source motion.
30 ection for Source Motion (ste 170-240 :
Referring to Figure 3, in the preferred method 150 for correcnon of the data for source
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notion, the seism c neasurenment and processing system51 correlates the

data (‘now corrected - for receiver notion per step 160) with the HFVS
referencepsyg®p sSignal. The HFVS reference - sweep signal can _be any
sweep signal -desired and may include |inear frequency sweeps - _
(frequency changes at a constant rate during the sweep) OrhisiShéet Hds BesarReplaced

frequency sweeps 5 (frequency changes at a varying rate
sweep). As expl ained bel ow, the correl agjon step 17oumll
a HFVS systemto compress the relatively long sweep to a s

duration event. The earth can be thought of as a filter of

. . . . Th t '. . f . . / . . ! . t h , ’
" ecel ver - PEUH s o Heamirerivnt 30 preeng Py goprelafi the i o R
ener gy Whigs geceiver motion pérasteplrsoy with il HEVE Yefeltficestidep sighlle THR/HIPVS réfareher s
that nodify the seismc wave as it passes through,the _earth include:

(a) the zZo¥epPnignsl sap beoanycevesmesignal Hiesited: ard; gy ingluds Jinear fisauency SWEFRpy
often ar : . ' ) e}:ﬁke _
diffract g(rﬁs?q‘c‘%nc r?hsalnﬁegs ?‘hg '%ﬁ g'gr g'cgwlmﬁt tehrc f %\%eeeg) %1? ﬁghlshl?:eé]xg atey %tSN .

sei sni & wirequensyicharges atia varyinigmale during the sweep). (As)explained celove (the gomelatione,

whi ch has j ortiomnat ect _in nodifyi .wave:.
g sy 473 RGP AR VA S Romerett e 1B Bae e tp e the
wave convduratiomevenu! ti pl es, and diffractions, and the |ike.
20 In practic the receivers record not only primary seismc¢c reflectjions,
but al so nul t | PR&earth can be gho hehsamgl;e@aelf'amewaveﬁw ot g cnergy is
(ofract’ Ofkput Mt RC a2 4efRceiddipdsiifonkd 68 1hé sirtR6CSH ABRARA will rectille SLiffic
~CGenerally, "a filter is a systemthat produces an output signal for a given
i nput 16 genergy whose ghamctenthes been gjtesed bythebearthal The wariogs ifactotscthatipadi€e the

response . ' ' . J-nmpul se response i s the output
si gnal pr%eg{%tég&‘blé%{!lggﬁshgp}é?r%%e%'qgf'é@r?ei npul se i nput signal. The
out put, si gnal (a} thé mprieyneanehe spunte whemeathe coessed araddabsotphionhsf énergy often are
response of the ]:flﬁ{’tg’%% _ . The seism c signal detected by the
receivers repres *he input reference signal i nfluenced by the
factors descri®ydheiespimise SEhe diffraéldisccomprising AeSIHBELTAITE Interfifces! fRE SigndlQhar
determine the location of ojl and gas reservoirs when the data represents
the i fbut ref er elei@mioworkds gteadedsotfind)upon only by the diffractors

conpri sing t heey YRS néah-3srfack Bhft, WAHES iSRBpdrRSH in W i ce
i nput si gnal &gt is also i n?%gﬂgedh%??#gg%‘%ovg%gg%cg .’%gfgﬁ'ﬁéﬁé g’?teéri ng
fictors. The eff@sd that the diffractors have on the seisnic waves

propagat i ng t hgpUgakbie ;ggd’i}yli]ng effects because of absorption, wave conversion, multiples,
- and diffractions, and the like. |

in

20 In practice, the receivers record not only primary seismic reflections, but also multiples,
diffractions, scattered waves, reflected refractions, surface waves, and the like, all overlapping
in time. S |

Generally,  filter is a system that produces an output signal for a given input signal.
Theputputéignal can be calculated if the impulse response for the filter is known. The

25 impulse response is the output signa_l' produced by the filer for a given inipulse input signal. |
The output signal is simply the input signal convolved with the impulse response of the filter.

The seismic signal detected by the receivers represents the input reference signal -
'inﬂugnoed by the factors described above. Seismic data (or “seismograms™) is useful to
detqmine the location of oil and ga.é reservoirs when the data represent§ the input reference

30  signal acted upon only by the diffractors compriéing the subsurface interfaces, as contrasted
with a reference input signal that is also influenced by the above-described Signal altering
factors. Thg effect that the diffractors have on the seismic waves propagating through the earth
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12 is referred to as the inpul se response of the earth. Because of

t he addi ti onal signal altering factors described above, the seismc

si gnal - g.e by the receivers in a HFVS bears little resenbl ance to
t-he |rrpul e response of the earth. Seismic work is intended to determne. -
t he “inpul se response of the earth, and t her eby rermvehlgghgemg;éegleﬂ

on the data that are not of 5 I nterest to seisnol ogists

renove the | ong sweep duration fromthe recorded data, theJMIl ﬂlﬁ ml ﬁ:
measur enent system 50 preferably cotfel ates the recor he
reference sweep signal. The ~correlation of two data sets is a known
mat hemati cal operation in which one data set is di spl aced by varying

amount S 1 & peférves tocastthe lmplﬂetr mmmesyé'tthandﬂs on@ypmGthegeddwoaekstswltq#eﬂtl&o

of the. coltapebibel 3ot U6 Pimfobal T 1 he JUBRHS [ SEPS Wl RUYC

160 that hesemblanoe wrlreeinrpeue fwspoﬁacaﬂ the leamnit Sasrmc workiis intended|totdetbrmirterthe he
ref erence sweep sig an F-K th&r;sform F ref

to tenpor MMPY ﬁemﬂw OJﬁhe rarthe fapg éh%rebwmvaﬂge influenceg oNhe Hats thatdre
is per?orsmgmg‘q ts@i@mﬁﬁgfsﬁ ated data fromstep 170, although ot her 15

suitab ansf orns as the Laplace transform radon transform and
[err] transf or o remove the loag sweqedmtidn fromethe-recordeaindata ithe 'seismicdoeashament
Fourlertr that js.a_ . function_of tlrre nd
space, "Prgaé??fegfr\r%@éf f%’%“%ﬁg&? fecPFfiffl ‘?‘Ea Jith, the, ﬁegeﬁerg:]e YR RS ;l‘h@ |
and Wavenwﬁelano:k of tWe dataisers G N Rnsw) hadthénddticlicopdrMicnelh Gihich ahmiaraeieens ed

- to as an such as that shown in Figure 6. Converting
functi on #rsahceﬁby VIARSAMPUIIIEiativR1pcthe ofhet éata frt RQQJCOW‘?‘EMWHWf the two

wavenygeiged BitipBed ?‘ég%fﬁe?ﬁné ?h oBqu?E &4 fo vl %{a\rﬁaﬁ@{ @th@%oﬁ@@h?ﬂ%’ In

convert| ng a function fromt quency” and wavenu I n bac
the tine atep 170, shownan Eigioniithe daxa rfmhestep:dltsm thatlas deeri coresceed fbr receivanmbtiom

The forward F- epresented nmat hematically with a double
integral X% °§ﬂ’?‘{“"q‘?g‘§'&ﬁﬁ’é\%s ")‘é)'f‘z the F-K transformof p(x;t). The
i nverse F-K trmsfeprm,(ne!-'imtmomm (B 'réfers to temﬁ&@l)frécﬁreh@pirﬁﬁﬂm@@spﬂﬁ”]

Referring_again to Fi tep, 190, the_ sej measur ement syst
sl act s & feduency o vayema msrfi edop ed%areame'ivérfmeus%ﬂm)a pashe

F-K phot . gfipibfe ﬁgﬁs?ov\s 3 tﬁzetﬂ]e (}QBQ?E %ra?rgﬂnw' fadod grfaﬁgfsrqr? ‘?m@ Q—E ! 6can7

and 8. F| gure 6 ranst or ne cor rbm
Fi gur e 7. alsodguesedy masmemsfmmsscd deuble (Fosderomshsform’ inewhich a Hg)alltaat is a

function of time, t, and space, x, is transformed 10 a signal that is a function of frequency, f,

and wavenumber, k. The transformed signal can be plotted on a plot referred to as an F-K plot,

such as that shown in Figure 6. Converting a function from the time and space domain into the

20 frequency and wavenumber domain is referred to as a forward F-K transform. By analogy;

converting a function from the frequency and wavenumber domain back into the time and

- -space-domain is referred 10 a5 an invérse F-K transform. The forward F-K transform is
rtpmented mathematlcally wnh a double integral as:-

Pk, f) = If p(x,ye 2P+ g4 e

25  where P(k{) is the F-X- transform of p(x,t). The inverse F-K transform (performed in step
200) is represented as: _ ' '

p(x,t) = I Paiage R0+ gy g - ®

Referring again to Figure 3, in step 190, the seismic measurement system selects a
constant time dip slice of data (described below) from the F-K plot. This step is best
30 understood with reference to Figures 6, 7, and 8. Figure 6 shows an F-K plot of a transformed
shot record from Figure 7. Frequency measured in cycles per sccond or “Hertz” (Hz) is
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13 , represented on the vertical axis and wavenunber neasured in

cycl es ' per neter is represented on the horizontal axis. The F-K

t ransfor g.,ﬁ?éa is represented by portions 191 in the+FHK——ptot—
Every straight |ine, such as |lines 194, 195, 196, beginning fromthe origin

of the F-K 5 axes and extending outward represents ceh a
particul ar apparent velocity. Further, the slope _
straight line is equal to an apparent veié)city. Ref erri gure

7, receivers 125, 126, 127, 128 are showrim with a seism c wave 132

propagati ng through the earth (including water) in the direction of
arrow 129. Line 130 represents the direction of . - gro&a&ation of
sei snic wespeesented onahe warigal axisand wavenumberapeasured in cycles por metgejs represented

10 referred. t an )& ADNES , elentbidPoy Bns 991 §i eI BKdi p
angl e andoﬁgned@%@gfﬁ?’r‘\& i PE ‘Sﬁ'?’g@ é‘ﬁgﬁgqgﬁg err] IZ%’IE1 . 'LPsne 130 thus is
referred plotas the dip line-or line of approach for pur poses of this

application. . . Referri tg Figure 8, straight Line. '
ngpfendi tc :I@( ar E¥ery iﬁ?“h@"iii’éﬁﬁﬁgﬁiﬁ& éﬁf{%t :g;“'g%gﬁ?g},gl@aﬁ%ﬁg]fﬁ? IT.KTh
wavef rgn e i afent ity.The
15 . vvaé/)ef roﬁt%%ﬁtpropggfgﬁtes ugpgﬁg’guaéﬁgm ggrt ht V\:'([:bf?ﬂ;i cer?:ii n v‘eel od:i %’y

referred Furhe, thecslopeof each such straight fine if equa| to a'THEPQ’F%F_e"‘i}%‘fi’dci Relegpng to
L

per seco s per“holr), eneral "I's consi
a const anthe ¢hrthinchiding water) in sive diceceiars of yrrovet129 nilired] I0siepresemy therdiregiomof -

vari ety of known ., _techni S. . Referring.to,Fjguse 8 .the
hor i zont aPraPagAYoRCAf; seismic pave ﬁgg %F‘gm gn pugle d’?"aY é’e‘?'&;’g\"}"e&ﬂ'o*hm angle 18
appar §pt ¥atedd fovas theiriile S EppPORRA! SPPareriebipCinglé; oVsiRily dip: angle and is denoted in -
Vapp = Vtrue / sin([err] Dl p). ) (7 . \Were "sin

i s the trFigumsikand 8 as Ppaps tint 1 ¥hihus hierefgrredrioras thetlipdineyortline oflappraagh for

significance i,n that it is the velocity of the seism c wave 132 as .
det ect ed ByrPeRes of thisaRplicationas wavefront 25 ~ 133 noves upward, receiver 128

wi |1 detect thRefmif foqﬂgmjéfﬁ, Q{rﬁgﬁteﬁr% 1Y is E&eﬁ&bﬂﬁi fo dib-line 130 dnd'rbpieLents

because of the di stance Det ween recei vers and 128 and the tine interval
bet ween schematicailytthe wazefednt@mftwaves d32 es theyl tiayelrupwerd at theziip atgle ODIPei Ther
127, the wavefront will appear to be traveling horizontall ¥PWI th

vel ociléy Vapgfront 133 propagates upghrough the sagth wilya seitaip ivelecity yeferped ip asthe true
i nversely r i onal t AR Of od ' JLer ) whhkere

hat viroeoPaRr VIRe, TR [fe SelREp! of 3SR waiks FORGAIE Blolar, waieR
Figure  approimatehe 15000metety petvecdnd (3335 iles porf hove)s add G perendl|i® cofsidertd 10

Figure 7 and 8. Mbreover, ta in ] : . o
g _ ge a constant. True velogg'es can be easily determined using any one of a variety of knpwn

techniques.
2 Réfcrring to Figure 8, the horizontal component of the true velocity vector is referred to
as the apparent velocity, V.pp.. The apparent velocity, Vap'p, is:
Vapp = Vtrue / sin(6DIP). | o ) |
Where “sin” is the trigonometric sine function. The apparent velocity has physical significance
in that it is the velocity of the seismic wave 132 as detected by the receivers. As wavefront
25 133 moves upward, receiver 128 will detect the waveffom before receiver 127 detects it.
Further, because of the distance between receivers 127 and 128 and the time interval between
when _ihe.wavcﬁont is detected by receiver 128 then receiver 127, the wavefront will appear to
be traveling horizontally with velocity Vapp. |
~ Ascanbe seen by equation (7), V,pi, is inversely proportional to the sine of the dip
30 angle ODYp, given that Vyrye is a ct_ms't_am; _Tﬁus. each straight line in the F-K plot of Figure
6, the slope of which is Vapp, defines a dip angle, 6D]P in Figure 7 and 8. Moreover, data in
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14° the F-K plot of Figure 6 along a straight line, such as line
195, repregengggonly the seisnmc energy that propagated—up-through——
the earth at a particular dip angle, and excludes seisnc ener

gy
propagating upwards at all other dip angles. Fig Sheqt HascBepmRoplaesd
Figures 3, 6, and 7, the seism c neasurenent and processing
preferably corrects the data for sour-ceng)%i on by sel ecting
dip slice of data fromthe F-K do in step 190 (Figure 3). An
exenpl ary constant tinme dip slice is shown in Figure 6 as the portion
of data 191 bounded by.straight |ines 194 and 196. Because lines 194 =
and 196 dethedEKqplot of Eigwr:6 strrighthline-spchyagoline {93 represents Anly; the geismic

bet 1i ' tg ' lebicEls
et veen | St s pifgucd ap RS U i 4 o ) Bl s i
transform elg:rgmproymaﬁngedwpids.asﬂl cthexddip angles, st ep 200, the sei smic

That _pr opagat os RETRETY LG Solid f, the SEismiy mepsprelpent And ioRsing SAGHLs
def i neds by 51 preferbbl Qomeéts tedita fo? 4odt8E mb8ibn by QHEctir%fféﬁrgi;aﬂglih@ dip'Slice of data

preferred enbodi nent of the invention, a constant p slice of F-K
data is sefremtheFrk demais in step 190¢BigureB)i rAncexemplark constant timerdipi slice is showp o,

The st . . . ' ; ; ; .
goner ai 1y Fighfis B fheSiopich 6 oroEunlsCy B BN 1ok® 194 a6F 106 BERLE fin oo °
thus . ane] % define @ pie-shapgd vatipelinxha FoK grot, the idafaldoRtairedrticbvden lines 194, 196

The result. of st 200 is a shot . record that has been corrected fo

recei ver n’_&t’?%ﬂ'eggfﬂas a w"stﬁnhafnerd&)ﬁz&gaﬁtpse e B Slorng evcmice pEF-K data and
cor r espwndinRérsé F-10 tfaAeAniag i RIRRA K8 i@ dakPRedes6d, e seismic meahﬁ}@heﬁ‘tr dhd
rel ated as described above to the apparent velocity defined by the pie

slice. It BIosesswespstemisd seleetsnly-bel seismic enrgyshatpropagatce ngward: thetivgh abeytasth
ODI P i ncl : H%% Lt i S WAV, t have refl ected of f
mllions g? ﬁglln'fa‘lfrraa to@ﬁg%%ﬁ%ﬁdzgg%ﬁ%f 851'%% ﬁéiaﬂ{izgﬁ'g%%&gﬁ”&"g% Fﬁ
_(I:_ I assijcal ﬁb&neﬁ rerribodinent of the iﬁk?h%%zq erbohﬁalﬁqmi@@ib %H?é OF FKOd4dts & Mctd ke@'in step

0 under st the applicatian of, . [ eory, .reference is nade to
Figure 7 | and iy t@%@ﬁ@@i&ﬁﬁ@@@_ﬁm 81 106 thet pis Aliceocan be; seb 1, whataYerng
of t helsHF\Sied is desirdand erally aﬁnctibﬁ‘bﬂﬂﬁ?’%c&[r?&& J_esﬁ%d.t e §iBofthe z:rbeslicF thus

frequency sweep. Point diffractors 140, , r epr esent xenpl ary

di f f r act orrelatRsde psenge of dippnglescODAOAODI®S 145 and 146 represent the

direction ei sm,.c_wave ravil fromthe initial source |ocation, so and
D o5l §¢p 204 i shot reco j

the ending sour D¥ fegite Isja s rdthatchas;been gorrected,for meceiver mationand
140. Siml i @d@ﬂ% .S Gee s traygeld 0 . :
di ffract or?tlﬂzg{ég?ﬁﬁ@efﬁﬁmgél SI %ﬂ%@o&eﬁ&r@rnﬂgﬁr nh§e éﬂ’?;@‘é%r@méf’ey&
144 travelthaesereatedas describel 4bove td tHe apphlanVdloiYUefinPbP the pie slice. It should
20  be recognized that the seismic energy at dip angle OpJp includes a superposition of seismic

waves thathave re_ﬂeqted off m_i_l._lic_ms of d_i_f_'ﬁq_ctors along line 130. Using principles grounded
in classical Doppler theory, the d;ti can be mneded for source motion. |
| To. understand the application of Doppler theory, reference is made to Figure 7 in _
which 3 source 112 moves from location s, at the beginning of the HFVS freqﬁencj sweep to
25  location s.g at the end of the frequency sweep. Point diffractors 140, 142, 144 represent
exemplary diffractor loc_ations along line 130. Lines 145 and 146 represent the direction
seismic waves travel from the initial source location sp and the ending source location sepq,
respecti\_rely, to point diffractor 140. Similar Iines can be drawn for scismic- waves traveling to
_difﬁ'actors 142, 144. The seismic waves reflected by diffractors 140, 142, 144 travei hpward
30 along line 130 with dip angle 6pJp.
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15 . As 'shown, the source 112 roves fromleft to right and

t hus roves avvay fromdi ffractor 140. Because the source noves away
fromthe FLf;gqgctor the period of the emtted frequency - SWeep source— -
si gnal appear |longer. Alternatively, the |ength of thehisiRaugnsy A

wi || appear to be |onger fromthe vantage point of d|f

This change in frequency and 5 | ength of the frequency s m

to as frequency shift under Doppler thegn In this

t he source approaches diffractor 144 duri ng t he frequency svveep, and thus
the frequency sweep becones shorter fromthe vant age point of diffractor

144, Diffractor 142 Is below th e _source' y -
as it noves dufsAiPYmdhe T"é‘ﬁ’i?eﬁé E'Bm lgﬂb" right an hl']‘g mMoYes %w'? ?ﬁé@:
frequency 146)i Becadé 8ol RaRE nidvedawhy fromahe Biffrdctor, Wiy A6 Iof theemitted Frequencyr 10
due to source notion can_be represent ed by the magmu%)a’de of the fre&e

shift usi Auewr@rﬂsml will pppeas/longer. \Altamativelyothe Igngih of thefeequensy iswg
the Doppl ghoeabid be fiiy mmmggbef&&mea%mm o FTHECEiingt BF Rbaibfic ey 86d

range of rac |ons ropriate filters can
correcs t lnhgdmiah’e d‘reqﬁémy dwaeprstrefemcd 10 as frequency shiift funderi Rigppharvtheary.Filg tthle 9,

the preferred, steps 210 to conpute an | er correction |ters
to correct"“f’?ﬂe-sllf&ei’ @HWC%Pﬁ%%ngﬁg‘g?y %ﬁ‘r"ﬂﬁt’f RSB ‘?"E‘Bug‘“{ Y he
di storti Oghe meqfshﬁ@ svieép bBSYnRd SRortd FronP el vahitagé Faiueammlatdrtml Diffractol 42
length of th requency sweep at each diffractor Ioc?tlon t he :

magni t ude igbel Q‘MéhﬂMRﬁ‘i‘r"(gnh'd%?é’qeé WRIEHQRY Ak Mgkescduringdhe frequengy, sweepyand; |,
.conput i NgyhgnéB Wi Igﬁza &gerﬁrgﬁewn ge&c.h'a& v{].rhe@mear 199 MoreVer, ARE Qistortion

diffractor. requency sweep, measured in -
‘units 18f dueto mmmmmcsn befcerasauedhymemmrmud mthbﬁequsncmdnﬁmsesmnpleand

thus, in 2 2

dil ation \?;aer% | es)"vmw?'i:%‘c’lg#éf"?éé’l(lz dr‘h$ gggérp"g’% o(h Eﬁgﬁssh%l Vi g‘gé&{"?ﬂtw {‘or Jg}?
gates in ﬂiiﬁpctﬁﬂl@caion or rangé af dimlat&elbezmoﬁs madsuppmgmm filrers ¢andseedesigned to
system 51 can ﬂ?‘r’o‘é{ g‘forrectlonfllter for each tinme gate in step
216. Fi naF‘? ‘e§ SIStBO” o s1ri ¢ neasurement and processi ng system 51
appl i es the commmg)ﬂo&ltbtﬁg&etw zﬁ@@:&&% §:e§sonpbwcsnpme%df Iy PRppler

dilation. 25 Referring now to Figure 10, the geonetry ssocrated
with d&ri epmeptiondilers targomect for seurce motign fm‘ﬂ@dﬁs d'rrstlmnunex; hpemagnivde of the

novi ng f rgmdmo ot gtédpéslj O &l g{gf}h ﬁo ’ﬁrﬁ&e&g ?ﬁ%_'ﬁ?el@fthéale gh of ftﬂeeﬂgﬁﬂﬁés'

sweep to an en |t|on err requenc
Di f f r act oswéep(at |eech diffractardadatidn,athe magmp.tdb of thmdnmntdneimttaisommmptxmecﬂ beer

127 dd f st H t '
the d st aRPRAREEY By RORHIEORE FHTet I e Fieth ol e Fogteny SwPRL er f14h TaEEPT
Eosr tio {1 {!be change an;hgh[xﬁ KHie] ﬁ@eﬁd}%ﬁ?ﬂ{:ﬁaﬁs{r@m:ﬁl upity d>fﬂﬁ:lﬁs°e90ﬁd@ i%h@fcrrcd to ]
orrzona S. An elated to dip an [err] err
20 % ?@‘Pﬂ (%%&,mpraa@afandc@ﬁsﬂamep@lathq iladionfs Epmep Qr%for cach d ted
1 r Om t he Th&Kdfamm \Flnegmth%l#ﬁaopf&atloﬁﬁﬁﬂqs(ﬁw GRel :ﬁg‘tﬁ&egﬁ&‘&h%?epaiu ©

| ocation so
that the seismic measurement and processing system 51 can provide a correction filter for each

time gate in step 216. Finally, in step 218 the seismic measurement and processing system s1
applies the correction filters to the shot record to correct for the dilation. |

25 Referring now to Figure 10, the geometry associated with deriving the dilation for a
diffractor 140 includes source 112 moving from an initial location 8 at the beginning of a
frequency sweep to an ending position s at the end of a frequency sweep. Diffractor 140 is.
located at a depth Z below the stationary receiver 127 and distance X awéy_from- the rece_iver.'
The distance H represents the distance between the receiver and the source 112 at its initial

30  position so. The angle Oy is the angle from dip linc 130 to the honzontal axis. - Angle By is

related to the dip angle ODIP as O = 90 - OpIp. Thus, once a constant pie slice of data is

selected from the F-X domain, 8y is det'med. Seismic waves from the source at location sg
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16 i travel along line 145 in the direction indicated, reflect off
diffractor 140 and travel along line 130 to a receiver 127. Simlarly,
a seismc Favg7@nmtted by the source 112 at position [err] -t+-avel

along line 146 in the direction indicated, and reflect %fssﬁ“f Fact or 140
and al so travel along line 130 to receiver 127. The Ridwime orderlaced on
is calculated as the difference betweén 5 thetirreaselijﬂﬂ" t es
to travel -fromthe source 112 at its initjyg@l position so

127 and the tinme a- wave takes to travel fromthe source to the receiver
when the source is at its endi ng position [err] Recognizing that the-
seismc ves,take. .t h a apount of.tine t J.ravel .alo | ine 130
ot veen 1 R pPE ling 345 38 et iPection Ficatef;setfe off iffiafioF 145 and rayel Aqmgaime
di ff erencel3ond a heteiver\A2®. Sikiildrly, A deishhie lwalve @Rt by thel Scurde 1R at pdsitiont ¢,Q0
so along 1ine 145 to the 10 diffractor 140, and the tinme of travel from

t he sour cetaye! plonglingJ46cp the disegtioa indicated,candrreflecs fT diffractor 140 aad; alse ftravel
T . heppli i JEr £
LT e ont PHIBAERAC 1308 reBUiVE127) The ¥yl O Wlakibf fs A ad 1hE differfnce hetween

represents the tine along e _ 1on I's:
where [ L the tinece seismintwave takes 40 travel froimethdisbwrice 02 waitsimitRl lpositivs si © receiver

iti ' ] i 15 { ' ., Wh th [
Povi no. anelP TR fie a8 18es 9 Bave) ARB e Soprte R récelVer phes foe Obfcgdx atiita
Tlerr] (soeniding pesition s Revepnikidg) that tHel sefsli® Waves take the same R&{oRh{ b Gmtto! |

to Figure 10, and appl éi ng the Pythagorean theorem L
(9) [err] travel along e 130\petweentthe diffiactn i A0 and eecsiver J2Bithe dlilation isnsimply the

wat er (15 / ' ti Sej] shmi,c way ke

{Tavel |1 onmeene i HREE e pked i dgUE from i dolfte 35| R fon B fonk 15€34f Fohe
al ong ¥l p diffrestar3@oandrthe thine of ragel frony thetsoonee &Olpcation sia 16 e difftaeroratong line
quadratic F&’%&?o”re%&%ems the fopner t%grt]im%ealgr?gl ifr?edljso gnﬁuiﬁepmw;’t‘@ the time along

[err] _ . .
line 146, then the dilation is:

DIL = Taeps - Too | @)
where DIL is the amount of dilation. The dilation' valuc DIL thus is positive when Tons is
15 greater than Ty (i.c., when the source is moving away from the diffractor) and negative when
T.... is less than T, (source is moving toward the diﬂ‘ractdr).

Referring still to Figure 10, and 'app'lying the Pythagorean theorem: -
®)

V=X 4 s JH-Xy+2°
20 - and  Z=Xten(d,)
where V is the Propagation velocity of seismic waves in water (1500 meters/second), T is the
time a seismic wave takes to travel from the source at s0 along line 145 to diffractor 140 and
along dip line 130 to receiver 127. Eqix_ation (9) can be rewritten as a quadratic equaﬁon and
thus can be solved for X: | - | | .

61

where;
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[t should be noted that X in equatlon (11) is a positive value if the dip
i's down angl L-é g he right of a negative value if the dip is up and to
the right. ing equation (11), X can be calculated at——tine T, and.
once X is known, Z can be cal cul ated using equation ( agﬂéeﬂtkbﬁl@e&( and
Z 10 for each constant O provides the |ocation of

seismc event at tinme T. qu,ation (8) can mm&

(15) TJerr] where u. is the source Vvelocity and TS Iength

of the frequency sweep. As can be 15 seen by exam nation of equatlons

(11)-(15), the dilation DIL is a funcfi g f | ocation of a
diffractor (X and Z), T, boat spe€d=&g,?&%‘3'2ﬁg length of the frequencyl?

sweep TsL. Further, equation (14) only has a solution when T > H V. _
Referring now to Figures 9 and 11, a plot of dilation DIL as a function of
tinme i s shown for a source 112 and a receiver 127. As shown, positive

DL values are plotted to the righ f wi th negative DI L
values to the | eft of the axis. Ag_k«gu' ?Uorreﬁ%ﬁ n filters can be (13)

cal cul & ed on a sanpl e-by-sanpl e basis (whi ch may be preferred),
satisfactory results can be achi eved i ess tine if the dilation
curve-is divided into segnents and Bor 1ROF crrﬂzil lters are const r.ucfiéy
for each segnent, rather than for the sanples that conprise the segnents.

Thus, Tt il '
di screti zeé I nt Oﬁesg%ﬁ%maghgg%a@g@m?gé@%%s gg'e it 38&, OCI ate ﬁ’é’é‘ﬁ tes
256, 257, cfMafcg@be vahe(f theldip isiupandfo megghntlklmuaw (1 1). X camht cafmdatedat

size of t innlge_ Q‘%t?ds onzn::%%'( le?gnoucme}ri paen bseeéalcu&te%n Xsnggeésquraﬁgn ?liﬁ.e ‘Calculating X and Z
| 10 for each constant Oy providei the location of a diffractor for a seismic event at time T.

' Equation (8) can be rewritten as:
| as)

DIL = J(H +u,Ty = X)* +2° = J(H - X)* + 2?
where u, is the source velocity and Ty, is the time length of the frequency sweep. As can be
15 seen by examination of equations (11)-(15), the dilation DIL is a function of the location of a'.
diffractor (X and Z), T, boat speed us, and the length of the frequcncy sweep Tsy. Further,
equation (14) only has a solution when T > H/V.
Referring now to Figures 9 and 11, a plot of dilation DIL as a function of time is shown
for a source 112 and a receiver 127. As shown, positive DIL values are plotted to the right of
20 axis 188 with negative DIL values to the left of the axis. Although, correction filters can be B
caiculated on a sample-by-sample basis (which may be preferred), satisfactory results can be
achicved in less time if the dilation curve is divided into segments and correction ﬁlteré are
constructed for each segment, rather than for the samples that comprise the segments Thus,
according to the prefetred embodiment, dilation DIL is discretized into segments 252, 253,
25 254,255 and associated time gates 256, 257, 258 259, 260. The size of segments 252-255,
and thus the size of time gates 256-260, can be set to any desired size.
~ Numerous techniques are available to construct appropriate filters to compensate the
shot records for the amount of dilanon in each tlme gate For example, the sweep can be
resampled to At’ where —

i : | 71iIS SHEET HAS BEEN
, L A= Tyq At : REPLACED =
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Nuner ous techni ques are available to construct appropriate filters to

conpensate the shot records for the ampunt- of dilation in each tine
gate. Forpeygygl e, the sweep can be resanpled to At' where

Ferr] o - (16) [err] wher e
At is the sanpling period for the shot record. After resanpling, the new
sanple rate is overruled and called At providing a new shot record. As

an exaggerated exanple, for al 5 seci)?d- sweep di |l at ed-by—-+—second—and—
np

sanpled at a 2 mllisecond rate .(one sanple taken every

B
mlliseconds), the sweep is resanpled to 1 nmillisecond pro¥® < ed
many sanpl es. The resanpled data is then given a sanpl L
mlliseconds naking the record tw ce as - | ong. The dil _

S

‘then correlated with the non-dil ated sweep: The phase of the result
t he required phase correction. 10 The phase conponent of the data
i S non- zewhextuAt is the: samplingpeciod $irithe shotimeaokd.r After resampling, thenevn sample sats is

o SR pod FIGTCAL ReeSIAEE 8 e R ok & eBetaed SR A T
elimnate er% Ex?f/éii difhe 1 secon Exgdsf‘al éﬂ’&t@%hilﬁ&doh&rﬁ%ﬁ?xﬁts?ﬂgleqmmiy

val ue, pre zero pHase. T , accordance L . preferred.
enbodi men®, midkiseconds) the sweeps is resampled: tal 1 pnitlisecendhproviding: twise as many cemples.

t he phasejgconponent, pf the dil ation de Sss.correl at it h .

of o onec THE ABIL data isBed aiyRh o SAmplegRte. St A BRIEGOD: Pafife fhe Hreblipmice as

W ener - Lelings The idilhied swiebp Fsah@récttldied with Hietnedilabed sweep. The phase ofithevesulf
the recorded data after correlation with the reference sweep signal. An all
pass i nvelsdhe reqpired phase soffestion) t er the anplitude content of the data,

rat herngqonly th - n : bl | to
r em)vefot he phaggpg gigt%e%otnfpog g@séﬁgg tdﬁ{emg ur{o\a uztE R{2 Spé g g{r?:‘?l’?i’ﬁééﬁhmﬁ’?‘{‘f‘%ﬂ o]
have zer ofipiethe ship’s motion. Morgner,abe majori effect of the distomiof doeité sousceemapoh it d

to the entire tracg of data and n,the: o appropriate se nts f.rom -
each corr &t e°d't|3f f"a@'g Phese ?&FW@EQE%@'%OH:BF HEEP’%@&F‘PIQ? PR yalsorcmg the
conpl et el phaxeicompbiéht @fitie 8ath to 4 Rustant NalugOprefedblp BeroPhaid) CTHIR! ih dcebrdantd e
gate of 1 g exanple, .is applied to the data. Simlarly, the

d, f . K
Sorr ect i oMBBE Prﬁfﬂgédgwbedlsm theo3eismis megsyrementcihprocessing SyHEMsS | EHIPLY
on, ang 2yROpHAee cbfohéht dFhe Hildtici nodbl ErosiVor kit Hiththe' Ritheridshedfl S A

standard all pass inverse filter, such as a Wiener-Levinson filter is selected 1o efiminate the

phase content of the recorded data afier comelation with the reference sweep signal. An all
- pass inverse filter does not alter the amplitudé content of the data, rather only the phase
content. The filter preferably is constructed to remove the phase content, causing the output
20 signal from the filter to have zero phase. ' | o
The correction filters preferably are applied to the cntirc trace of data and then the
---APpropriate segments frbm"each'corrected"tra'ce are selected and combined together to form a
completely corrected data set. Thus, the correction for the data for a time gate of 1 second, for
example, is applied to the data. Similarly, the corrections for time gates of 2 seconds, 3
25  seconds, 4 seconds, and so on, are also applied to the data set, thereby generating four data séts
each corrected by a particular correction filter. Then, only the corrected data from 0 to 1.5
seconds is selected from the first data set, the corrected data from 1.5 to 2.5 seconds is sel#cfed
from the second data set, the corrected data from 2.5 to 3.5 seconds is selected from the tﬁird
data set, the corrected data from 3.5 to 4.5 seconds is selccted from the fourth data set, and so
30 on ' '
After correcting the seismic data for receiver and source motion for a constant dip slice
in step 210 (Figure 3), the next dip slice of F-K data is selected in step 240 and steps 200-210
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each cqrrected by a particular correction filter. Then, only the corrected
data fromO to 1.5 seconds is selected fromthe first data set, the
correct edgdgiggof rom 1.5 to 2.5 seconds is selected fromthe second
data set, .the corrected data from2.5 to 3.5 seconds is setected—fromthe
third data set, the corrected data from3.5 to 4.5 s%gggeet S sel ected
fromthe fourth data set, and so 30 on. Afte

seisnmc data for receiver and source m)ttgn for a constant (igiﬂ
in step 210 (Figure 3), the next dip sli of F-K data is s

240 and steps 200-210 are repeated until aII of the F-K
data has been selected. Once all the data has been corrected for each

gl p sl Id cgatﬁfmmld alliafahe EXK dats has beenuselasted; Onaecgll Q@data)hqsrhaau@gﬂmed
e oo Brbach dif Sick SR Bl yRHLTR L AMREE L Etn 730 < 0fhodpes g desret s .

in the artoﬁected)fotso\kbeamemvdlmioasure is fully appreciated. It is

i nt ended t hat e follow ng cl S\I interpreted to epbrace all such
vari ations and Ys V3FIALGTS an modxﬁcatlons will become apparent to those skilled in the art

.20 5 (m&.l—ﬂ'le'\@ove dlsclosﬁre is ﬁ:ﬁ% 'E'Bgﬂgﬂtédo Tt §OMmténAkd MRSk Sﬂl&wﬁ’lﬁt aﬁ&;e

di stortion caused by th tiron ource~an

moti on of l!ﬁemmtm@mbémmusn;h wmponsandgnodlf cations. (a) correcting the
seism c data for notion of the receiver; 5 (b) <correlating the
receiver corrected seismc data from step (a) with a reference

frequency sweep signal used by said seismc source to generate seismc
waves;

[ [ti1S SHEET HAS BEEN
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(c) conputing. a forward F-K transformof the correlated data fromstep (b)
to” produce F-K transformed data; (d)
sel ecting g_qg-ﬁigtant dip slice of said F-K transforned data; 10
(e) conputing an inverse F-K transform of said constant dip slice of said
transforned data to produce inverse F-Ktransfor m—,'tT
dat a; and (f) conputing an appropriate corrgetdhQhy Slﬁjeg
said inverse F-K transforned data. 202. The et ho
wherein said step of selecting a constant”  dip slice of sa
transfornmed data includes selecting F-K transforned da
to a predeterm ned range of dip angles. : The
met hod of CHAMSE wherein said steps of selecting a constant d| p slice of
F-K t ﬂe&ﬁigase | ?%355
transform éf saf\dlﬁsel ect(ra% fsﬂ:@ﬁmﬁ%r)scthgﬁitiﬁg %?b?%% o sstglglp‘)m
(e)), and corrpuiq\lmﬂadlbmpommoﬁimmcmserverocpmprising for sai d
inverse F-K tr f . f peat ed for additional
constant dip W %ﬁﬁélmi%f, é %éfk)ﬁg{"gw ¢ receiver The met hod of
cl ai m 3s wher ei n(b} aicdrrelating cheé mefwf befrc:néd seigmit aidat ﬁofnastdp &) SithCa @éfer@née0
25 correct for said squ The et hod of

claim4 wherein saiftf98ensy SWR:S I"P ya’ﬂ"‘aﬁ?ﬁ%ﬁ“%é°86‘?ﬁ‘%‘€l‘?‘&‘ﬁ’°f‘ﬁ%r
includes cal cul@jyi rwmgmukgeasfomaﬂ gk QHnﬂBrd(adetﬁe fBfreRld]dad Fdm ?‘éj’e. ) to

transforned dat a. The nethod of claimb5 wherein sal
data is generated Pjodvse §-Kiransfermedidata; ng . sei sm ¢ waves using

said reference e . .,value is
cal cul ated by s@%t ?gg‘?%gfﬁagﬁdnggﬁ&s%@gn@ﬂ&%éw o travel fromthe
sourcel o the (e) computms, an inverse F-K transform d)f $alid- cbﬂékdlﬁldxiulﬂibéldﬂiaidﬂﬂtl 11

21 gﬁt nd of t regquengy, fromthe tine
a sei.smic wave takes eida‘@ 1o “ce'""em Bﬁ? 89@ to the receiver

at the begi nni r( obomhmlfgrmp@mpha%ﬁ@euon filter for said inverse F-K transformed data,

laced

2. The method of claim 1 wherein said sfep of .scl'ectin}, s a constant dip slice of said F-K
15 transformed data includes selectmg F-K transformed data oorrespondmg to a
predetermined range of dip angles

3. The method of claxm 2 wherein said steps of selecting a constant dip slice of F-K
transformed data (step (d)), computing an inverse F-K transform of said selected
20 constant dip slice of data (step (e)), and computing an appropriate correction ﬁlter for-

said inverse F-K transformed data (step (f)) are repeated for addmonal constant dip
slxces of 'F-K data.

4.  The method of claim 3 wherem said correction filter is apphed to sand selsmlc datato
25 comrect for said source motlon

5. The method of claim 4 wherein said step of computing an appropriate correction fi lter

includes cnlculatmg at least one dxlatlon value for said inverse F-K transformed data.

30 6. ’l'hc method of claim 5 wherein said seismic data is generated by said source emitting

seismic waves using said reference ﬁequency swecp signal, and said dilation value is -
calculated by subtracting the time a seismic wave takes to travel from the source to the

i5-SHBEET HAS BEEN
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7. The nmethod of claim®6 wherein said inverse F- K transforned data
includes seismic data 5 reflected off of a plurality of
di ffract ogsqgfgated along lines corresponding to said

predeterm ned range of dip angles and a plurality of dilatjon values e
cal cul ated for sai d seism ¢ dat a. g, This ed
claim7 wherein said dilation values are discretized into si u J [l

9. . The nethod of claim8 wherein sai Q step of conputing

correction filter i ncl udes resarrpllng said seismc data to a
sanpling period that is different than the sanmpl i ng period

d Il | d dat
O eI 9 wher b eodiuetin Sreamdt the e Pt Eom e A scisgyit Sy BEF dive
al so includes g ?HRHJ é&%&o%ﬂe@&#&rm% bégihniAg 6bthe Requeny fsweter s, each al |

pass inverse fi correspondl ng to a particular segnent of
said dilation val ues. The nmet hod of claim 10 wherein the

results Ozdgp pﬂQ J?.Q«thﬁﬁ of cfaiM Sqme}e%gsaid an&Eélf t!@%ﬁ?ﬂ'&n%@ data includes s&iShit Hafa N

data are or correcting narine
seisnm g data fﬁﬂede&taﬂ’ of anploninedf H;t‘fradnersriocatuh alongdlines correspondmg tocsaithi ¢

por 1| ons. _cachASETTIReL Bpse ofdiranelss apd & PRANy Sauaib vt Cyffida ot O

conmput i ng Doppisd seksmhic@Aadal on filters for sai d portions; and
appl ying said Doppler correction filters to said portions. 13. The

nmet hod of claim 12 wherein said step of separating said seismc data into

_portions 30 The methoh %?élgﬁlﬁ’i wherex said dilatign values are GRCRYEd W Psepmams. or m of
said seisnic da ce trans I hed data; - sel ecting

a subget of saidt ransf orned data; and
REPLACEI\/E@T SHIF}I‘E method of claim 8 wherein said step of computmg an appropriate correction ﬁﬁgr
includes resampling said seismic data 10 a sampling period that is different than the

sampling period used 10 initially sample said seismic data.

15 - 10.  The method of claim 9 wherein said step of computmg an appropriate correction ﬂlter.
also includes computing a plurality of all pass inverse filters, each all pass inverse filter

corresponding to a particular segment of said dilation values.

11.  The method of claim 10 wherein the results of applyiny said correction filters to said
20 seismic data are added together.

12. A method for correctmg, marine seismic data for distortion caused by the motion of a
seismic source, comprising: ' _
_ sepmtmg said seismic data into portions, each portion corresponding to a range
25 ofdxp angles;
computing Doppler correction ﬁlters for said portions; and
applying said Doppler correction filters to said portions.

13, The method of claim 12 wherein said step of separating said seismic data into portions
30 includes: | o - |
computing a transform of said seismic data to produce transformed data;

selecting a subset of said transformed data; and
—_— : {THIS § E‘“LT HAS BEEN
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corrputl ng an inverse transform of said subset. 14. The net hod of
chaim' 13 wherein said step of conmputing a transform includes

conput i ng._ 2@75 K transformand said step of conputing an inverse transform
I-ncl udes conputing an inverse F-K transform 15. The
met hod of claim 14 wherein said step of .conmputing a transform includes
conputing a t-p transformand said step of conputing an inverse’ transform——
i ncl udes conputing an inver$§ t-p transform 10 . 16. The

met hod of claim 15 wherein said step o corrputl ng a transf”é‘lrsﬁhee
conputing a Laplace transform and said step of conputing an ’

3

placed
transform I ncl udes conputing an, inverse Laplace BW‘II‘S

17. - The nethod ofcomputing arsinyerss wansforay of P%ﬁ'- correction fil ters
i nclude all pass inverse filters. '
sei sm ¢ neasurenment and processing system 20 user |nput

devi ce cqapl ed‘hbomelhod of ictaimc 1 3roekereia neaid mpdoﬁrmnngga smﬂonm mcludes
~a display device cou surenent an C

wherein sai d SOMPHY gs’é @ﬁ??ﬁ'“é?f{j“gé ste ?Fﬂ'ap‘éwmm’?rg?ﬁa Zozﬂ]ﬂm
~processing  gomputing an #ikise P ransférii.age unit,” and said seismc

nmeasur enent and Sr ocessing systemcorrects : seismc data for

source notion by conmputing an F- K transformof said seismc data, 25

oMUt i Nggan ielafhof K Wi 19 dlin f;;m%nagka%ﬁ.&yu?sh%cs BlasBichies

t ransf or ned a, and. appropri ate
correction filcompstihga @ﬂﬂhnsfmhﬁdlkaldls&p of computing anshverse transfortd includes
- transfornmed data. The seism.c systemof claim 18 wherein said
seismc neasuﬁempnﬁn&amlwme@spgrangfow system sel ects a const ant
di p k)l ce of said F-K transforned data correspondl ng to a
predeterm ned range of dip angles.

16. The method of claim 15 wherein saxd step of computing a transform includes

computing a Laplace transform and sald step of computing an inverse transform

includes computing an inverse Laplace transform.

15 17.  The method of claim 16 wherein said Doppler comrection filters include aﬂ pass inverse
filters. B . - ——
B A scewic ey, comprisng: HIl\lI\ |\|I\| WA \Ill
a seismic measurement and proi:essim, 3 system; .
20 - a user input dev:ce coupled to seid selsmlc measurement and processmg system,;
~ adisplay device coupled to said se:smxc measurement and processing system;
wherem said seismic measurement and processing system includes a processing
unit and 2 storage unit, and said seismic measurement and processmg system corrects
seismic data for source motion by computing an FK transform of said seismic data,
25 computing an inverse F-K transform of a constant dip slice of said F-K transformed
data, and computing and applying apprdpriate correction filters for each constant dip
slice of F-K transformed data,

19.  The seismic system of claim 18 wherein said Seisnﬁc measurement and processing
30 system selects a constant dlp slice of said F-K transformed data correspondmg to a
predetermined range of dxp angles.
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23, . 20.- The seismc systemof claim19 wherein said seisnic

measur ement and processi ng systemselects nultiple pie slices
of F-K trapsfer0ed data, conputes a set of - appropriate
correction filters for each selected constant dip slice of data, applies
said set of appropriate correction filters to said seisnmic data
detected by said receiver, and adds 5 : together the seismc data

after being filtered by sai d set of corrggtion filters.
at | east one seismc source coupled to said seismc measur ement and

processing 10 ' system at | east one seismc
. | cni . ¢ . :
Cystem 2P Cfhd Seinftc yahoH GuliF 13 LRIBY cﬁ”%aslmf P rengpind pothle

measur enent andsnstencssbctngmslypteeme slices of F-K tramsforibéd data, computes a set aof
di spl ay device cou to sa e sur enent cessi

wher ei n- sai d se‘fpf “EFE M&H{é %ﬁﬂ"pﬂhéﬁlgg@ﬁi ﬁ%"%ﬂ%@@% q%r?gldd@egppg"%%ﬁi
and of @ppfoprigfe doftectioh FhersBishid stisMi®ERs Bb1edcd by daid RBEIver, Badadise
unit, and said sei measur ement and processin sysfem _

correctd for so'BBE‘E“rFB'E f"(b’?ﬁ“’ﬁﬁ’“ééﬂmhﬂﬂﬂg”&ﬁeﬂ:h%a'd5°‘°f°°"°¢t'°"t tefsf or m of
seism c data detected by said receivers, conputing an inverse F~K20

transform of a constant dip sllce of said F-K transfornmed d

o0 B, oo e MW
pie slice of F-K tr e seism c system of# clsal m
21 wherein said sei ?n]’%csmrlrgglgﬁsggén%mandrPd'ocesgig%éyStelg system _
sel ects a constant ditfeastl dne aseishicsainde Covpléd wsaidaeismit fiedsarenent afsrocessigg t o

a 25 - predetern ned range of dip angles. 23. The seismc -
system'of cl ai i?#*Mnherein said seisimc neasurement and processi ng

system sel ects nul tiapl least Odifel 8étémidi FecBiver Roupitd fioKsdid 3B rm&sﬂ%em and
conputes a set of appropriate correction filters for eac

sel ected const APCEHHPB YSleM of data, applies said set 30

appropriate correctiy

rggel \F/)er and adds - qﬂﬂflhb&ﬂ%ﬁé &@?ﬁg?%ﬁ gagrgxlcgﬁ%agurgxgﬁrﬁ%fﬂ &%ﬁ‘%ngs““‘
filtered by sai#dset of correction filters.

15 8 display device coupled to said seismic measurement and processing system;
wherein said seismic measurement and processing system includes asource and
receiver interface unit,l" a processing unit, and a storage unit, and said seismic |
measurement and processing system corrects for source motion by computing an F-K
transform of seismic data detected by said receivers, computing an inverse F-K
20 transform of a constant dip slice of said F-K ufansformed data, and computing and

applying appropriate correction filters for each pie slice of F-K transformed data.

22.. The seismic system of claim 21 wherein sai'd seismic measurement and prdcessing '
system selects a constant dip slice of said F-K transformed data correspondmg toa
25 - predetermined range of dip angles

23.  The seismic system of claim 22 wherein said seismic measurement and processing
system selects multiple constant dip slices of F-K transformed data, computes a set of
appropriate correction filters for each selected constant dip slice of data, applies said set

:lq - of appropriate correction ﬁlters.to said seismic data detected by said teceivcr, and adds
together the seismic data after being filtered by said set of correction filters.

This Sheet Has Been Rep e

U R A




