WO 97/ 13213 PCT/ US96/ 15818 -1 METHOD OF DI P ND\/ECIJT A_LLS_Ii(N A :
MASSTVF. | ; v . PARALLEL COWPUTE R FIELD OF THE | NVENT
relates to the field of geophysical prospecting. SpeC| f i caI M\M“I\I“mmml“m ‘“
invention invol ves a met hod of processing seismc data usi
paral |l el proce' ssors to obtain a partially mgrated i mage of prsestack
seism c data. BACKGROUND OF THE | NVENTI ON- The search for subsurface
hydrocar bwo sdegmsits typically involves a sequence 10 Ofp.&%@ﬁaﬁhﬂ sition,
analysis, and interpretation procedures. The data acquisition a
i nvol ves use of an energy source to generate signals that _propagate into -
‘the earth and reflect from various subsurface geol ogi ¢ structures. The
reflected signals are recorded by a-bultitude of receivers ,on or near the
surface of the earth, or i n an overlyl ng body of water. The received
signal's, which d 33 ey d SSPVEEANSi st of - _
anplitudes of acoustic energymmnct I on of time, receiver
posi ti.on, and source position—d tly, vary as-a functi on, of
t he physi cal properties of the structures fromwhich the signals reflect.
The data anal yst uses these traces along with a geophysical nodel to
devel op an image of the subs@%ﬁ%&ﬂﬂﬂﬂﬂwres t20 The anal ysi s
hase i&vol ves t n e.na
geol oglgal ‘st ru%ﬁ?@wgg?{ﬁg#ﬁ\}%gﬁ%ﬁggg&ghgsgca?p’loﬁ%ecsﬂ%r%%"[cg%“gl' ‘g% of the .
dat aset i inyenhtion mnolgoemamahpd hﬁpﬂemmpgishemmfdam.&h Brgq:‘alraalet Mﬁbfsaérsf@l srr:c SO%at a
processin ffort duce e.of, the geol ogic structure
!tohe recorge al(?aﬁpama?'h'a{f“g g’aﬁgdiﬂ'&"?g‘fqgﬁéﬁ"&g?‘ﬁg t heoretical and enpirical
nodel s of the manner in gy SDANE smtted into the

earth, attenuated by the subsurface strata anc ected from the.
geol ogi ¢ st r uct hesearchfer syhsyirfagg/ hydrogdyborf CilmSltspy]mchllytmﬂﬂvésl':fsedaérﬁe

| nt_.on racy. of .these-anal ysis
P ocedLy ooof GRAMERRTdSLBBR 1ok RRRORRGH pBRARR, IRE BB RGPt ¢ rooults.
Speci fi cal ]bl;qse irtvelves prneh&gy souresto geﬁeraie(%lgiﬁl%m pldpBgRfrfRdithet 0 Whi ch
subsurface ear%

glletc): H-orglexpanous subs(;iur&ce geologrc structures. The reflected 51gnals
~are recorded by a multitude of receivers on or near the surface of the earth, orinan -

overlying body of water. The received srgnals whxch are often referred to-as seismic

| 15 traces, consist of amplitudes of acoustic energy which vary asa function of time,
receiver position, and source position and, most irriportantly, Vvary as a function. of the :
physical properties of the structures from which the signals reﬂect The data analyst
uses these traces along w1th a geophysxcal model to develop an 1mage of the
subsurface geologic structures. -

20 ' _ The analysis phase involves procedures that vary depeoding on the nature of
the geological structure.being investig'ated and on the characteristics of the dataser "
itself. In general however, the purpose of a typrcal seismic data Pprocessing effort is
to’ produce an image of the geologic structure from the recorded data. That i 1mage is
developed using theoretical and empirical models of the manner in which the signals

25  are transmitted mto the earth, attenuated by the subsurface strata, and reﬂected from
the geologrc structures. The quallty of the final product of the data | processmg e
sequence is heavily dependent on the accuracy of these analysrs procedures _

" The final phase is the i mterpretanon of the analyuc results. Specrﬁcally, the
mterpreter s task is to assess the extent to whxch subsurface hydrocarbon deposrts are

30 present, thereby aiding such decxsxons as whether additional exploratory dnlllng is -
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30 present, thereby. aiding such decisions as whether additional :
exploratory drilling is ‘WD 97/13213 PCl1'/US96/ 15818 -2 warranted or what
_an optimum hydrocarbon recovery scenario nmay be. In that assessnent, the
interpretation of the imge involves a variety of different efforts. For
exanpl e, the interpreter often studies the inaged results to obtain an _
under st andi ng of - the regional subsurface geol ogy. This may involve nmarking:
mai n str QKR eat ures, 5 such as faults, synclines Zfd/USAY15818 nes.
Thereafter, a prelimnary contouring of horizons may be performed. A
subsequent step of continuously tracking horizons across the various
vertical sections, with correlations,of the interpreted faults, may also
occur. As is. clearly understood in the art, the quality and accuracy of the
results - of the dat nal ySj f the seism ¢ seguence have a
si ghi f i 'canYaﬁ“"r?Eegc‘{‘ wg’ﬁ? c«’.ﬁ( a@%oﬁrg%agglonarﬁc V%‘%é?%‘?‘ﬁ%g‘?%ﬁ % esults of this
i nt er pr et adss3smahal€intdrprepation of the dmageifvatwis avatety 08.gETeecnn efiertsd Foe! oped
usi ng a three-di nensi onal €0 B,sical nmodel -of seismic wave propagati on,

t her eby f aCmpPleatie H&“&E"éﬂr"é’gﬁ S‘E‘ éﬁ Hhe imaged 15suls torpbtain am updegstending of .
refl ecti onge kdyidnaPsublalfhce A6ty T YmaPRGhITE qumxg,hﬁﬁkmaarab%ﬁ?és' y simplify
data interpretation, sincé thé interpretational Tocus can be-on the 15

nat ur e Sof suck agfaolts gyrslistsrand antidines v Bievealieraa drefiotinayy comeurangaair acy of t he

i mage. - Unf ortunat el hr e d%i nsi opal geophysi cal node] s. frequently
Fequi e T MOTRIBR, P et ogne AR £7Rd CORURNTS FaFhiRE BTPPR L ar o
forced to srésekhefvariblitevertadabsecibiag @ik corgelfoho 6f tha nérp e daraulBOmay bl e to
reduce the burdens of both analysis tinme and , cost. 20 In addition to the

3- D conput ##q FUTE i i £leardy updeestenddip frerary the qualiy prdbresumerngf thy sisulive
chal | enge. of'y é:%[ r%mls?etp JF the/dilshfid st RARY s RRECInEe MY | nvol ve

hundreds to eds of thousands of 'source locations, 'wth each source
-l ocatitn dawmacarnduncfubetss afithe medisvof thi$ meapretation pHdscause each
source-receiver ontri.bution to the desired

out put i mage, tlﬁg’%&?g? %5%%???‘#3@%%{5#?1%EY°?°$H usiog a iypefimensigtal dat a
transfer despRglical@RBddRf seitihic dRRe bibphiatioh, ftherbbytafiBRERN hefatd #®th conput ati on
.bu_r den. Fi gudr ein:ll- t}?aei\ Ej:a(figls o?al??erﬂsegt?ocng iir\xl tef\le YiLtg.W A(ggliraaielr egéc?gedzr{g’ﬂggtiogshe earth for
whi ch a- 2andazimutha g ately sp _
' - greatly simplify dafa inte.rpretati'o.n, since the interprétatioﬂal focﬁs_can beonthe
15 nature of the g(l:olo'glic structure involved and not on the accuracy of the image.
i Uﬂfdrtunately, thrée dimensional geophysicai .modc_ls fréquently reduire intolerabl._v
long co'mputation-t'irrnes,.and seismic analysts are forcéd to si'nllpl_ify'the'data |
-pr.ocessing effort as much as possible to'reduce_ the burd_ens-of both a.né'lysis time and )
) costl. '_ | ' |
20 " In additio‘n to theIS-D computation challenge, the analyst faces a processing
volume chailchge. ' F or example, a‘typic'a'l' data acquisitioh exercise may involve
‘hundreds to hundreds of thousands of source locations, .w"ith each source location
_h;aving _huhdfeds of fecéiver locatioﬁs. Because each source-receiver péir. may make a
valuable contribution to the desired output image, the data handling load (i.e., the
25 i_nput/output data transfer demand) can be a burden in-itself, indepéndent of the
_compuationburden. . . L e
"F igur;e 1 depiét__s a pe.fs.bective view ofa regioh 20 of _'t_he earth for which a
- geophysical image is desired. On the surface 18 of the .ea'rth.are shown a number of

shot lines 2 along which the seismic data are acquired. - As shown in Figure 14, shot

30 . lines 2.consist of a sequence of positions at which a seismic source 3 is placed and



geophysical inmage is desired. On the surface 18 of the earth are shown a
nunber of shot.lines 2 along which the seismc data are acquired. As shown
in Figure 1 A shot 30 . lines.2 consist of a sequence of positions at
which a seismc source 3 is placed and WO 97/ 13213. PCT/ US96/ 15818 -3 from
which seismic signals 5 are transmtted into the earth. Receivers 4 placed
along each line receive the signals fromeach source position after

refl ecti omofsmasisari ous subsurface reflectors 6. A firsSpciRisbiiksfaf

managi ng the seisnic data burdens di scussed above involves 5 careful
definition of the region over which the data are acquired. Specifically,
use of any avail able prelimnary geol ogi c and geophysi cal infornmation my
facilitate the mininzation of the s3rface area over which sei'snmc data
may need to be acquired. Such a mnimzation will directly reduce the
anount of &arawhigh seismic gignaledtast yansauitied intecthe datht Receivered phiced dlasd y car ef ul

pl anning o ' t lines .10 wll optinlze the anal ysis
effort. by %ae‘%ﬂglleﬁg&?ae?% %%ﬁ&n%?%a HFe p8ﬂ&?rfﬁvgféfqﬂﬁﬁu r?’?rﬂé{a"%nber of
sour ces ansubserfadevefl&tdrbét are used, and of the spacing between adjacent .
source and receiver positions, wl| also benefit the data anal yst. None of
these efforts c&n'® dfinanaging the seismie data bwdensidjscussod abovarimiadves

rel ati vel yeREedShasd ioh | unces_and
receivers; reduce 15@6@%@??&%&%%&?%%“ ﬁ%éé&‘g 31'%3%?31@’ P??a°3e, t hus
maki ng i nt @pavailable preliminaey g¢alégic and geophysimtiinfdrmatjorcaapizeilitge tleogi C
features . . | vabl e without, relatively clopse spacing. And
finally, g@r{ 131?%’:15@19 gﬁgg‘(ﬁr&cg iafela(%ereyii% PPRIC dgtae}?hseqow beagquiredy el y

unexpl or edSushepminislizatier witl difaotl Pédube e lahidlntQf d&tbﬁuaﬂérlflt‘i"rﬁé‘tglzr ea over which
data is to be acquired. As a result, the data handling burdén cannot be
entirely 2Fadiredyi Futheamarpysimijariviearefubplanning of thmsppting hetwgen shoelinescent

avail afy i HTBS 81 : : of fers -a signi.ficant

VAl | o) | G kY DO bl EAEBRR LR ERA ek BB SR (veps)

have nul tiyshizer o€squrces apd meeiyers it arei used, @APofthe Watioh beRePSGARRM

ront hs. pr et R PR A ons yiebiokeRPis Hefin el can be teduced to a few
days, or. perhapNore dfakeseffirss canttiewedsHiplishdd Witk peraltfFor BEMRRL a0€ can only

be realized if efficient conputational _ o _
relatively wide spacing between shot lines, or between sources and receivers, reduce

15 . the resolution of the computed seismic'irnage, thus making interpretatioh more
difficult. In addition_, compléx geolbgii: fea’turesrhay not be resolvable without
relatively close spaciag. And fma]iy, certain data ac.quisifion exercises, such as in
relatively unexplorec_l areas, do not allow optimization of the surface area over which
data is to be acquired. ‘As aresult, the data handling burden caanot be entirely _

20  eliminated through data acquisition planning. : |

The recent availability of massively parallel processors offers a sfgniﬁdant
opportunity to seismic data analysts. .Massively parallel processors (MPPs) have
‘multiple central processing units (CPUs) which can perform simultaneous
computations. By efficient use of these CPUs, the weeks or months previ.ously

25  required for complex analyses can be reduced to a few days, or perhaps a few hours.
ﬂowever, this significant advantage can only be realized if efficient computational' R
algorithms are encoded in the MPP software. Thus, the opportunity MPPs offer
seismic data analysts also creates a challenge for the 'develoanieht of suitabie .

computational algorithms that take advantage of the multiple CPUs.



al gorithns are encoded in the MPP software. Thus, the opportunity MPPs
offer seismc data anal ysts also creates a challenge for the devel opnent
of suitable conputational algorithnms that take advantage of the nultiple
CPUs. WD 97/13213 PCT/ US96115818 -4 This chall enge can be easily discussed
by considering the manner in which conputational algorithns have nost
comonly been witten for existing seismc analysis routines. Until
recent| y We8HBH%Ers relied on a node of operation referr BFTU§6/15818
sequential conputing. Seguential conputing involves use of analytic
routines that 5 performonly a single procedure, or perhaps focus on a
single subset of the data or inmge, at any given tine. This is a direct
result of a conputer having only one CPU. For that reason, the only

optim zation pr dur,es. that, can, be_enpl.gyed on single CPU conputers-are

t hose whi ch inc?gllagscgalfeﬁ%é% fblccelgsell c‘?}scc‘)’g&tdh CBP%%(E‘é’%i gmarner it WRiSh br ocedur e
or subset . cRapausenabhlgorithing b non Somtifnlybeeh Weitieh YorkRisRRE EQsmpd by that 10
si ngl e CPU, PIov_vever_, tl{ﬁlg?&[ﬁi ops for obt iH-]i?ng h'idgh per formance are

i nnat el y | ARAYSSHFOUURSS- ¢ P> AN fliehon@imads of pperatigiaisfariedyio of MPPs
of fers an @pydqdifial SdripttingNSeHRnEATBMbAGALRVAYNARLE 8P Shalytll rBu@by Ak age s

that the total time required to solve a conputational prorg?em can be
“r educed5 by perfirdi anlyla sipgietpeocsdure, erpephapsi fatys omasinge shtsevef the data 6PUs ,

rovi ded that the subdivisi .al l ows eac Uto rform 15 us | vvo-rk
P Ve the Bitas Scasydnep Sk Hishs s AReti TR romonPei ey ghe Rl "
-di sadvant ager miht idbdoh] fk enl¢iBptiMeativa pRcbdurésthit chilBe &RPIGGES é@im%]émﬁsi ng .

met hods that have | ong been used in software devel opnment nust be repl aced
by more apPPBpHE@eE thesruhithincteads the pificiennyofibe proaessingiasia thest at ed, MPPs

require th?;ocpa&esﬁaibea Bgaugégméx&l%%emgﬁqﬁ»%g}gmg@ﬁg l%))ﬂhgp.t use of

the multiple CPU hardware. 20 ldeally, these ne S gani ze the
di stri but i englefCRUbrHowewdrathe wptignsdoestitaining ihighgpet fhenmamco ardamndy lintigdensur e

that all procesgor e perform n ssary.. C tatjons al] of the tirre,.
rather than am?’t"i@"g%?ﬁ%i‘%’ég‘? %B%}%éﬁﬁtcgqu%%ogwgﬁo B?@Bé’g@@f"%. The
chal | enge gimul@hédis Bgmpaatadn Rivhmegk. PTHHSabahagk [ alab 8 SotaPide AlquiRd td1i zi Ng
25 those parallelized nethods once defined, Is particularly acute in the

sei sm c dafive promRYations! pPblsm candre sefucediax srbeiviingthe waskitrkadopeof a | arge
number of Ladhy tUakious CPUs, provided that the subdivision allows each CPU to perform

15  useful work while the other CPUs are also performing work. Unfortunately, the - -
disadvantage of multiple CPU hardware is that the sequential processing methods that
have long been useci ih S_oftWare development must be replaced by more appropriate |
parallelized computing methods. Simply stated, MPPs require that processing:
methods be developed which make efficient use of the multiple CPU hardware.

20 . Ideally, theée methods should organize the distribution of work relatively evenly
amorig the proceés;)rs, and ensure that all procchdrs are performing neceSS’ary
computafions all of the time, rather than awaiting intermediate results from other
Processors.

~ The challengé of defining parall'elized processing methods; and of optimizing
25  those parallelized methods once defined, is particularly acute in the seismic data
.. processing arena. Se,i_s_.mic'data consists generally of a_lar_gg_numbé_:ﬁ_r_ of individual . B
traces,- éaéh recorded sbmeWhaf independently of the other traces. Ldgical]y enough,
seduential computing methods that require the analytic focus to be placed on a single -
calcﬁlation at a time adapt well to analysis of these independent traces. This is true

30 . even though computational bottlenecks may exist. For example, portions of the



~traces, each recorded sonewhat independently of the other traces. Logically
~enough, sequential conmputing nethods that require the analytic focus to be
‘placed on a single calculation at a tine adapt well to anal ysis of these

I ndependent .traces. This is true 30 even though conmputational bottlenecks
may exist. For exanple, portions of the WD 97/13213" PCT/ US% 15818 -5

anal ytic sequence may require relatively nore conputation tinme'than other
porti ons,womagszipe conpl et ed before other cal cul ati ons mpyrRisO§R8fE Or may
rely on simlar input.data as other traces, for exanple traveltinmes. Since
no sinmultaneous conputations occur in sequential .processing, none of these
bottl enecks lead to a 5 reduction in conputational efficiency with a single
- CPU, except as to the total processi-ftg tine that is required. Except as to
that total tinme requirenent, the _existence of such conputational

bot t | eneckén%lb'e“ssqqaencem@ém% relativelyymots| computation tulnethaanmlhey@bmdﬁ@ take full
advant age howeve where t he 0 Isto

per form'si nu ﬂ{ S%\gér::ceo s g&riééc}%§s%?’ﬁe3@%"ﬁ‘5'§+?“%sp'°c ‘{ﬂf)ﬂ’éyf Y°B}§’t“1'“?ﬁ’2| ng the to

sei sni ¢ andippsiaa phather thyess Formexaaplen@veltinbs. [Bihde nBakiRanebs be devel oped.
Thi s advant age of an MPP becongs clear by considering the limtation which
cal cul ati ofi® PW@“?ﬂSé’E‘é‘g iR, aPRiIAL Prosessimg. Rang ef thasedioftiginecksieaddomput er s.

| ncr eass g rédutioin&8mphtatidifal ERGScy Ritd @P e of cube 20
in Figure 1, or |Rcrg§3|ng t he aﬁ%uﬁtagyggﬁta ?8g%995%§§%ss e.g., by
addi ng addPracessing timg thetds reguited] Exsepi asdo thatltotabtiths: ratwehmme&er i ncrease the

- total conp C cal culatiion tine places a heavy
bur den on g*é’?{sel%&gofasyh "ﬁh{atﬁon%l&nﬁ%’ﬁ%(s fedet %*?&’Se@ga%eqoalw ferthee - even

smal | i magenalyyi masakmw ddvantageof B R ToMbutipEapHbAltieS hdweTEr, Aheft 4R t he

. hi ghest speed sequentlal processing conmputers. In contrast, efficient

pr ocessi ng8oAl iMemsrformysimuliangous progessing llﬂrﬁ‘hﬁpbl& megthodsifer menzmg@ha ndi vi dual
CPUs, W0ULéi'srﬂi@la}ﬂalzﬂyﬁﬁﬁgb)zghrmx%{lﬁ%%\]cx bL)ﬁlPor exﬁ%ﬁegwqt at ' on times, S'T“_Ce

each CPU woul d ass of the
~addi tional wor kThleqdvamage bfjart MPP|tecgees deagbptonsilbtitg thEQnTnﬁ&hbalwhﬁ&{

oentrot on sl IBE . bE SR 205 el bR e e ineraming g be
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scalablllty are 25 developed.
amount of data to be processed, e.g., by addmg additional sources 3 and receivers 4 to

15 shotlmes 2, increase the total computation. That direct impact on calculation time -
- places a heavy burdgn on seismic analysts to optimizé image size, csp’ecialfy sihce
even small image regions may require weelgé'.of computation time on even the _highcst
~ speed sequential processing cbmputcrs. In contrast, efficient processing oﬂ MPPs,
‘which may have as many as or more than 256 individual CPUs, should only involve

20 minimally lengthened computation times, since each CPU would assume just a.

: fracﬁc_m, for example_ 1/256, of the additional work required by the largér region.- This .
-potential for scalaBility of the image region and the work load required in image
generation is a principal bcncﬁt-of MPPs, a benefit that can only be realized if

~ parallelized seismic processing methods allowing such workload scalability are
25 developed. _ | |
- Basic considerations for determmmg efficient parallehzcd seismic processing =
methods bccomc evident by reconsidering the above revxew ‘of the seismic- analy51s
“. process. As noted, the purpose of selsmxc analy51s 1sto analyze measured seismic
data using geophysical models to develop images of the subsurface. Therefore, each

30 of threé'principal processing components -- data, model, and image -- may be



Basi ¢ considerations for determning efficient parallelized seismc
processing nethods becone evident by reconsidering the above review of the
seism c analysis process. As noted, the purpose of seismic.analysis is to
anal yze nmeasured seisnmic data using geophysical nodels to devel op inmages
of the subsurface. Therefore, each 30 of three principal processing
conponents -- data, nodel, and image -- may be WO 97/13213 PCT/ US96/ 15818
-6 consi MPEHI3 be a candl date-for' distributing conputRBEVE¥&NS8Abrk anong
the various processors in an MPP. One option for distributing work anong
.the processors would be to:.assign different groups of the input seismc
trace data to different processors. _g_or exanpl e, traces may be grouped by
source locations, with different processors .. 5 being assigned different

groups. Sinlarl the Qu oul d be subdi vided and assigned-to
di fferent JPBUYE §%1> ‘fg{?‘#e f°’r&a&ﬁ%‘§’“§|°8‘BP‘B%“°68‘5‘§?’BPB‘°P6 PY de the
geophysi calprégessdks m&ad«n@m @wu@heoxtdaﬁnemﬁ@work th@becQJst‘dmdﬁﬁﬁ ‘that can

be. assigned to_the various prqcessors. (That nod is generally -
consi.der ed bedo pwignstifferantegoups of His l%w f%ﬂ’é’ﬁ l“éc"(ﬂﬁéartatdif&ﬁg“rpélfeﬁpﬁd by the
mat henati cg 1e,uf3@ls th get? lgb@gg r rt. For
exanpl e, . inogei S ?: anaS lysi s ?1 henat }ogéaqorn?%g]ﬁmﬁﬂcf??ceg E%sed on the
wave equdat ibeing.assignedadiffierpit gro@hesdlataalery oimput imageanefubdt eeibdivided ahd
frequency dorra h i ndi vidual.fre uenC| es, assi: ned ndi vi dual
processor s.2551gR¢ ﬁﬁ?ﬂfgﬁ'%pﬁéesﬁ%@s%ﬁ’lag bMELYs I&P"é Sa”cttldﬁ’l’é‘ f these
approaches.ge s@mﬂmeqeuseart@gaﬁraémeme@asmgglmobﬁ dgs%am&laﬁﬂe col l ective
15 respon5|b |ty for specific fre %l‘Jenmes I'n the nodel and all depths in
the i mage, aﬁmmeétomaﬁgusmmm%é 3t expdelris pesieraly gorfsisleresigebe f i ¢ hori zont al
| ocati ons ‘i alyst i's to
det erm ne '}hbhti% b%n: %34"% Q&ﬁégg?g#nm%"gﬂem’&lﬁﬁl f%Qta"c’lyhmage into
corrponents stibjatt crfallm mecmsgg’fmd Fw exardple) id sésmic pnalgsisthe nmttiematibst  MPP, thus

al l owi ng cal cul ation erforned in each processor 20 independently
of ot her r"ER‘EL %’WBQ“QIFD ‘i‘r’leg}‘%’r?“bfp‘g§?“§?ﬁ"cﬂ&aﬂaéa BARPYsis into
‘indivi dual RARBAAEN R théfreém@pwnaﬁfﬁmﬁdwmanaﬁcqﬁaicfemagslgsswosI tion. In
a Single Instruction, Miultiple Data stream (Sl MD) MPP, the processing

el ement s tyM'&'&PPkPT%FW i MR alse he pessietedeyeloaprombinatipnsofdhase streans,. An

exanpl e i SphligeidV? ForesiBGrouf of pRGee Bl itk Mg UG RecHRE PO 2L i 0N These

15 responsibility for spec1_ﬁc frequencnes in the model and all depths in the xmage, while -

“having individual responsibility for Spcéiﬁc'horizonta.l locations in the image. The
challenge to the seismic data analyst is to determine methods of subdividing the
_ seismic data model, and -image' into coﬁlﬁonents that can be assigned to individual
- processors in the MPP thus allowmg calculanons to-be performed in each processor
. 20 mdependently of other processors. This subdmsmn of seismic data analy31s into
'1nd_1v1dual components is commonly referred to as seismic decomposmon
Ina Smgle Instruction, Mulnplc Data stream (SIMD) MPP, the proccssmg
‘elements typlcally perform the same operation on multiple data streams,. An example
1s.th_e CM2, a product of the Thmkmg Machines Corporation. These kinds of
25 . machiﬁeé typi_ca]ly lack shared me_méry, i.e., each processbr hés its own separate
memory i}_nit and the information in the memory cannot be directly accessed by other
. processo.ri ‘I Thé“i»ndividual procesé_q’rs fypically have limitcdl_ c_:orhputing capabi__lﬁy
and memory. Because of the _large number of processing elements and a laék of shared
. memory, data tr:ansfer between the processing elements is a major bottlepeck in

30 . efficient utilization of the capability of the machines. Even with sophisticated



25 machines typically lack shared nenory, i.e., each processor has its own
separate nenory unit and the information in the nmenory cannot be directly
accessed. by other processors. .The individual processors typically have
limted conputing capability and nenory. Because of the |arge nunber of
processing elenents and a | ack of shared nenory, data transfer between the
processing elenents is a major bottleneck in 30 efficient utilization of

t he capabwOistiy3203 t he machi nes. Even with sophisticated \MOTANod/8s81s3

PCT/ US96/ 15818 ~ -7 intertonnecti on techni ques, such as in a hypercube _
arrangenment, transfer of data between processors is a mgjor factor in the
running time of progranms. O her conputers have nuch nore powerful elenents
in arrays of tens or hundreds. The IBD, a product of Cray Research
Corporation, is an exanple of this 5 kind of machine. Besides having.

i ndi vi dual ins¢reerasetiondechnigyensuch #54n adiyperenbearmngesnepowrnifat ofidasn t hose in

the Cwe, t f ts and hysical |y di'stributed,

| ogi cal | y Eﬁ\g}é@;@éﬁnﬁrg Iﬁ%sor ﬁgﬁ{ﬂpﬁg‘;ﬁ"m%sr{gr%? &o‘ﬁc’gfﬁfnﬁ ple Data stream -
(M MD) nmachi ne. Oder cirfifueere haveahestembre poeseffolrdBméhtslinf Ry €bE tefPGT at i ons- on
di fferent t f e data at_fhe sane tinme. The reduced nunber of
processi ngh&a‘%‘?fénﬂ? #ﬁ%ﬁgﬁg&gt P%é{a_yd?éf%?r%%ogpwa%wmas/@ antpie of thissferred to
as manys el BRBRE hadkind. B&ides N iAR &l AGual Fx‘é&% %1e9£eni§nl§at'age°£1%é’1§%%r

sophi stication _and cost of the Tndividual elerents a eCaus&o6t their

f ewer numbRewerfud tianghaspin teiGN2.ahé TAD hegfeiversf thtielemens ahdaghgsicalipe

processi ngu: S | anced. An.adqiti.onal factor is.that each

processi ngdlg#‘g%ﬁtlgﬁg&ﬂg%%g%% 'eTﬁlschg‘}’le]F?g%QéW M"lhﬂﬂ% GRS dat a

vol une; co@NINMB) imaﬁnetmrdifférsmienbmﬂnvgmﬁhinggim-.freﬂtf&ﬁexdﬁ&?s SifrekefeCcOme nore
conpl i cat ed. Q} woul d be fam |iar_to those know edgeable in the art,
prestack nRajis&f thsrflatast thesamgdimg: cThegpinged purabriiof progessingcderaents meansAs an

al terngf i Viad LdES b | G @l lal Jdm gt ati,on coul d be
done fol | owed ltoy a pgt(s}{sgtt:ggc t?%dﬁgprgg%%rexgﬁae?néﬁeﬁlg{%sdﬂ.a %g’!ﬂ"bses, this
| eads t o aBenayse dfitheaincreased sopliigivaiion adpsttoftliedndizMubi elemunts Awdit a seri ous

loss in a conmmmon _nethod of .prestack tial I gration is the
di p mveoﬁfcg%%mgﬁlg%%%rsn.u e %&g{?@g‘éﬂl%ﬂ“ﬂ\}fﬂ'ﬂbﬁgﬁ%ﬁﬂﬁa erthgi scussed at
-l engt h i n. freceagiapmkinentSbe bhlanded. Racadditional fact6¥ie bk EichProlRdinESedsl Vave

Theory of Constant O fset Sections in Layered Media", 29 Geoph. Prosp. 374
must accommodate a larger subset of the overall data volume; computations that

15 involve sorting of the data could become more complicated.
As would be familiar to those knowiedgeable in the ax;t,'presta_ck migration
processes are computationally very demanding. As an alternative to brestack
-migration, a prestack partial migration could be done followed by a posts_taék time or
| depth iﬁigration. In many cases, this leads to a significant reduction in computation
20  time without a serious loss-in accuracy. One 'commoﬁ method of pre_stack-partia:l '_
migration is the dip moveout (DMO) process. The proce.ssvo.f DMO correction is-
‘discussed at length in- Deregowski, S. M. and Rocca, F., "Geometrical Optics and -
Wave Theory of Constant Offset Sections in Layered Media", 29 Geoph. Prosp. 374
(1981). The DMQ operator can be visualized as the result of two steps. Thé first step
25 is to find the isochron for a given source and receiver position. The term isochron
‘means the set of points such that the traveltime from the source to each of thepoints =~ = -
and back fo the receiver is equal to the observed travel time. '_Those knowledgeablé in
the art would recognize that, for a constant velocity medium, the isochron isan
ellipsoid with foci at the shot and the.receiver. The normal to any point on this

" 30 ellipsoid defines both a position on the surface of the earth and a zero-offset travel



(1981). The DMO operator can be visualized as the result of two steps. The
first step 25 is to find the isochron for a given source and receiver
position. The termisochron neans the set of. points such that the
traveltine fromthe source to each of the points and back to the receiver
is equal to the observed travel time. Those know edgeable in the art would
recogni ze that, for a constant velocity medium the isochron is an

el I'i psoi #¥Qf¥H2Boci at the shot and the receiver. The ndGFASOd58%y poi nt
on this 30 ellipsoid defines both a position on the surface of the earth
and a zero-offset travel WO 97/13213 PCT/ US96/ 15818 -8 time correspondi ng
to the ray defined by the normal. Thg DMO operation consists of noving
data froman original observation point to a set ‘of such possible surface

posi tions & HIELBEAMiR 39nd RRORIAY. Zﬁ{cfb@ Eaptgﬁgg,fslkﬁéé' s. For a

P % 2d9 ;
const ant oci t um the surface p05| ions or axis
of the tramebmgldntaﬁ‘roaihnqnmmallobs'EhmnKn pc:hhmfafsem@mfplﬁﬁdwserwaSI StS of 1)

for each in ut tra ‘ﬁ& t he . neratlon of a s repl acenent. traces at a
nunber  of ‘f‘%fg}émﬂg eCPBRPOnding PRI sﬁ)‘/’a‘ﬂl times. EQmeRnsEAt at each

out put | ocedIb&y, m&fiuﬁq e 5@%@5@%& FAIT AEMSthE FrfAfdr aﬁ%f‘thb Ravéiidcat i on,

resulting in 3) a artlal m grated i mage. Der egowski and Rocca showed
that a Svel @bpsoyd.i 'Fhﬁelﬁ’é% tDMUproprsus eonsists of 1)ifor cack inpupnaceithset section -

can be exp h zero-offset tinme, t"
i's the nor Faﬁgng?a ?&%Magéé‘%?nrtec 3t%n\?mbvg@§f" gutplﬁ gl.l&acetqﬁ)émgaﬁrce recei ver
of f set andfoXIowsd bh e) i Giirfiinkation, di eatiR oeput 1oeatioh,VE th¥ireifladeiient irads frobhe

di stance between the m dp0| nt. of the ailource receiver pair and the position

of the 15 {GHiRPYt IGtioNsFesulERS WD) aRapially pigiitedimagee  Zer o- of fset ti rre i s
time measured ahergowdkeand RRkASRRE hd: 5 IERcinT e NRNE BMGE gmtotr'f(gfe

obt ai ned by the ustal NMO procedure wusing the root nean square
vel oci toy. “eommoi nffoat section basske expressedas: with the art, conventi onal stacki_ng

of ‘common midpoint (CDP) gathers th ises a di p corrected roms velocity is
unable to deal with 20 reflectqrs of di'fferent dips. ,Jhe zero offset

section obtained by DMO, on tffe othdr hgnd, correctl y(pepresents _

refl ec'_[ | onshg re(:)omxsdzl.e];c]: o{fs%p amglt,? st the %gl%all (r)nnovg'ou(iI?NlL{Iaﬁ orrectecRxme his half
the source-receiver offset and x is the migration distance from the midpoint, i.e., the

~ distance between the midpoint of the source-receiver pair and the posmon ofthe -
15 equivalent zero-offset replacement trace. Zero-offset time is ume measured along the
replacement trace. The NMO corrected time is obtained by the usual NMO procedure
~ using the root mean square (rms) velocity.
As is known to those familiar with the ari, conventional stacking of common .
midpoint (CDP) gathers that uses a dip correcfed rms velocity is unable to deal with
20 | reflectors of different dips. The zero offset section obtained by DMO, on the other
hand, correctly represents reflections from different dips. Equation 1 defines a 2 D
DMO operator that moves energy into a vemcal plane through the source and recelver
and produces an image that can be processed by post—stack zero- offset mlgranon
melhods at a significant saving in computation time.

25 . When the medium does not have constant veloc:ty, the DMO operator |s more .. . .. .
comphcated A partial solution for the problem of a medium with constant vertical
velocny gradient is given in Artley, C., and Hale, D.; "Dip-Moveout Processing for
Depth Variable Velocity", 59 Geophysics 610 (April 1994). However, Artley and

Hale considered only the inline component Qf the DMO operator. In fact, for the case



DMO operator that noves energy into a vertical plane through the source and
“receiver and produces an i mage that can be processed by post-stack,
zero-offset mgration nethods at a significant saving in conputation tine.
. 25 When the nedium does not have constant velocity, the DMO operator. is
nore . . conplicated. A partial solution for the problemof a nediumwth
.constant vertical velocity gradient is given in Artley, C., and Hale, D.,
"Di p- Movewawr7mPexessi ng for Depth Variable Velocity", S58c¥iessphysscs 610
(April 1994). However, A’'tley and Hal e considered only the inline conponent
of .the DMO operator. In fact, for the case WD 97/13213 PCT/ US96/ 15818 -9
of a nediumwith a vertical velocity gradient, the DMO operator, which is
generally referred to as the Mgration to Zero Offset (MZO operator, is

no longer limted to a vertical plane passi (g t hrough the: shot and_
recei ver p‘ofsquF@H‘@ with geqrtical sejogitygradient, the DM@ epgratob [véhichis ghtetallyor

I L Y S e e
G adi ent : Wma‘hhplayé passing BorougH the siwn'and kdeit QMG Al deliles BRfYsis T 621,

(1993). Thel njn this case is a quartic polynomal in x, y and z,
and the ni Fgfq ’gMZ?efobaG?‘fs?@fvilm raignt 48 given by Pigtrich, M-cand.  One br anch

of the ppecakd J.iks, 'M%?ﬂi@h%l%@?s@t @O doﬁ!itéﬁt%rﬁ&l %ur)er di-ps and

approxi mately corresponds to the 10 conventi onal DMO opera for the case
of no vel ondyngromA@nMcarﬁenmdemm ﬁr@mh)’ﬂ@ﬂ Ptdseeabqngﬁal,c(rl%m produced -
from.larg Qr. L. refl ctor Bot h .of these branches of the
DVO operam ‘ﬁ%\?’éonclflgﬁsllg %Sﬁésn%g TATEHS ¥'§°ml fry A 2504 ‘gﬁﬁ’éﬁ OntQork has _
several | izeré offéed(MZOFopérhtor Ishﬁ.llﬁvdhl&@r @nebrdnch BEGe dp@BtoF i%xrsfa&kﬁ&f etical
considerations.. Asa result, where the two branches of the operator cone

t oget her. SI‘SPTW@“?@C'&W"&N’E‘H{CT fips W%@PFWaWYtCﬁ“FS&Pn@rtOéM ong anpl i tude,
of theydr | ZRL YA P perdidtFoPBE LAk romthe
cusp term I’latanI’l the a erdt‘tuaes éi?svg?lnotaoﬁ}?trédl and %a’\%x’écrhe :

i nconsi st eoftthewnelnawMepmdptthfudnim@rvlms obyvenuimed reﬂetctors eBahefithese relating to

" the problemof a operator 5, 285, 422 i ssued
to Gonzal :bz Ighes of epwg&ﬁgcratgrh%e 1 Sff 1§ COmPRrgHLs ah@n ColieBSp\VD i n t he
presence  Okork hdSEdveRBlimnaticasi Fitsty their dpér@r isbatda®dn rﬁlhﬁereh@Qe In this

thod the DVOD gperator for constant velocity i's applied, and
‘considerations. As aresult, where the two branches of the operator come together :

15 there is an abrupt termination, with rather strong amplitude, of the primary branch of
the operator. In addition even awéy from the cusp termination, the amplifudes given
by Dietrich and Cohen are inconsistent with the amplitudes gwen by prior art
references relating to the problem of amplitudes for the DMO operator.

US Patent 5,285,422 issued to Gonzalez et. al. teaches a method for ‘

20 performing a 3-D DMO in the presence of a vertical velocity Variation in the. |
subsurface In this method the DMO operator for constant veloc1ty is apphed and
followed by the apphcauon of a residual operator that has the effect of squeezing the
ellipsoid from the first step. However, the method only addresses the primary branch

| of the multlvalued operator. In US Patent 4,974,212, Schelman deals with the -

25 problem of smearmg caused by the operation of forcmg the output location into a

. dlxscrete set.of bins on an areal gnd. : However,- that method does not address the
problem of vertical inhomogeneities. In addition to these limitations both Gonzalez
et. al. and Sheiman both are single CPU-oriented methods and cannot be..effx'cient]y

implemented on an MPP.



foll owed by the application of a residual operator that has the effect of
squeezing the ellipsoid fromthe first step. However, the method only
addresses the primary branch. of the nultivalued operator. In US Patent
4,974,212, Scheiman deals with the 25.probl em of snearing caused by the
operation of forcing the output location into a discrete set of bins on an
areal grid.-_However, that nethod does not address the robl em of verti cal
i nhorgefe? 17413 | b addition to these linitations both Cgﬁ%ﬁgéﬂss & . al.
and Shei nan both are sinyle CPU-oriented nethods and cannot be efficiently
I mpl emented on an MPP. WD 97/ 13213 PCT/ US96/ 15818 -10 The inpl-enentation

. of a 3-D DMO process on a shared ne ‘]r)_y paral l el conputer is discussed by
Lu, L., Bell, L., and Lim K., "Para I mpl errentatlon of 3- D DMO on

Shar ed Meror-y C Lu et. A.
inpl ement a parsyﬁ?ﬁt%fm%rg%n%ﬁ)ﬁo? tasE & |np61§h§h ﬂhﬂnly, but not _
in the 5 oumpuiteribhdiseusedd byhieu, DMBellal g ahdil.imyis, "Rdmu%l/miplelhhﬂatdj dFlzosur e
is.limted f and, in additjion hasnseveral
Climitati on@tﬁﬂqu}@m@“ﬁ 8rye$) cmge’r&?@ Extended s\psiragts 214, 61994 Lu o
Speci fi cal &yAl %?&Hﬁﬁt pdrhlldMzRidA STLRRS Ve inPuy sﬂb‘?gﬁhérﬁmg Elﬁnbpm IK\E' te (or
y .

add) their output to the sane menory |ocation of “the
| ocki ng® pmopletdth;e afghe M) paleudations.i Howmerphodedgsurd' isﬂsmmdm»QMO(mf ki ng

procedur e A0t Saub i Bl SURIGPNS Slerb1BRERRERS: cBISE: AEORERG S 1

of ten be de ccessing carred nenory ddi tion,

~after pr ocmesmgu@foce@c tspgmﬁcmlyosecameomnpls pmmbstxﬂay betdﬁemgtrﬁé(tofl le.is
. updated usi n? ﬁg}lﬂogous file lOCkIE‘%@h This too _ is a bottleneck in the
“effici ency™Bfe @ HARPPYAC MBsame e P&%‘?%r?ff}l‘r’r BP. 3 ey pr ocess on a

CV . (or onitha 1 0 |ﬁyg,,.}!,\@§tgumqh y- Biondi ,
B. and I\/borohea Emcg@r,&l Dat a Par al %ﬁécﬁgg}gﬁsﬁ%ﬂé‘rg;&k gﬁ%%ﬁr% D DMO',

62 SEGNExt@nd@dnmmms)fmmceé-i%@ PrOftﬁeonSnplleﬁanbcadqlmd iras parallelism
.. over input_shot t hers.and vva S|ve S

" gathers arecf%é{‘&q'g g 1159 FiSHS c%? ?t{?é’ pll'"ocdéstgogr% f°°FSS‘"§I gﬁ‘l‘%‘c};ssors
are.-full, swehs Bémﬁﬁﬁeﬂpthe liskiMeis apaated us‘mg’ﬁrﬂﬁtdgeﬁsi“fﬂﬂolaﬁhé” Ofhik tce 20
I nput-. Each 5{9 | so r(gségons%bl e for a nunber of output .locations.
During thE?2 FPB‘?.?F giepey dihemethgdossor first conputes the DVD
_ repl acenent t raﬁﬁ%]f’pfmplementatlon for a 3-D DMO process on a CM2 (or on the
' 15 Thinking Machme CM35 computer) is drscussed by Biondi, B. and Moorhead W.D,,

~ "Data Parallel Algorithm for Kirchhoff 3-_D_ DMO", 62 SEG Extended Abstracts 330,

(1992).  The implementation has parallelism over input shot gathers and also over
output swaths. Successive shot gathers are loaded onto consecutive processors until
- all the processors are full, each processor havmg one or more gathers as part of its
20 'mput Each processor is also responsible for a number of output locations. During |
‘the computauon phase each processor first computes the DMO replacement traces for
its input traces and only for the locations for whrch 1t also has the output task. Once
. all the processors have completed calculations for_the initial input traces, each
processor sends its input traces to the next processor and the DMO operations are
25 repeated. This “pipelining” is repe'a'ted, as many times as necessary, .u'ntil output
traces have been computed for all ou_tput']_ocatiohs.__-_The pipel_ihin_g‘ is _n'eces_sary....;_:_.l_ A
.- bec_ause of the limited memory available on the individual processors of a CM-2 or "
CM-5. -The processors also drop input traces incrementally, beginning with the
‘nearest offset, to reduce the data transfer. 'This method requires that the shot gathers

30  be contiguous and in physical order, or the load balancing between the processors will




its input traces and only for the locations for which it also has the

out put task. Once all the processors have conpleted cal culations for the

initial input traces, each processor sends its input traces to the next

processor and the DMO operations are 25 repeated. This "pipelining” is

repeated, as nmany tines as necessary, until output traces have been

conputed for all output locations.. The pipelining is necessary. .

because ovodfies2i3 mited nenory avai | able on the indivi duabc-pmgmsgrs of a \

CM2 or CM5. The processors also drop input traces increnentally, i
1

beginning with the nearest offset, to reduce the data transfer. This
nmet hod requires that the shot gathers 30 be contiguous and i n physi cal
order, or the |oad bal anci ng bet weerrlihe processors w |l WO 97/13213

PCT/ 11596/ 15818 - 11 be poor. In addition, since each processor is '

" responsi bl &€ pegr. é%ﬁ@d!@%a@%whupmsssem reshensile fthQntignont pordiohssofy occur

in certain becau ated velocity
nodel s, noﬁhg%g@#g[}’? gﬁ“ S%Q%éwg‘g’eﬁ@%&?‘k?“ﬁ %%ﬁ"moﬁ!egévg'greb ‘fcéPFtﬁ"rfg in such
a scheme Wedrhplitatedvietcity modhlennoxaaomputﬁﬁﬁﬁm deeldE AR, thegéddai N 5 traces

are mssing . fromthe i npyt dataﬂdset Conzalez et. Al ., 'Lu et. .al. and
Bi ondi and S NASHEE Fucha Feheme WillidetRrierate WhenAsrineqremonlyithe ¢aee, DRMBinper at i on,

i.e., the %ml&ghgéy@mm@mhy@gaét straightforward sunmati on of the
generated repl acenent traces. ey do not properly handle the anplitude

and phase |nforﬁaﬂa&ﬂiqin‘\lt.ﬂeuste@lsmchIpMIIae@MaodmadEMomeemblo of

preserving 38 I .nf a ar.t of the DMO process is
di scussed %ﬂgﬁ% ac k(?ﬁge ﬁ@% g‘%cafﬂo& Cer‘l'celﬁenﬁ&{&ﬁalc@ﬁg’"m‘&ﬁ‘ées% "Tr ue- Arrpl i tude
| magi ng aﬁtfhxghtmnl\vh‘dfsﬁmiﬁ'anoﬁ&tﬁe@m)'ﬁé&& Azerﬁe}@ﬂh@sym@ﬁ&a not?hsaﬁ al .

poi nt out thai rrerelégsurrm ng the contr| butions, at the appro gte times,

from vari otAhdiethe ampliideand phage ﬁ‘f%ﬁ@w@%wﬁnﬂgmﬂm'g@soﬂ he peobdembsur f ace.

I n parigcu i flectors woul d” be

at t enua(% ed&\?\n&fsﬁwgggsﬁg@tnh?%qﬁg ?2258?1’?2?’@ 8%9&,@ osé’ TORMIM edgeabl e in

the art V\o@!IS@SdeUgﬁiaqle JIIhaScfée;rFi‘ler,tKldeaMEhaqghhsE‘l‘nua-fmpmﬁdaﬂx agingy an

I mport ant | i r tatlon subs | ithol ogy and f|UId cont ent
z{n% I? H I\RO\LCQL?' ] 8eop szcs anélﬁli'yu{%?g) g?laﬂ?eés%r ﬁtd)uéwm i tude and

and woul d. ce recoygni ze e des
phase i nf omanely summiBg almdcoﬁtnbuﬁbns ad th®appr SRS ACrBMARNBIN Rpurdtacas| NY

~wherein, due to too [arge a distance”

can give a misleading image of the subsurface. In particular, the amplitudes of steeply
15 dipping reflectors would be attenuated with respect to horizontal reflectors. Those
knowledgeable in the art would recognize that amplitude and phase information play
an important role in ihtcrpretation of subsurface litholbgy and fluid content and would
hence recognize the desirability of plreserv.ing amplitude and phase information.
Black et. al. also djscuss the problerri of aliasing whefein, due to too large a distance
20  between input trace positions, steep dips are improperly imaged. Black et. al. do ndt, -
however, sﬁggest a solution to that problem. -
Thus, there is a need for an inQentiori that implements an MZO process on an
MPP which efficiently load balances the DMO caiculations, parallelizes on iﬁput and
output, is able to handle multiple offsets, is able to handle vertical velocity variations,
_ 25 prbduces accurate images using both branches of the MZO operator, and docs not
- . require the data to be contiguous. In addition, the invention should more accurately - T
preserve amplitude and phase mformanon in the seismic data than does the pnor art

" and should also avoid aliasing errors. Thc presem invention satisfies this need.



20 between input trace positions, steep dips are inproperly imged. Bl ack
et. al. do not, however, suggest a solution to that problem Thus, there
is a need for an invention that inplenments an MZO process on an MPP which
efficiently | oad bal ances the DMO cal cul ations, parallelizes on input and
output, is able to handle nmultiple offsets, is able to handle verti cal

vel ocity vari atl ons, 25 produces accurate images using both branches of the
MZO oper aY 713413 does not require the data to be contiBaBUS6/1588ddi ti on,
the invention should noré accurately preserve anplitude and phase
information in the seismc data than does the prior art, and should also
avoid aliasing errors. The present |r1\.5ent| on satisfies th| s need. WO

97/ 13213 PCT/ US96/ 15818 -12 SUMVARY "OF THE I NV . NTI ON The present
invention is a nmethod of progRay "o S : aral l el processors,
preferably on a massively para ; ' The |nput to the :
process is sei sr’ﬁhepckaem rriueotmommemhaﬂnf@raéssmgmuﬁiaﬁfdaﬁorﬁﬁnﬂm c lines. The.

end 5 product of the_.inyention i.s a correc zero-of fset seismc:
Cmge of o RESCeSE AFRY Ot TRsiELl PAEIS R<SoHOMR s mpuiee | nput

of fsets, chwtbaé.grﬁm dafh fronPbleak B ok ﬁﬁﬂgértafﬁkfrsnﬂc Nigdd $6LQfa as a function
of .the angle i nci dence can be exam ned. The advantage o arrpl i tude

versus &f f Peadughef the invemfonded BMQ cerzactedwrdro-offect seisivic smagecbfbthe t hose f ani | i a'r
with the ar T W0, .St aral lelization. First,
paral | el i za{ll cl)’%\tg%evgk?y %a%gntﬂfg"?nétﬁln% r‘gigtgs?m '8%‘2%2?5%%‘?&? fren gy .
DMO- cor r ec treftecpian htl'tmlgth ofagelecfon ts eaﬁhn@oofrthe ariple fafdiddnbEOdH iRy trace.

Secondl vy, ayr aI I zatio ver put ations, accunul ates and conbi nes
the parti an‘{') ?‘Fg'a?}?%fu‘ﬁ‘é@? Bﬁf’ﬁﬁ'{s“t? i%b@alysqsmmcémoullmnt s, it is
a feature %dé,%gdbpuﬁgfm,&md@&data input to the 15 conputer may be
sorted in any order, though the order is preferably a comon offset sort -

in sequénce. | nTbomﬂmdbmdudrent\sq stage pagallelizasimn Fiest, afpatalielizatiugotéron that i f -
t he menory aI I ocat i QP02 & roce rformng.anal ysis becones full,
there are (':)'lteh omlﬁ‘ﬁoceess%f’%af Eg ??’Z‘“ﬁé@ %#mfg'm‘?%cégqrﬁgdlﬂ?‘%mry

| ocat i ons on ehdleinc@rming Yats ‘Secodlyps paralei2atson over output locations accumulates

v\'

and combines the partial images, and produces output traces.
In some embodiments, it is a feature of this invention that the data input to the
15 computer may be sorted in any order, though the order is preferably a .common offset
sort in sequence. _ .

In some embodiments, it is a feature of the invention that if the memory
allocation on the processors performing analysis becomes full, there are other
processors that write data on disk, freeing up memory locations orr the “anatysis”

20 processors | | | _ o
 In some embodiments, it is a feature of the invention that memory usage and
interprocessor communication are balanced by ensuring that all of the analysis
proceSsors are responsible for output locations imerleaved throughout the model. This
| interleaving balances the memory requlrements of the individual analysrs PEs so that
25  there is less idle time when data are bcmg written out to disk-due to a pamcular PE
_reachmg the lrmtts of 1ts memory. T e L
In some embodrments itisa feature of the invention that all the processirig for
: any given input trace is performed by a smgle processor. Thrs eliminates the need to’

pass the input traces from one processor to another, another communication burden.



nore accurately.

in the pre%ﬁ'ﬁﬁﬁatﬁwfn aYepelersi i Hedlabibg A B0 Sod DB RBHLIAE S, 2nd has

In sonme enbodi ments, it is a feature of the invention that nenory usage and
i nt erprocessor communi cation are bal anced by ensuring that all of the
analysis. _processors are responsible for output |ocations interleaved

t hroughout the nodel. This interleaving bal ances the nenory requirenents
of the individual analysis PEs so that 25 there is less idle time when data
are being witten out to disk due to a particular PE reaching the |imts
of its neWers713213 sone enbodiments, it is a feature of tirci/wssnsgien . t hat
all the processing for any given input trace is perforned hy a S|ngle
processor. This elimnates the need to'- pass the input traces from one
processor to another, another communication burden. WO 97/13213

PCTI US96/ 15818 -13 In sone enbodimemks, it is a feature of this invention
that anplitude ? hase ..information are preserved in the imging process

?le'flhodgﬁl&w diS @ frriyms ofi s mpentionthat amplimde awkplwan be used

an anti-aliasing feature-such that tRe maxi mum 5 pos YUency in the
data is us&wthddshdbe imagiigwyotdsecanthel usedinttbe pesognotrertidabeglociti ps. The

i nvention nept ov rior. in that iscontinuities in
the out pu?‘sadn%léselggh ligf)ur?aﬁ% aﬁgégso "q’af‘;f"% ??PCE'I:\? ANBKBWUA | ni nat ed.
't is absopessiblefrequetcyin thdi@ath Rused WQBoﬁth@in ‘ﬂ@%lﬁty\{gﬁc’ogﬁ& uelpcity

gradi ents are present, both 10 branches of tghe MZO operator are.used in the
i mging pr&®éss. This makes the invention useful in imaging the steeply

di ppi ng and ovemrriReghidnSh b Fhfbverh ' t.he secandar branch
of the MZO oper arorn emisris s impts T kv oty it i Scppme B e ' °

i nvention awguf mgaduamthgpssemet bf Deuspin theddZOlaye alifitigated. oot 23 a 15

reference Lo the det ed desc tion and the attached draw ngs
in which: k Pﬁﬁ?gé‘einvziﬂ gﬂgﬁﬁﬂcég‘feﬁ%f%Igﬁﬂﬁnfsé‘f%l’fle#@t dathy acqw sition

conf i gus at bARchdsYPtRaZD d;b‘éﬁd)r'afé we®irs@k %Hég(infgrgéé% afhiQthaxkd @Ur ©

illustrates the phenonmenon of feathering and i ntroduction of cr ossline
conponent inyention ysgful in immgingdhe geeply dlpn@g eod everured pefiectons thai givatiseon

principle Q)%I: Qéc%ﬁgarpxragbﬂ)of the MZO operator.

BBIEEDES.CRIEIIQE_QF_IHE_DRAMNQS
The pfgsent invention and its-adv'ama'ges will bé more easil.y uﬁderstc.)"od' by
15 reference to the following detailed descﬁption and the attached drawings in which:
Flgures 1and 1A schemancally illustrate the data acquisition conﬁguranon
: typically used in 3-D seismic exploratlon
Figure 2 nllustrates the phenomenon of feathering and the mtroductlon of
" crossline component to the data. . o
20 - - Figure3 illustrates the partial migration principle pérfbrmed by DMO.
' Fi igure 4 depicts a simplified functional block diagram for the analysis phase
of a parallel processing system on which seismic data processing usmg the present
_ method may be performed. '
" Figure 5 shows a block dnagxam of the preliminary phase shlﬁmg and
25 - bandpass filtering performed on each trace prior to DMO correcuo_n in a first
L embodimenf of the present invention.. - .. - - - - - '
Figure 6 shows the steps performed by each processor in producing a set of
" DMO corrected replacement traces for the imaging in a first embodimient of the |

present invention.



Figure. 4 depr cts a si rrpl i fi ed functional block di agram-for the analysi s

phase of a parallel processing systemon which seisnic data processing
using the present method may be perforned. Figure 5 shows a bl ock di agram

“of the prelimnary phase shifting and 25 bandpass filtering perfornmed on

each-trace. prior to DMO correction in a first enbodi ment of the present

I nventi on. ure 6 shows the steps perforned by each processor

pr oduci ng" %.¥g¥ DMO corrected repl acement traces forP¢HE 6ﬂ§§?ng in a
first enbodi nment of the " present invention. WO 97/13213 PCT/ US96/ 15818 - 14
Figure 7 depicts a sinplified functional block diagramof a parallel
processing systemfor the output phgge. Figure 8 illustrates the

i nterleaved allocation of output |ocations to the individual processrng

hiTting and bt S9HEs BuBhREX L AGHTHIOR o pRaRlrS pet P Rink R

correcti on‘sjstemf(seh@mdput@rhmm nment ‘of the present invention. Figure 10

sh t he st f I t
of WP cort oot oRRFRULFure oF BB A oFhoriod obROA SR B ront 10

DETAI LED DindidRidal bfddedding ltfmdndVENTI ON The present invention is a nethod of
processing seisnmic data on a parallel processor. ' The nethod nmay be '

enpl oyedl on anyFigpsd éhoupe@rl&mkéilam@éﬂsrpmjxr@mmh@p shiftingtanidas nore t han
one proces A [.Qr input/qutput tasks. For
exanpl e, %@dgg\yﬁh@%\?ﬁﬁe %rp%a{sgéggr?%%ﬂy%%% rc?&teosns'o‘rasecorrgy be 15 enpl oyed.
Net wor ked- pmbsmmhmfoh@prrtemnsrmemmr kstations may al so be enployed. In a

preferred enbodi ment t he thod wi | | | oyed on a nassively parall el
processor (MPP) W%Shﬂ?@’s e iaps gerfo Bg’é’reng‘ P%eﬁ%t‘%pmg‘é“%%arrple of such

an  MPP i s pfdfignidaty seRASI 20 cbﬁetﬁrweﬁesﬂensb%gerrpme @écbecrlemt%&ﬁm@eﬁvem ence,

and not to be construed as limting, the abbréviation I\/PPvm " be. used
hereinl®o refer to abkx 8 L |table f or the

e\s/eenrt ’inv"éﬁt?on 1]; Imalt:)hod of processing seismic data on a parallel

present nmnet hod. higpr

processor. “The method may be employed on any type of parallel processing computer
~ that has more than one processor available to perform énalys.is and/or input/output '
tasks. For example, a Cray Y-MP, which has up to eight processors, .may be .

15 employed Networked personal computers or workstatnons may also be employed In
a preferred embodiment, the method will be employed ona masswely parallel
‘processor (MPP) having 16 or more processing elements. One example of such an
MPP is the T3D made by the Cray Research Corporation; .For convenience, and not' ‘

| to be construed as limiting, the abbrevtation MPP will be:used heretn to refer to an)r

20_.  parallel processing computer suitable for the present method. "However, use of MPP
in that manner is in no way to be construed as limiting application of the present |
method to solely those computers deemed by-lhe commercial marketplat:e to be
'_massively_ parallel. . _ _ '

As is well known, seismic data processihg methods generally start with data
25 froma portion of the earth’s surface. Figure 1 depicts a perspective view of a region
20 of the earth for which a geophysical.image is desired' On'surface 18 of the earth _
are shown a number of shot lines 2 along which the seismic data are acquired. As
shown in Figure 1A, shot lines 2 consist of a sequence of positions at whicha = =~

seismic source 3 is pla‘ced and from which seismic signals 5 are transmitted into the -



in that manner is in no way to be construed as limting application of the
present nethod to solely those conputers deened by the conmerci al :
mar ketplace to be massively. parallel. As is well known, seisnmic data
processi ng net hods generally start with data 25 _ froma portion of the
earth's surface. Figure 1 depicts a perspective view of a region 20 of the
earth for which a geophysical image is desired. On surface 18 of the earth
are shownwa smustizr of shot |lines 2 along which the sei smpeTARbYG15818C
acquired. As shown in Ftgure 1A, shot lines 2 consist of a sequence of
positions at which a seismc source 3 is placed and from which seismc
signals 5 are transmtted into the WO 97/13213 PCT/ 1J596/ 15818 -15 earth.
Recei vers 4 placed al ong each |ine ré%eive the signals fromeach source
position after reflection fromvarious subsurface reflectors 6.. The input
to the pro&w8s Reseiversidqiiced glong cdohdine zecsiore thessigrfalssfeins mach sbukes 2 acqui red
to obtain . 3- of the subsurface, 20. The end 5
product of 9{91.]%&?%@&%’{11%%&1'@:ﬂ%@#gﬁ#@ﬁ%@eco g of fset seismc inage. In
addi tion, sei snThe idpihtao tinrprocessisistiomicafatadroin B sMds O BeidiBi lings2 @ result of
the phenonenon of "cable feathering”, result frommarine data acquisition
for a’si ngPRAUrEq foebtapp ar imageiof p jolp date yalumg of the subswfaceR0c Ahebmsivs a pl an

vi ew of s RIdSETIoE tRGAVNSbE is%wmkxed,‘&@m-wféehse?sn%@E%prge. 42, behind it. The
figure shows the receivers, 4, in the cable, 10 as well”as the source, 3,

i mredi at el y behinrddifionssgismic data for atpegioprof 8 8HR @olumeamay;, assresalusfat s, V, it
is clear t C gbi. rd.entathon will not be directly in line with the
di rection g@ Pm? ll?%lnoafgf‘:%? ﬁefea\?@eg‘sngl’,re Wf‘.°mrw&"ﬁ\%‘%°@f‘§tti°ér{ow §irel¢ hen take

data from likheToiinatand ieFRuK 2, ¢0h\Bows £ plafRicW et £2fhfc aadisRiph! or m t he
DMO operation of generating replacement traces. Also shown'in Figure 2 is
a rect angulesseltd, &’“Bfac@klf’:‘bg bghing,jtnEhetfipaire shewa thefrpceivess, goimithé-aable, t 0 whi ch

the 1 apesei] i Shhacalisthalhal oD VU8, 4P A uefiofptrsaced al ono

the nom nal direction of seismc data acqui’sition. e. t he x-axis.
It can be ewentst Mait is ¢lear DMDthopabla orientativnl willproo eidieectly iwlinawhh gl €  source

position, - at.different cr | i.9e . y-posi ti.ons.for each ngm nal inline
X- positi o‘(rjlil?%ﬁ 1 ﬂfemgt(')%nr%fg?e ‘f)crsEq‘)e(\?’is\?d%dﬂ\‘:rﬁar‘f1 ,pefaé“’_?ﬁ'hlggﬁgﬁ takedgatiom on of this
for other gesnaee 21 avesirkicdns, 4, 3n thedabedind pérfdiacthe BMOSpirhiidbs data for

many different y- positions. Provided .
generating replacement traces. Also shown in Figure 2 is a rectangular grid of (x, y)

15 bins that identify the positions to which the traces will be allocated after DMO. The
bins are evenly spaced alohg the nominal direction of seiémic data acquisition (i.e.
along the x-axis. It can be seen that the DMO operation will produce, from a single
source position, data at different crossline y-positions for each nominal inline x-
position of the source, prpvided that V. is nonzero. Repetition of thi§ for other source

20 pdsitions, 3, gives, at each x- positi_on, data for many different y- positions. - Provided
that the orientation of cable is measured during data acquisition, the present method
may obtain a 3D - image of such cable - feathered data.

- The numberi'ng of the bins, not shown in Figure 2, starts at the bottom left
hand comner of the grid ahd increases first in the x direction, and then proceeds to the
25  next value of y with increasing values of x and so on. This is a matter of
- convenience to facilitate the intermediate I/O procedures discussed below with =~~~ © -
reference to Figure 4. |
* The principle of DMO is illustrated in Figure 3, which depiéts a single
dipping reflection event, 6°, on a constant offset seismic section. Also depicted are

30  reflection points 50 on reflector 6' and DMO operator, 45. through each of the



that the ori entation of cable is neasured during data acquisition, the

. present method may obtain a 3D - inmage of such cable - feathered data. The
nunbering of the bins, not shown in Figure 2, starts at the bottomleft
hand coner of the grid and increases first in the x direction, and then
proceeds to the 25 next value of y with increasing values of x and so on.
This is a matter of convenience to facilitate the internediate 1/0 -
procedur e¥0d74ldsed below with reference to Figure 4. FREUSIYBIBp| e of
DMOis illustrated in Figure 3, which depicts a single dipping reflection
event, 6', on a constant offset sei sm'c section. Also depicted are 30
reflectlon points 50 on reflector ?t?d DMO operator, 45. through each of
the WD 97/ 13213 PCT/ US96/ 15818 -16 reflection points. The DMO i mage, 6" of

Loe ref'ect,}gheélon'p% AT P RnaB % | of e%ca&ﬁ({’%t %%néé)ﬁ Sl of operators

i.e rough the ‘points represe _
of fset i magesgarty tetht 8MQ oppraiont 45, b€, M\rgbmm;fointﬂ\@\dﬁﬂ{ fepidséril thehe common -
geophysi cal dat set in.which stead of, e gfm nts 50 on individual 5

refl ectors BUIValqnizera ol W%&PPW"W&EP‘B&‘F degls vaiththe enpor al

POi Nt'S (X, dommor BecpHfdicaSdthiat inOWHich, t.ﬂeeaura%s]atea peitPS 0 GiinBiidudl 2™ ng” DMO
operators through every input point. As will be understood to those

ski | I ed 5 n reflectarstt), therssispyiresestion kasidatal at mady sr@uai@nd mpcmallpyms @nY. a certain

di p of eac e rat or ss than a

Fr esnel zoﬁé1 Sg\%\l/étgﬁga%nr% ﬁ'hé']h g%e lﬁ? g{gﬁl Qg“ﬁgéﬁg&ngto SPgrigrs té[?#ﬁﬁﬂ'% of 10
the resul t ainputgmirtr iABwill basnddrsteadttoythese skilled inakedrt, Gl dpetiforg wilkadd he DMO

i mage; One of the. fea&ures of. the fpresegl i nvention is that the .

par al | el i zatanstuctive ng cepain gin ofgach refiectonfar th ggion whege the PRPSAIrs, st age
as conpar edisiQs e aQttspbitzont 3E8y fra-xlﬂ‘ihe DER Jrengldc§hd ﬁ)@td'ipprs Lo be

enployed in the input stage in a preferred enbodi nent t he present
met hod, 10i s thbesasuliang eonsribdngat ¢yeryeduspus hasatiorothis gmsehﬂDMKhenzigi prestack data

L0 L oh < he CNOGRSAGEILBRS o1 eea RBibn ShTB SR RRABRSEDME”
particul ar tasksdiiffers ﬁrtﬂlimugth i dangledif, @fagammp‘ireti BPIhe \batput §taéeh eridata are
sorted int nmo fset anel s an re.in shot order within the panels.
The anal yst™w IF& 56@"%@@?“??3’} lo e§ B thednput Hagedn apeefersder  ni dpoi nt.
pOS' tions adfbidMERDdS &ﬁﬁ#és!ﬁrm&ﬁcf)cﬁ & sl Qfdex\éﬁbb@ Qith h&ference to Flgure 4. The
15  prestack data to which the DMO corrections are to be applied may be on tapes 102, or
disk or other input data storage device, 104. The data need not be in any particular
order, although the performance is improved if the data are 'sort.ed_into common-offset
panels and are in shot order within the panele. The analyst will have specified the
range of source-receiver midpoint posilipns and Source-receiver offsets for which the
20 DMOistobe performed Preferably, the data set would have been preprocessed 50
that these would be the only data traces on the tape, 102, or device, 104. ThlS somng
preference will be understood by those skilled in the art. The MPP, 100, consists ofa -
number of processing elements (PEs), one of which, 106, is designated the control PE.
Ina preferred embodiment, the control PE initially performs the task of
25  reading seismic traces from mput data storage dev1ce and transmitting those traces to
a PE 'wi_th_i_g__e'_gx:qg_p _Q_f_}_‘Es,_ 108. It is one task _c_if the control PE to transmit datatothe . . ... .
ne;ct PE m the. gropp, 108, tﬁet is available to é.halyze data. For convenience, the.PEs
in group 108 will be referred to as analysis PEs, though the role of these PEs changes”
at a later stage of the invention. The control PE sends the traces out asynchronously,

30 readingahead from the input device by as many traces as its memory will allow.



20 DMO is to be perforned. Preferabl'y, the data set woul d have been
.preprocessed so that these would be the only data traces on the tape, 102,
or _device, 104. This sorting preference will be understood by those
skilled in the art. The MPP, 100, consists of a number of processing

el enents (PEs), one of which, 106, is designated the control PE. In a
preferred enbodi nent, the control PE initially performs the task of 25
readi ng SWOSH18218r aces from i nput. data storage devi ce andPCT/uSEITE 18I NQ
those traces to a PE within a group of PEs, 108. It is one task of the
control PE to.transnmt data to the.. .next PE in the group, 108, that is
avai |l abl e to anal yze data. For convenl ence, the PEs in group 108 will be
referred to as anal ysis PEs, though tHé& rol e of these PEs changes at a

| at er stage, of . e |nven e, control PE sends the traces out - |
asynchr onouI:ﬂ‘V‘] Y FOLBEA frfgn%g}gﬁmf O RioURel BBnpafreeiand e coptrel PEmngs t races
as .its menddata Whdek téihe@Mh s 6/ 13213 PCT/ US96/ 15818 -17 Initially, of
course, all of the PEs in the group, 108, are free and the control PE sends
data traces to t®@enefthe seksnfisrery REnia the grohp 10815 peffory €ieyDMD i . the group
108 is to p e he effect of this operation is that
every mputgr{ ?ag%? Er?gg@@o(fiﬁ?sed' %é#e%ﬁé% AR IRRY gee creates @ raplagement out put

| ocat i orss.  tEmelat a epltitedenafioutput Restions. Bash&platémscht h@céx?ﬁaﬂ%xh@@b the
responsi bI %ﬁ‘ creatin n output .i mage, at each of the. out put p03|t|ons
. The al | ocat b} TERENYYIH §§"6‘F‘§g 8 PUPHLIMAgE pLrach oCthe puipst pasititinscussed

bel ow in r’ﬂf@eﬂ@)@@tﬁmtd? el F&eSsors/ for ik cﬁtlplf) J&%ﬁ?r?sq dt%u%éje% ble%% ﬁler forms

i nput/output (1/0 ~functions during scussed
further belrgfgrentetoEigures 7ﬁpd18 PtdqessangxioysﬂW\pérformpﬁtpuf/ympﬁtf‘(qz/o)ut put. (X, V)
bin | ocati ere X is the inline position,
and y is tﬁgﬁ%tr %égfm%t% %puﬁ asagd'scﬂlisﬁﬁg’\é\ﬂﬁ BlWe in reference to Figure .
2. Thi SlospeCIfIC&‘edarQﬁpmtSthéQﬁmysthll i Sthe biPut 3 ‘
"cabl e-feat hered" marine surve or‘éﬁtoﬂ?n aes?gﬁdg?}a 1“33&“0?@53{18@8] t he
basi s of tHQ° eldata, wherearis tl@aelmqmsltwngm@ups1l&&rosslmeemsnm1dnd e for a
number of Xik3sShhE&S ih Referk p l.is the ti for which
e i Peerbice ¥ ke 3PH spdliftsBor s gl il e " ©

the PE is to produce an output ITmge.
i nvention \ﬂmalresgétﬁémm Toyblp{m&"anmneg;lus/eb'lon&omfastanﬁeﬂdsgﬂdCotdﬁtaacﬁ{ atinme

and theref sual | in a swath centered on.a
line, 2, i gurefg"icls Sﬁﬁ'ﬁ:@%@’ e‘fclrt]‘epﬂ;tngg‘f\‘%/ &n‘éé‘ﬁ?‘?'ﬁwl? for gpumberefixed sol el y

to singk e shces in_(x, y, 1) space, where ¢ is the time for which the PE is to produce an output

1mage It should be noted that the invention will generally process a single line of

_seismic data at a time and therefore the (x, y) bins will usually be in a swath centered -

on aline, 2, in Figure 1. However, the present invention is not limited solely to single
| lme data processmg, as will be understood to those skilled in the art.

20 : The transmission of the replacement-traces is a reciprocal operation, so that’
every PE in group 108 transrnits data to every other PE in group 108 thatis
responsible for some output location associated with the newly created replacement '

- traces. There will also be cases in which a PE creates a replacement trace for an -
output position that is its own responSIbrllty Schematlca]ly, this interprocessor

25 communication is depicted in Figure 4 by the hyphenated mterconnectnon between the

mdrvrdual processmg elements in the group of PEs;,:108. -
. The process of DMO correction and creation of replacemem traces 1s
" - discussed in reference 1o Frgures 5and 6: Thls procedure relates toa constant |
velocity DMO analysis, and, in addition to an approximate solution for a layered 'earth.

30 model. "Every PE in the group of PEs, 108, performs these tasks in parallel for the



| i ne data processing, as wll be understood to those skilled in the art. 20
The transmi ssion of the replacenent. traces is a reciprocal operati.on, so
that' every PE in group 108 transnmts data to every other PE in group 108
that is- responsible for some output |ocation associated with the newy
created replacenent traces. There will also be cases in which a PE creates
a repl ac%grnlbg ce for an output position that is its own resPonsi bility.
Schemati call'y,” T"hi s interprocessor 25 conmunication is d%(a"é?’é’& 81% Fi gure 4
by the hyphenated interconnection between the individual processing
.elements in the group of PEs, 108. The process of ‘DMO correction and
creation of replacement traces is digcussed in reference to Figures 5 and
6: This procedure relates to a constant velocity DMO analysis, and, in _
addition t : ItRat laPePde | r earth 30 nodel . 'Every PE
in the grogaﬁgfﬁg%s},ﬁmlo& ﬁtp%ﬁ‘hg%%?fbtl Eg’s.leoat Jé’gﬁésaé'?gp'pg‘P‘a’FYeéﬁ“f or . the WO ,

97/ 13213 POWpuSesknSHE1ls: pragnt mpentionoserdbe privatartds thag enée dnyinpit raceotlsr 0l PE,
106, to thebe?roug, wever . aﬁ }; _ r.oVe;@t gér t he grgsent i, nvention over
Cthe prior arthfRIMHAMC BHARAY 4 4 Bro4p 08, gibrrocesaiay of hatpariguiart he nmenory
of a PE in igpaacdR@oneby thaf PE.CAS Wil b&ndeRalod RétHokC4Mid initﬂboaﬁﬁﬂ%er ace is
done by that PE. As will be understood to those skilled in the art, the 5
i nput  t rfac d8PUHtrasesahstep H2 et Figwrg Sevasldpraferabpyr kave beest grepracessddge apply

pr eprocess L ne conval ubk QN S ding. -
conpensat i ?gcg%é‘ 9%%6% STaE g G%ﬁ%%%ggﬁgr?%(ﬁgic@c? 3?331(;)’& aa\g% H%(g'n TB%&W nmed wi-th
the rns velwoettionfshouid have been perfornied mathntte rmisvelocity dartibm ik thd hdpsink eadi ng

correction.,should be. applied to take advantage of the ability of the |
o esent i REA T RS M DrT St eI keaduagnsf theude. 1 10
- the tracesilip¥ethp plestiR HiveRiGHIGREEREDMO Borfected 1F ifEs pusing”
met hods kn_owlq' ﬁto tE;sse far% Ili aroqi\fm’ th the art At gffB@fi%p’ﬁgﬁgﬁ IE’E checks
" to see 1 tthetracsshave-nobbesn\psspresessed: thisdy dank by theoR¥es, uging piethatls knoskaf i ned by

at the al 96p4Rs€ e RLSSR P s Where h.is the midpoint offset of the
source or recelver) 1s greater than a mninumvalue dnm If it is, a

Fourier .15 tramgfsepridl,each PE chenkk tedde iftthsiotprekackivet offh@ @ dhdiyace
mul tiplication o is the tenporal frequency:

This multi p(FXPé%?w 8#"?‘5'9 b\évﬁg‘thg%Eﬁ%sgicé%éfesmeﬁﬁgﬂf fristha grigpaint affsetpfha| f
derivative theissided rec8iVlr)asgromut Bla @ i viaueld)QS o if AN FhiiHer
1S transformation is applied at step 122, followed by a multiplication by - m . at step
124, where o is the temporal fréqug:_ncy,‘ This multiplicatioﬁ is the eguivalént, iﬂ the
time domain, of a half derivative fuhction, and as would be known t6 those familiar |
with the art, the result is a 45° phase shift and a boost of high frcqﬁénéi_eé that is
necessary to properly account for the scattering of data from a line diffractor. The
20  trace is.ihen transfbrmed back into thé time domain by an inverse FFT at'étep ]26.'
| It would be known to fhos_e familiar with the art that .for small .sour;ce-receiver '
offsets, the DMO operaior should only minix_nally process the inpu't trace. If the
source-receiver separation for the input trace is zero, then the DMO operétor should
just copy the input trace to the same location and not p.roduce any replacement traces |
25 . at other, since the isochron for a coincide.nt source-’feceivgr geometry. is a sphere and
ht.he-c':orrespondin'g_normal to the isochron maps each point on the isdchrén"back to the .~ ~*
source (and-rcceivcr)i position. Steps 128' and 130 are meant 1o deal .w:ith these small |
~ offset situations. If 2h is less than some minimum quantity d,,;,,, , the '45°-pﬁase shift

involved in the / —iw operation is inappropriate. The choice of the magnitude of



with the art, the result is a 45 phase shift and a boost of high
frequencies that is necessary to properly account for the scattering of
data froma line diffractor. The 20 trace is then transfornmed back into the
time domain by an inverse FFT at step 126. It would be known to those
famliar with the art that for small source-receiver offsets, the DVO
operator should only mninally process the input trace. If the o
sour ce-r eW@ W788218epar ati on for the input trace is zero, trhrnusbéssiVO
operator should just copy the input trace to the sane | ocation and not
produce any repl acenent traces 25 at other, since the isochron for a

~ coi ncident source-receiver geonetry is a sphere and the-correspondi ng.
normal to the isochron maps each poir®-on the isochron back to the source
(and receiver). posjtion. Steps 128 and 130 are neant to deal with these
smal | of f €e# 1%?'?2!&??10\?@3"?*“32%18@ ﬁé@@btdnefﬂursidorgwmgnodrwsulmﬂtl ty dm"

the 45.0 p ne I IS in [opriate. . The
choice of t e&rlrgg?l%u \(#I'S\Y/\g%ﬂfgg%%m ‘f%‘g °°n51%p§"°“§" is
enpirical, “tbmhaueu'ezbbxedufspt&d}jjngtim,, has been found to give good results for
typi cal 3-D dat Persons, skilled in the art will understand the

consi der ati ons FE‘H‘r‘éﬁrécqwﬁ’ié?m‘of’ﬁ‘e%B%EF?WWQ“G%W a frequendye sour ce
recei ves seeadhtihp W appli@btoliRd WG trat8k n vvel ghtl ng
is applied tgghtﬁh% i rﬁgult tor acg@al onga{/%nngwgqtnlmrréev % Msgg}ﬁﬁ fe%s 128
and 130. 13@ Thslfplewing cdenlationsareonguirede r equi red a) A Fourier -

transformation tion by Wc) Zeroing the anplitudes at the
negative frequen)c'g)ng agﬁlah%)fﬁh*’ﬁ% 0> the 10 anplitudes at positive -

frequenci es excgph sl lgclgg at zero and the Nyquist frequency, d)
| nverse Fouri er ?r ansflor rra(t)rlyg}&\ @?— the output of c), to obtain the analytic,

signal w th thecyZabingthedimpivides hhﬁlel’rﬁ'ginv@%"eﬁue%&@s Hl?ddugﬂﬁ’é figry part,

whi ch is its Hilberttransform (or quadrature). 15 Those know edgeable in
the art®will r eE’BB{W‘ des &t pesitivg C%‘“&ﬁ@Fbeméhee’abieﬁpﬂ Zprepandfthé t er, whil e
steps c) and d)N?hM?t ngtgerggal ytic signal of the filtered trace. Next, a
time varying phaSe shif applied to the analytic signal on a poi nt by
poi nt basi s, St@l)plnverse Fourier transformation of the output of c), to obtain the analytic’

signal with the \/_o; scalmg of both the real part and the imaginary part,
which is its Hilbert transform (or quadrature)
15 Those knowledgeable in the art will recognize that steps a) and b) are simply a J—
- filter, while steps c) and d) give the analytlc signal of the filtered trace. Next, a
time varying phase shift islapplied to the artalytic signal on a point by point basis, step
130. The instantaneous phase, as will be known to those skilled in the art, ia given by
the arctangent of the ratio of the quadrature (Hilbert transforrned) and the real
20  components. This instantaneous phase is shifted by - 7/4 from time zero up ta a

~cutoff time .. For times greater than 7, , a phase shift of -(np)/2 is applied , where

. [ 2h . . .
p=05 mm( 7 1 .0). Since 2W/d,;;, lies between 0 and 1, p lies between 0 and

0.5, so that the phase shift varies continuo’dsi'y between 0 and -n/4. In actual practice, )
- there isa lmear transmon zone ccntered at time £.. Empirically, the width of this. . ...
25 | transmon zone is set at 400 ms. '
The value of cutoff time ¢, is obtained on the basis of the stati.onar'y phase = -
analysis validity condition as defined by Winbow, G. A. and Trantham, E. C., 1994

"Nonaliased amplitude-preserving DMO", 64th American International Meeting, -




130. The instantaneous phase, as will be known to those skilled in the art,
Is given by the arctangent of the ratio of the quadrature (Hl bert
transforned) and the real 20 conponents. This instantaneous phase is
shifted by - n/4 fromtinme zero up to a cutoff tine t, For tines greater
than t, , a phase shift of -(itp)/2 is applied , where p =0.5nmn | h
,1.0J . Since 2h/d;,, lies between O and 1, p lies between O and d.in 0.5,
so that tYRPHAL% shift varies continuously between 0 anBCT/HB¥/15848 act ual
practice, there is a lihear transition zone centered at tine ta.
Enmpirically, the width of this 25 transition zone is set at 400 ns. The.
value of cutoff time tCis obtained gg the basis of the stationary phase
anal ysis validity condition as defined by Wnbow, G A and Trantham E.

C., 1994 ¢ |- : Lk - ' ' h Aneri can o

| nt er nat i o“?\%? Egl? ﬁdg?,oﬁ}%%%}%gﬁgf%%{# {@8%%81?6%'2 SePEPO" Bl orati on |
Geophysi ci bt writteixganded Abstracts, 719-721. The condition can be.witten
as << (2), , 2 h/l AX)2 where t" is the normal noveout time, h is half the
source-recei ver separation®nd Az, 5 is the input trac )spaci ng. :
Enpirically, it has been (}gua}f that up to a cutoff ti (0.8 AX) I C=
2n f , the stationary phase condition is satisfied. A typical peak

f requency wherk ey isshsd mormel aveaurtime, 3 isihalf thei spures @ekelver separaiicyy @Al AN to

determpe a tine tc such.th for greater tinmes, the input data are -
Creat e asdet POPHIERSE FOInEn SRR oY R RR dAHTOSUASIE & SO 8% ver . or
equi valently as ingr ring no kinematic DMO condition. 10 The effect of the

procedures dep. is Figure 5 is that at offsets' greater than or equal
to dm,, , the 3 s&ift,rerrains- ry,4f,or all tinmes. For zero offset,
the phase 'sfiiTh 5 zeld @t oufy PhasqeQndition s sptrsled- A typiqaheeak freapencand dt | ;
,,, the phase shift is -.ic/4 _

f for seismic data of 25 Hertz is used in the invention to determine a time ¢, such that

for greater times, the input data are treated as deriving from the midpoint between
_ source and receiver, or équivalently as i'eqliiring no kinematic DMO condition.
10 The effect of the procedures depicted is Figure 5 is that at offsets ‘greater'than
or equal to d,,;, , the phase shift remains - n/4 for all times. For zero offset, the.phése
'shift is zero at all times. For offsets, between.zero and d;,, ihe phase shift is - n/4
- for small times and gets closer to zero at large times. This particular implemenfation
| of a time varying phase shift is not tb be construed as a limitation. Other methods will
15 be obvious to those knowledgeable in the art.
| DMO operatof aliaéing will occur when the slope (dip) of the operétor :
becomes large enough that seismic Wayeieis on adjacent replacemeht traces undergo a
 relative shift of greater than one-half wavelength. The result is that high—frequeﬁcy
input traces will cause operator aliasing at lower dips-_ than will low-frequency traces.
20 Oné method of avoidihg aliasing in the DMO process is by implementing a scheme
.. proposed by Gray, S., Frequency-Selective Design 6] the Kirchhoff Migration |
Operator, 40 Geophysical Prospecting 565, (1992). In that scheme a number of low-

cpnvolving the trace with the time domain representation of the low-pass filters. The
25 " cutoff frequencies are typically chosen to forri an'equispaced set, e.g. in one - o
embodiment, the frequencies could spﬁn the range of S Hz to 100 Hz. Those

knowledgeable in the art will know how to select the range of low pass filters to be .

. pass filtered versions of each ﬁgquencyeﬁltergd and phase shifted trace are created by - o



for small times and gets closer to zero at large tinmes. This particular
inplementation of a tine varying phase shift is not to be construed as a
limtation. OQther methods wil] 15 be obvious to those know edgeable in the
art. DMO operator aliasing will occur when the slope (dip) of the operator
becones | arge enough that seismc wavel ets on adjacent replacenent traces
undergo a relative shift of greater than one-half wavel ength. The result
is that hiW@I¥tB4¥lency input traces will cause operator aCrassagss | ower
dips than will |owfrequency traces. 20 One nethod of avoiding aliasing in
the DMO process is by inplenmenting a schene proposed by Gay, S.,
Frequency- Sel ective Design of the Kirchhoff Mgration Operator, 40
Geophysi-cal Prospecting 565, (1992). “h- t hat scheme a nunber of |ow pass
filtered versions.of each frequencyfiltered and phase. shifted trace are
created by USdn/oHsscheme idepifiad at 104 in Figrae §iand resuhimina suiteoé Sttededt i on of t he
l-ow pass fi kh&sar 13¢1e 25 cutoff frequencies are typically chosen to form an
_equi spaced set, e.g. in one enbodinment, the frequencies could span the
range of 5 Hz toThODE iynowTitadyeto proruck edearivépacemerithaces follsividg thnow how. to
sel ect the f +ow pass fLlters tq be. WD 97/13213 PCT/ US96/ 15818 -21
used. This é%ﬁg%e{g}nsﬁlg‘g | 'c?‘ 5(93%?‘3 _@ﬂ_v?’%mi:‘?vﬁﬁ'rt@“%?“ the dnput race, therqisg suite of
filtereds tzaceffsattineXfat dIﬁ&?:dPEpdrﬁth@@&éiﬁ&ﬁé‘B’théﬂEBEé?ﬁéfﬁ gra@eAssﬁéc?h E
. e

repl acenent ;traces follow ng the cg)r ocedure .in Figure i ned above,

for every tfi¢igrmipesanappryse for thedoMO pprsater basediupop thesourefrsaivertoffse 4 hat
depends upogritdigpmasict L h - c tr . Fach PE determ nes an
aperture for lt_hepDIVD opera?fgycggglégwugoﬁg?ﬁgu?o%r OREEHES W&eaﬁ?tﬁget h of
its input tmaxienwandistahes BiiDtheebomdrymidpoidy ofthetriderfer which héplagieat OF 1S
meant the - mBXI rrurp.(gi st ance, fr t he gomm? m dpoint of the trace for which
r epl acement T95°7 AL bg generaied as agﬂ]?lcé'rqat‘_’ deraoitsetttigice tihg sowrereceiyenoffsset time.
The' source- &riaRé VEbeiff dete@hink ChAREHr e ante hOGiIE e ' 1€ ;3¢ hr on and,
as will be understood by those skilled in tLe'%rg%r?{Q%gféﬁ%gﬁh@ggWo o
zer o- of f'set the @rt] tBereicambe vy zego-nfsdt meflectioms drigjratidg from begpehdheimaxh@amzont al
extent of tebsAFLAR of S EELSEl ects the output position of the

repl acenent trace, 140-1n kigure 6. Initially, this-would be the first

out put. position Eavh PRelebts therozpphua pesito of thefsplacément trace, 140 in Figure 6.

Initially, this -woulcll be the first output position for which a replacement trace is _

15 desired, as specified by the analyst. The PE selects the output. time sample on thi§ _
output trace, 142. Initially, this would be the first desired time s;clmple on the- output
trace as speciﬁed by the analyst. ]n. an .cmbo_dir'nent Wh_ére th.e DMO ve-locity is |
constant, a time s_ample t,on the.NMO-correclte'd input trace that would be moved to
the time 1, on the replace_m_ént trace is computed, 144 in Figure 6. The relationshi'p' .

20 between Iy and ¢, is given by equation 1. In p.erformir.lg'this com'putatio'n; x is the
distance from the midpoint of the source and repeivef poéitions f.o.r the ihput trace to
the location of the output trace while  is half the distance between the source and the
receiver positions on the input trace. | | |

| The slope of the DMO operator at the output location, 6,, is also detetminéd at
25 144 by differentiating ¢, in _equationi with respect to x. Next, a frequency £, $ﬁch .

. l" . X2 N |
. . Axtan@; = — _-;,-fl—. L .
8 ‘ zfmax hz ’ (3)

is calculated. In equation 3, Ax in a preferred embodiment is the spacing between the

replacement traces, whichever is larger. and v is the propagation velocity. For the



15 desired, as specified by the. analyst. The PE selects the output tinme

- sanple on this output trace, 142. Initially, this woul d be the first _
desired tine sanple on the output trace as specified by the analyst. In an
enbodi nent where the DMO velocity is constant, a tinme sanple t" on

the. NMO-corrected input trace that would be rmved to the tinme to on the

" repl acemenb $£ is conputed, 144 in Figure 6. The rel %ﬁ’ﬁfhl 20 bet ween
to and t' 2\}nby equation 1. In performngthls co 8% is the
di stance fromthe m dpoi ht of the source and receiver positions for the

I nput trace to the location of the output trace while his half the

di stance between the source and the _sfceiver positions on the input trace.
The sl ope of the DMO operator at the output |ocation, is al so

det erm ned tafty f u espect. to
“X. ‘Next, a équene(i:oydt?lagsrc ddshEc %(ih? ?rl]\ﬁ‘%oéé}?(tbﬂm?%ﬁﬁlf? Erirl\%f;tog%'B?:da“():IPJI ated. In
equati on 3, equatiom].aTlr replacenacht ates towktie lostediva tssucighy libejoniggthe he

repl acenent traces, whichever is larger. and a is the propagation velocity.
For the V\D?"’f"f\?ﬂa@"ﬁ@ﬂ‘(ﬁé%/ 15818 -22 constant velocity case, the slope
of the DMO operaxt&rovﬁﬁ%\hgdomfuxamﬂm Otk &leredl rhdeaPOnT theQUHALS Qitbred . The

repl acenment traces ocated on the straight line joining the
“source and t¥esrldédnFigure fdiavingithejhighest eavpray shat dpesofor excecchémflii bsedred trace

fromthe su 0&?0@1(:6 ftHe r%@g&%enptéﬁc][e%ﬁlﬁ at &)g gutpllnmngé sqwg?e f%i’ u{puﬁet he hi gheSt

frequency t oes n excee Syt a s uce repl acenent
trace val ueloaitxdnhﬂ'ﬂm]DMlGIoﬁm stappd@of Rigure BeAswilh b k:hmafoltl&xrscof t he DMO
oper at or, p146 of Flg{ureG As will be known to those famliar with
the art, it therartthe PRt Wap faTFRpORdnglod shsh RIS BN maydmokay not

corres pond é&re@pgddr{safua{e fwﬂwﬁ#aha sEAPIR |e§1sﬁxl'e5tnsma)1 li€betwkdn tWBXarthpieg Det ween
two sanpled 10 val'ues on the input trace. In such a case, the val.ue at the

- out put 19 mevalgesaintthd meur tpge.aln sucha gese; the galpodt she pus Smedeebtained bd ues on
~the input t{ll?t%.?l %ﬁgtgo%tb% N%el?xrtﬁg ?&ﬁl&és{&% tltit;l,1 ﬁ%t{tltrn gcutmréedrr%el gi’aﬁ%ﬁtg‘?m@ nl d be

known to those s coul d be
used. input time £,. As would be known to those skilled in the art, other methods of -

mterpolatlon could be used _
A feature of the presem invention is that correct amplitude weighting is
: 15 .applxed to the mterpolated value to ensure that steeply dipping reflections do not
-become attenuated with respect to less steeply dipping reflections. The method of
determmatlon of the amplitude scalmg factor is given in Black et. al.-and is not
' repeated here. The process of interpolation and amplitude correction of the
replacement trace semple is performed at :148. At step 150, the amplitude corrected
20  value fo_x"-the output sample at the output location is stored in the memory of the PE.
Next, a c.heck is made to see if any more output samples are requircd, 152. If
so, processing continues for the next sample, 154, and returning to 142. If all the
samples for the output trace have b_een generated a check is made to see if any
replacement traces at other output positions are required, 158. If so, processing
25 continues for the next output position, 160, and returning te 140 o
If rcplacemcnt traccs for all the output positions for this. input trace. havc been . . o
.. . gcnerated the PE sends a signal to the PEs that are responsible for the output
- positions for which it has generated replacement traces, mdxcatmg that the - -
replacement traces are available, 162. After all the analysxs PEs have recexved these

30 replacement traces ‘as described below, the PE then walts for the next mpul trace to be




A feature of the present invention is that correct anplitude weighting is
15 applied to the interpolated value to ensure that steeply dipping
reflections do not become attenuated with respect to | ess steeply dipping
reflections. The nethod of determination of the anplitude scaling factor
Is given in Black et. al. and is not repeated here. The process of

i nterpol ati on and anplitude correction. of the replacenent trace sanple is
perf or mredVa974313 At step 150, the. anplitude corrected X:1vedodasdi9r t he
out put sanple at the output location is stored in the nenory of the PE
Next, a check is made to see if any nore output sanples are required, 152.
|f so, processing continues for the next sanple, 154, and returning to
142. |If all the sanples for the oufp@?‘traee have been generated a check

is made to see if,a repl.ac nt traces at other output positions are .
requir ed, 1$§§$tol '; b%g?écﬁf]%@é%sﬁ% apd t-begin 1 gesemisreplacemeextracesi fapttliat POSI t i ON,
160, and r efnphattrdee, gsgeg&ﬂedggovggﬁhhg%gggﬂh j4paces for all the output

av ee

positions-.for this.input trace generated, the PE sends a.

signal to the PE&nethentagraf andyyioPE ghiup 08ris toheadiht Piplaceftintab Qo d, OF Whi ch
It has gen ace I ndi cati.ng that the replacenent
traces ar eetggtgﬁﬁragﬁgl,nati}ggﬁ % WahF " Sﬁ’rE ERRVesffignal bapneplagrment tracssibeed t hese
30 repl dceneet geneasted by asy cfahesthererd:sD e6OW Fibie 6Phe PR MRS, f 0l t he next

i nput. trace to he WD 97/.13213_ PCT/ US96/ 1_581%5@ ’seﬁt togm?k%éa{khog control

PE, 168, arff"t3UBRat AUPY Hehelhnieplaeqment tiaesstare read Somithe mematy dMmpeit trace,
as descri befhaPesens havd denbraidli - net her task qf analysi-s PE group
108 is to read the repl a%ement rﬁ%%g%ﬁp%%?qrglge%‘{t%Poi*’E%“sifﬁrWh’éhgroup; -
Wien a PE Mdisiresponsiblsi sepal 66t o wramplcamentbyiéxits i 8% dW(€locifERN gener at ed
by any of tsﬂﬁplgtaﬁgg SPchsfc g@%4 in Figure 6, t he PE begins the fask of -
generating ant ot pats TF Sed Il UPED CHAERS A Patiakeuirut dpee. (I ddwevam t he nmenory
of the 100t IpertiaPisce dirbdhenias Be BRI AN I6RARbAGRIBRL ; Ol lene out put
positions for,which PE.is re_sponsixgilde, step 166. ’rﬂtc§rﬁ§ril‘g§félﬁcc?geehtf?cgnt ly
exists for ’i?ﬂé‘e_eﬁﬂ hGtexisipgparigl output tragemdh yhis Gashiph sthe AEs arepbdeiiBgt trace,
creating aRAdAiAURUYLqlifed EEcomdletc VR SlHorfoMY Par ti al trace al ready

- exists for the output location, then the Tncomng replacenment trace is
added to the exilderesyltphtheifimst sage plithe torasert. méthod Bitksat ERRIPENRcfoliiE WRES “ar €

perform ngq,. SYr ben_ste ired to conplete the Kirchhoff DMO The
result of ttaﬁtépﬁ: l?gs{’t s@ Egémé‘ m?%é%é%?fﬁ?‘ﬁé?‘ﬁ%"ﬁ"étr?%&for@a@mbPEOfber'form;

t wo 15 output positions; second, each PE also reads the replacement traces from the memory

of other PEs and performs the Kirchhoff summation. _
During this stage, the memory of the individual PEs may fill up. When this
happens, any of the.group of PEs, 108, that has reached the limits of its memory
| s_ends a signql to one of the group of proces§ors, that are designated as Input/output
20 | (I/0) processors, 110 in Figurc 4. The number of I/0 PEs will typically be equal to
the number of offsets for which a DMO image is being computed. The analysis'PEs
- communicate with-each other to determine the minimum sta'cking'bin number in
memory for each offset, and then communicate this value to the /O PEs. The
designation of the stacking bin numbers was discussed above in reference to Figure 2.
25 The l/O PEs .ﬁrst read the data in the stacking bins from disk 112 (or other data
. storage deviée.selected by the analyst), beginning at the minimum stacking bin ~ =
number, using requests for large blocks of data for reasons of efﬁéieﬁcy. The I/0 PEs
~ then receive replacement traces (that may possibl'y'b'e. part.ially stac:k_"e'c'ij'f'rom.t.he' o
analysis PEs, use these to update the contents of the stacking bins, and write them out

30 todisk, 112 in Figure 4, in a common offset form, freeing up memory locations on



tasks. First,- each PE conputes DMO corrected replacenent traces for a
nunber of 15 out put positions; second, each PE al so reads the repl acenent
traces fromthe nmenory of other PEs and perforns the Kirchhoff. summation.
During this stage, the nmenory of the individual PEs may fill up. Wien this
happens, any of the group of PEs, 108, that has reached the limts of its
menory signal to one of the group of processor e

desi gnat‘ggr}g@nﬁ%put/out put 20 (1/0O processors, | 10 inﬁﬂ,‘g"lgj?‘téls ® The
nunber of I/O PEs will typically be equal to the nunber of offsets for
which a DMO i nage is being conputed. The analysis PEsS conmunicate with
each other-to determ ne the m ni numxztacki ng bin nunber in nenory for each
of fset, and then comunicate this value to the I/O PEs. The. designation of
the stackiin@PpBs fh te fRREsSorRSupdiOBS EaBIR Of 16 PMoRedséls ith€ I/8NGRBub 161 gure 2. 25
The 1/ O PEs first read the data in the stacking bins fromdisk 112 (or

ot her dat @ccessesradjHergpinapof the|disk, sQitheythengds emiatepastiyn withini graumgl Gt t he

easons. of ariAEtoR i pVBERRL i aLhth £ RENERA B dlp | DIRNRR Trfaces (ot

may possi Prycdssofdutdrinilihymitfimokedckingdin duntber,acalingsfrein Bk, updating,hese to

update the gontents of the stacking.bjns, and ite themout 30 to di sk,
192 1 n5Fi GoAewng h?c%ﬁoc%%ﬁﬁpswie?"lf%%me?re@éawﬂg e KBS Paveckesni ons on WO
97/ 13213 - RigkhbSSthdip Rbficemeadt rh&t8. MR doftiduRS umil A BRSMAIySEPER hh0S8. Each of

the processors in the | /O group 110 accesses a different part of the disk,
so that t rempleted theirapalysisiatks ot We andiof grivuigsedthe contemisiof the seeking no
hyphenat ed..] ractiQn,i s, depi ck M5 10 of Figure. 4. The process
of deter mdoﬁ{]é;égrg%g%fs?rarlﬁ HU& noga‘%%ﬁhgﬂ%%agébsngbe% |"Ir?g'g1 °1f$8trﬂ%(5q YQumEs,jating, 5
and writing bacWith@adh PIK gérferdting e@pladertidiit trhceb g anwid®Fangs oPmidriranal ysi s PEs
have been  flushed, of their replacenment traces. Thi's continues until all '

the and ydigtagses, lﬂ%ﬁpgndeewr@p@mgtfmqqn.g&%ingptgattogsz}pg_summxme end of this
stage, theemaeunint &2k aismeésas&lﬂ)]gmom, 3& ﬁéﬁnﬂﬂvéﬁii@ﬁ‘{x/\y&:ﬂ%‘ ihferfde X, Y)

order and separated into common of fset.- data vol umes. each PE
gener at i ndoadpdlanséngaharactensisanfong the WNEsd Balanmnige o6 membgrusagoand 10 di st ances,

nene Tty O 0 4B B} SIS BE RS, 1
i nherent foodd PEal disaissed beloariacdferensd oFigum®8g t he PEs. Bal anci ng of nenory
usage %nd - The parallelization system to be employed in the output stage of the present - |
invention is shown in Figure 7. The MPP, 100, has an output control processor, 106,
" but the p_rocessdr groups 108 and 110 are now replaced by a single group of PEs, 109.
None of the processors in group 109 communicate with each other. This is depicied_
by the lack of interconnection between the individual PEs. The dashes in groﬁﬁ 109
- 20 of Figure 7 indicate the presence of mofc PEs not shownin the figure and do not
indicate interconnection between the PE's shown. Furthermore, the PEs in group 109
are pér_forr_ning identical tasks so that there is no longer a distinction between analysis -
PEs and I/O PEs. The tasks performed by groilp 109 are those of reading data froma . -
data storage device, such as disk, 112, and transmitting the data to the 6uthui control
25  PE, 106. The reading from disk is ddne in parallel as the PEs individuall.y.acccss
... different parts of disk, 112. The output control PE 106 then-re__ac.ls_.hgede._r._récqxqg_f_rqm .
o dlSk, 1 12,—adcis 'thé'sé. to tﬁe se.iﬁmic datz-l. réceivéd fro;r-i .t.he. PEs iO9 to form outpui '
traces and writes the output.traces to dutput data storage, such as tape, 172, or other "

mass storage device, 170. The output write is performed sequentially in order to

30  maintain the proper order of traces on the output medium.



i nt-erprocessor comuni cation is also obtained by the allocation of output
locations for.the PEs, discussed below.in reference to Figure 8. 15 The

i i , i ut stage of the present
invention is shown in Figure 7. The MPP, 100, has an output control
processor, 106, but the processor groups 108 and 110 -are now repl aced by
»a single_group of PEs, 109. None. of the processors in-group 109
comuni cat"® W WH3each other. This is depi cted by the | a®icrafsesnssis
i nt erconnection between the individual PEs. The dashes in group 109 20 of
Figure 7 indicate the presence of nore PEs not shown- in the figure and do
not indicate interconnection between the PE s shown. Furthernore, the PEs
in group 109 are performng i dentica>tasks so that there is no | onger a
di stinction bet\@l%nofgpea}xtsi S fPEs and .|/ O PEs. The tasks perfornmed by group
109 are those of Teading HeEe 8T 1F Brrsent igentionsis e ensuredead badancingdly as di sk,
112, and t rdiasibitirigithgplobesiaa pRast Gmbohe (R is PROt AR 28 Py - 106, The
readi ng fr di sk Ls !()jone, i_%bpar al | e% -al'é&?x;éls Ig%s] (lﬁr%cﬁsé?caag‘hféoﬁ%cess
di f f erent. ??Qﬂf'smsf Yrdwristig istharthgorespansibility forixrstibesond 04 (+, 3¢ gria epds header

records fr Qmckitb Sns iddider .hg.sejsm c data received fromthe
PEs 109 to_formhoutsoﬁ%gmtb?ggggbgggﬁva\%?l{%séE{Eﬁe‘i‘Biff’ﬁ‘ﬁg’a%S%l&%“& feamig put dat a
~ storage$ sixthoan in&pmye § Ahercofor pidpeses ofiStratioR oAU SN ihGG: restEBionl NE OUL put
‘Wwiteis p rJoorlﬁ%dL?? ue?tlallclvé,{}g order to 30 maintain the propér order of
traces on .theourp ﬁ%e"d‘i 1 ¢ euipyidaayplwgose IRBLed wibornowf t he

f eat ures OPELRsed¥oeR Butpuli¥iRineO Ahk Sndifidf ' ' nci ng by :
distributing the, proce_sgungﬁghgse am-ngdﬁgggﬁg}@g@gq%&%‘.""@fgﬁs?{éct of
this | oad TP5PEhEn heycdindashionse that eashiPE is meaportsitde foﬁﬁ@ﬁﬂﬁd&itﬁéé\)f?ut s |
forx-slicegyfb® : Reld stacking bins is distributed anong the
anal'ysis Pips .c ; Agﬂs%%g%rgﬁrgézf t%’k%nogﬂ; hhé ef]ﬁrﬁt‘iﬂfag'og‘"i'es Té‘l*ﬁj'ﬁﬁflsi‘?lalbpwre 8, where
for putposbalanding ofl mehotusape aad interpritessbt MHum@RLS hGh ii!oegch p{_:% position of
t he out put esl | C@ﬁ t?? E(?e out put data volunme are indicated w.Th 8n|y f our
PEs used fGPPYRE'SIRF Adecal pritiomef thermedeln dn theabsencastahis imieraving, 90t hr ough
193, are ¢RRRSRSor Wadresydnkible fhAS B _each PE.is responsible for
portions of the outoputa rsy(fahc_eq at rgg&“ﬁ%éﬂ%&?@éﬁ?ﬁ%é@&ﬁ? $he entire
data vol unteremopld heaymarkedyvasiatien tnenerhOryhahgerand ngtefrodemdpr y usage and

e P ocessRi RN B AR e S R B | O
s us'ually.in shot sequential orderand in the absence of interleaving, all the PEs would
' be computing replacement traces_f_or output po-si.tions‘assigned to a small number of
PEs. The memory of these small numoef of I;Es would fill rapidly and all |
interprocesSor communication would be directed to these PEs. Balancing the load on
the different PEs would theri become more difficult. |
0 ‘ T_hoee knowledgeable in the art would recognize that this process wiil work
' more efficiently when the input traces, within a eommon offset. panel, are in shot |
-sgqnentia] order. When data are in _shot sequence, due to the limited aperture of the
DMO operator, a given output location is likely to have repl’acemenf traces sum'medlh
into it several times before the memory of the PE responsible for that location
25 "b.ecomes full. Memory locations _are therefore reused several times, leseening the
- ... need for disk I/0.and increasing process efficiency;« ==+~ . -
A second embodiment of the present invention deals with the situation where
the velocity in'the subsurface varies either '_linearly or nrbitra;il§ wnhdepth This is..a- |
more real_istic situation, as will be known to those familiar with the art. As disclosed

"~ 30 by’ Dietrich and Cohen, the MZO operator has a crossline component, so that the



each processor was.responsible for a different local portion of the 3-D
data volune, there could be a nmarked variation in nenory usage and -

i nterprocessor conmmunication at different stages of the processing. For
~exanple, the input data are 15 usually in shot sequential order and in the
absence of-interleaving, all the PEs would be conputing replacenent traces

for out pyn L,t4 ons, assigned to a small nunber of PEs e nmenory of
t hese sma ?9%n£er of PEs would fill rapidly and all. i nf@ﬂ?gcﬁ’(!&gor

comruni cation would be directed to these PEs. Bal ancing the | oad on  the
di fferent PEs woul d then becone nore difficult. 20 Those know edgeabl e in
the art would recognize that this pregess will work nore efficiently when
the input traces, within a conmon offset panel, are in shot sequential

or der . Wiegodalonp léddisire APRNBERIGNS e iinrl Bld &k ARgg L Ur e of the
DMO operator, a given output |location is likely'to Rave replacenent traces .
sumred i nfeseiver pasitions| Intaddition.jn ther pyesenee ofernerticabieldditg gP@ient,aponsi bl e f or

t hat | ocat | O Ul | ocationg are therefore reused
sever al ti%g?éégtgg%cgé% %‘ginlvﬁlé%%%%lﬁﬁf‘éﬁuﬁ’ Ebaﬁrl_’&"}aﬁé?’@iﬁ%}}'ng process. -
ef fi ci encycorrespends to sinalize dipsl whith dh seeotid value] HiEthp R SAMHry bRWENSS L deal s with
the situatj where the vleoc' ty in the subsurface varies either linearly
or arbit ra%"%’?‘ﬁr’ﬂg’ﬁfsﬁf’" i larges dips apd perpumgdireflqctors t uatj on, as will be

known to. those frdickiidfs tih Eventih thefdbsencEof gib?é’i*e&ﬁ%g‘?tgerp*i@jb trich and

Cohen, the. MZO operator has a crossline conponent, “so that ‘the -WO 97/13213
PCTNS96/ 15&phcerent 2@cesasi(h e gud fiont a $inglas¢ismis line,as oppdsed gethe kragdst €d t o

the line jpi.ni pg.the source an recei ver positions. addition, in the
presence ogelﬁg \C‘g‘l’tﬁl goaaf Siggly S%rﬁﬁj PiSqFiavEvery ??35“ %a‘b‘bt? oBeBnes -
mul ti val ueckossline contfibilitions bigatrongly atiehulted ABd Yor PicatricticalCHubESRORES t O

- smal ler. dips _while the second val ue, on _the secondary branch of the 5 MZO
oper at 4t Wf'&%‘ﬁ%lﬁﬁglcﬁﬂ’qo&?’@&’“Ej?E‘éfa‘hﬁﬁwéﬂ}bf)i“blcﬁéﬁe e thedingeininghe - r esul t
is that evgg s?’ﬁl'cé B RBSEAC FhOEmBARIEnd GRLORH bETw!; gfeﬁxemslolnl P&e iligR! acement
traces-on an (x, y) grid froma single seismc Mith , as op osed P ‘the

traces  beporgoh pfiihe ederkior andsdaes het compuiecaplagdnenttrackofvederosslae Di et ri ch and

%anp?ggzlv?léé%?ge&%&gﬁgo':%g& tf(’: t%él%éﬁs%ga &Y ]ir%{.tae{iosntbregarl]x el.gthg't- tenuat ed and. For
implementations, incorpor_ating a crossline displacement, are within the scope of the
15 invention, as is further described below. The presenf invention als§ accounts for the -
mul-tiplc.valucs of the MZO opcrétor. ‘
-_The calculations involved in th_e second embodiment are shown in Figures 9
~ and 10, which analogous to Figures 5 and 6. The ;ifpcess sfans, as before, with the
- input ;race, 120. Steps 200, 202; 204, 206, 208 and 210,i'n Figure 9 perform the same
20 operations as were discussed with ré'spect to steps 121, 122, 124, 126, 128 and 130 |
. _' respcctivcly_in Figufc_ 5. In other word's; a cohs'iant phase shift is.épplie’d for larQe
offséts_and atime var_y.ing' phase shift is aﬁplied for small offsets. |
| “The result is the éame as stéted above. At an offset greater théﬁ or equal to
dpin~ the phase shift remains - n/4 for all times; for zero offset, th.é.ph'ase shift is zero
25 atall times; and for offsets between zero and dinins the phase shift is - /4 fbx; small
. | 7 }imgs_and approachqs__;g_rp_a_t__l.__gx_‘_gq,:t_imc_s. This pé;nigular_imblementation qf'a;_l time |
varying pﬁaSé 'si'nift is not to be construed as a limitation. Other methods will be
obvious to those knowledgeable in the art. |
Aliasing is avoided, as in the constant velociiy DMO case, by computing a

30  suite of bandpassed versions of the filtered trace. However, the MZO operator



“out put trage
on

10 sufficient to restrict the operator to a swath of width 0.4h centered on
the line joining the source and receiver. The enbodi nent discussed bel ow

i npl enents only the inline portion of the operator and does not conpute
repl acement traces fora crossline displacenent. This is not to be
construed as a limtation because other inplenmentations, incorporating a
crossline displacenent, are within the scope of the 15 invention, as is
further d¥x3¥132d bel ow. The present invention al so accoutudseisgife.

mul tiple val ues of ‘the MZO operator. The cal cul ations involved in the
second enbodi nent are shown in Figures 9 and 10, which anal ogous to
Figures 5 and 6. The process starts, as before, with the input trace, 120..
Steps 200, 202, 204, 206,' 208 and 21627-in Figure 9 performthe same 20
operations as were discussed with respect to steps 121, 122, 124, 126; 128
and 130 r SSpUEssitefleredtraceyas welbas their quadiestunsomiponeatsc Ahs trat gahase Shi ft

i s.applied f; ftﬁe‘e};rﬁﬂ i I n hase shift is applied for
smal | offsetzlés).[raéreﬁégfsgggfrt i's t %éﬁéoggcgéégﬂgggbwg?Xf“‘@r?fé‘?w’set greater
than or equabs filters, @iy, t,O,gi\tehetnmhaseseno.fhshﬂﬂﬁfcfiﬁdmtu?ééaée?rz3 lis times; for
zero offsetc,omt h{adphase ?‘H%ft is.zero 25 at all times; and.for offsets

bet ween zer'9 ERGuiiEe a Hikerirpnsformad syite; of lowpasy filters 216 n&hése guadrstuand

appr oaches t&eésardusddfodfie bdcoBdary Bhiheh oftftE yﬁﬁ'hﬁé}a}t&ﬁpl ementation of a time
as a

varyi ng phase shift is not to.be construe Tmtation. Oher nethods
will be. obvi ousThegeneretina of theéOypoaistted iraces lidistutsed AlithasfeRgicé & avoi ded, as

in the congg ehoel ' conmputing a 30 suite of bandpassed
versi ons of ?ﬁée]?'i ﬁ?&%‘éﬁ rac§8$%%&%%@%%www'm 97/ 13213 .

- PCT! US96/ 1ped@med¥ith efirérnce s duvputilddatieneshditindCRmpRs olald o@éyagégg the

guadr at ur e, conponent The "real " part of the traces iIs

primary br gﬁ’éﬂ;‘% oF ﬁleﬁ\zz%rﬂ}?é 9¥sdiot hayeasimpls anelptic exprdssion apdees the | t er s,
214, t oo i DMOWpRHitor! M3&RHIieE e P f rature traces, 230, is
conmput ed, usi ng)tpa H ber?xﬁ)t r'ansfpg‘?cr%ﬁkagéﬁéﬁk%théﬁgﬁ%ﬁ \Gf?/ﬁéssséorfsfq%?eéP 216. These

quadr at ur e2ble Yaliessn gach anaipss PEs meinerys Tienatele 16 goncritedindvol sizeMERAQPET at or .
i.s discussed with reference to

The Senerabioppfl Kt MED AL fekad igas, e dLscuese AT el ence o
i s~ perf or Hecomespiondint M2 operator thak At désHedbiPRIo@NGn Is FRpifaRlagsy O the
th_'ie disclosure of Dietrich and Cohen. A C6rrection, discussed below, is applied to -
15 the derived amplitudes. By a process of interpolation, familiar to those skilled in the
art, a “backward” table —from the output time to the input time — is generatéd. In
order to use less memory for these operators, the mapping is computed for three
offsets that span the range of offsets that will be proc;:ssed. The computations are
performed on a time sampling interval that is .typically coarser than the desired output
20 sample_ rate. Typically, for data sarhpled at 4 milliseconds (ms), it has been found
adequate to compute the operator values at a 16 ms. sampling rate. In addition to the
| MZO operator itself, the Slope of the bperqtor (required for anti-alias filtering) and the
amplitude factors (required for proper handling of the amplitudes of the output traces)
are computed and stored. The computation of the MZO operator fér three 6ffsets is-
25 notto be construed asa limitation. Obviously, if the input data has only one offset, the
operator need only be computed for that-offset. S
F igure 10 involves two analogous, bu_t sequential, computations — first for
the primary branch of the MZO operator, Stébs 240-260, and Sé;:ohd, in. seqhéﬁce; for .
the secondary branch, steps 270 - 290. As in the first embodiment, all PEs perform

30 this sequence in parallel using assigned input traces. The first output position is



However, the MZO operator does not have a sinple anal ytic expression as
does the 10 DMO operator. To sinplify the processi-ng, the MZO operator is
stored as a set of table values in each analysis PEs nenory. The table is
generated in two stages which occur prior to the steps shown in Figure 10.
First, for a given input location and tinme, the correspondi ng MZO oper at or
time at a desired output location is conputed based on the disclosure of
DietrichY¥A8788hen. A correction, discussed below, is appFFU§*¥'§815 the
derived anplitudes. By a process of interpolation, faniliar to those _
skilled in the art, a "backward" table -fromthe output tine'to the input
time - is generated. In order to us?sless menory for these operators, the
S

mapping i s computed for three offsefs that span the range of offsets that

will be pr ' - n a tijJ ling
i nterval t %?a?og9?%’%?%5%@%%%?%@&?%&%o‘tnﬁgtrs%ﬁe{ég?’gw%gmsﬁ?dzez%;ﬁﬁﬁ e rate.
Typi cal | y, td e nilativahgd mpluecbfahe MZ0 bpdraters dxrvetsld besthmilidr th @fosbeen f ound
adequate to conmpute the operator values at a 16 ns. sanpling rate. In -
addi ti on t knewisdzegbleinfieatithat fo% cach pnput tine.dhege,may pe pRoWpBY YMES: (required-
for- anti - alcbagerdy, 6 daBYdutpitdirhd) Sher@RY bt HALLHAIHARS il tREhg! OF  Proper
handl i ng of the anplitudes of the output traces) are conputed and stored.
The conput handied kyf the hrocaase thtevitiroakefamontributien tofthesparticilar qfputot -t o be
construed as_a lifgitation, . | L _the input t S._on one

of f set, thgoca%?)nérdg"?eo%dﬁeceggan 5 n%/?&gél'%tg ntiﬁ?u?rﬁajﬁaqgfa%ﬁh%ﬂ-%g t°.p°'a{9¥gur e 10

i nvol ves t wad taakieg lthe sdeuhdaspbtasnch.i The MAOTPperabt iesponlingsio thér the
primary branch of the MZO operator, steps 240-260, and second, in seguence,
for the sdesidapipublime isetermingd, Hfy Thisisgerformed hY loaking yrsthe enbodi ment, al |

PEs perfor | | [ b ' aces. The
st out pEI R B b B 8 B Sl e 1702, e

t he i nilei athosefaautizronmitiothe afie Thetabig willdrepdierantforghe psmepdeanchdehd thie to the

mul tival ued nature of, the MZO operat.or,. it. woul.d be.famJdiar to those

know edgeaBf&" Wﬁwgc%rlpe’itﬁgta'? epsimlar o that pf“f‘?@,egt"h&cé{%y be two out put

times. Coem@bdiglels, aflew paasd fierbdudrsibh BEthe inpat @addBY s tdd\048,ibaRd dan t he

i nput trace bei ;3 5 hand| ed by the pr.ocessaor that will make a contribution
1

to the par theaatizliag i

y L .
| agipg pensideragiens dississedaboys hogtheprijary brageh ekthe MER o t he
primary bragghopfind AprdfeaeIRRE Nolld beARRclel Eroff tRELuile @ fiiRredteAdAar y branch.

The MZO operator corresponding to the
15 step 220 in Figure 9, i.e., without the Hilbert transform. For the secondary branch of
the MZO operator, the trace would be selected from the suite of filtered traces at step
230 in Figure 9, i.e. with the Hilbert transform applied. An amplitude factor is
applied and interpolation is performed, 250, again using"a table lookup. Those
familiar with the art would recognize that the times, sloi)es and amplitude factors on
20 the secondary branch would all be different from those on the primary branch. The
| valﬁe from the branch of the MZO operator that is computed first is storg:d in PE
memory at 254. ' '
The other steps in the second embodiment are similar to those for the _
embodiment discussed above in.reference to Figure 6. A check is made to é_ee if any
25  more output samples are desiréd, 252. If so, the processing goes on to the next-output ‘
sample, 238, resuming at 244. If not, a check is made to see if any more output .. .
.positi.ons. ferriain for whicﬁ traces are to bé géneratéd-, 260. If so, these are produced,
262, going back to 242. The entire seqﬁence is repeated for the secondary branch, - =~ -
steps 270 through 290, with the resulis added to the primary branch result at 254.

30  When both branches have been completed, the PE sends signals to the PEs responsible



desired output tine is determ ned, 246. This is perforned by |ooking up the
- preconputed table values and performng an interpolation, as wll be
understood by 10 those famliar with the art. The table will be different
~for the primary branch and the secondary branch. Next, in a manner simlar
to that perfornmed in the first enbodinent, a | ow passed filtered version
of the input trace is selected, 248, based on the anti-aliasing:

consi der atwoswmidiscussed above. For -the primary branch of petBsd¥aShis
operator, the appropriate trace woul d be selected fromthe suite of
filtered traces at 15 step 220 in Figure 9, i.e., without the Hilbert
transform For the secondary branch of the MZO operator, the trace would
be selected fromthe suite of filtere@9traces at step 230 in Figure 9,

.e. with the Hilbert transformapplied. An anplitude factor is applied
and i nter ponitﬁil@dnltPl!i ppetlbmﬁmewhlcwﬂ;as agalied repicagent tiaady, 801. OTHelHE aldf1ose
famliar w exrv% gl)m ﬁgﬁ%ﬁize t hat trﬂe times, slopes and anplii t ude
factors on e con B AXBTTY rafes have been genesated by ethenBlsse on t he
primary br aBIMjand'i‘BEelvvsaﬂhH@e dc@iﬁbﬁthﬁc&rfaﬂﬂhho uf piit t hat is
conmputed first % ? |rfﬂPE menory at- Zg‘% %e%ﬁ%%@e‘%@ %:néth
second embofsAstPle 3 hﬂ’%ﬂwpdvaﬂfﬁ&éherwttnnettra@mbh seehto igB8&Ussed above
in refergence to i1 f, an 5 nore oyt put
sanpl es are desffEbéngngtEZé faﬁ%lp{‘:o&p&o%}ng? %?gésaglleﬁg%eoaensw re %CP’WB”H@QS out put
sanpl e, 2585€comimnbnagclas oPhé¢ MZO opertator comdegéthérstherede al SbrifQerniindidy MOr €
out put oftJh 8lE)ost tltc)lns [emain for, which t Sces are to be generated, 260.
If so, thes? &F PEFEHy é‘b“’? BYDecasE Hy palyrs ?E?hal’ﬁ§°é'm1srt@s°§eqluence is
r epeat ed fOﬁytdi&ra&@Dp\rdﬁiplesbm&ﬁfao nobprediet B Qorfs é&%?m@%g oﬁ— he results
“added to th&. primary branch result at 254. 30 en b es ‘have been
conpl et ed, WAEVEHd s'eﬁdsavsﬂgmx sgngep extpnd fagkthe e@mﬂshdﬁpaMt&ﬁnﬂﬂﬂﬁs
. PCT/ US9¢J 1 THS n whi.ch it has . created
| R e TR bdmdy e RltRitlo B LsB3 2r¥ledlich Moy eiiedi g ¢ hat

repl acenent traces, rec

r epl acement the pmphmidiavibe bespris eges thetebyl ubgodﬁélhgﬂnsfb%%nunx%@ﬁx théRuifcei ves the
r epl acenent, Lr

age t he out osi tions for ich.-the PE is
responsi bl € a§6é’a§ﬂ?é’ Bt £igh ‘&éﬁ @‘“P'S‘f“fﬁe‘sﬁ’é’iﬁ‘°‘P%fb€f?‘et¢%i@€fe !@nﬁfe sent to
it, 308. 5 banubrlpd tdimidatith bf the oh&albhﬁlstﬁe&ﬂ Wredgieall ﬁwb&n&n% wher e
the prlmary and_  secondary branc of the Ooperator cone ogetthh

t h ere is arf %Bmh’f’" p)égqtﬁﬁﬁxa{ly gxtending the operator to approximate the nonspecular

15 component Those familiar with the art would be aware that such an extension is

' predlcted on wave-theoretical principles. An extensxon by a distance of 0.05h to
0.10h beyond the cusp has been empirically found to give satisfactory resulis. In a
preferred embodiment a value of 0.10h will be -se]ected The extension is done using
a second order Taylor serxes expansion of the primary branch of the operator (step 248
20 . of Figure 10). Over this extension, the amplitudes are tapered by a Cos wexghung to
bring them naturally to zero. _
As noted above, the nmplitudes den'yed by Dietrich and Cohen are inconsistent .
- with other prior art results.. We have found thnt on model-generated synthetic
seismograms, the MZO amplitudes given by Dietrich and Cohen gwe erroneous
25 results. Based on considerations of the width of the Fresnel zone over which there is
.:_._:_;.,._eeut-—'—construcuve remforcement-of the MZO operator, the second’ 'e'mbodime'nt' ofthe” ™ S

present invention mult:plles the amplltude factors of Dletnch and Cohen by

,/t:o / h. Thxs compensates for t.he MZO operator gemng narrower wnh increasing

time as well as the fact that the operator gets broader with increasing source-receiver



of the operators. This arises because the analysis of Dietrich and Cohen is
based on ray-theoretical principles, which do not predict the nonspecul ar
part of .the operator that would, in a wave theory sense, extend past the
edge of the specular termnation 10 point. This point nay be referred to as
the cusp. A problemwhich may arise is that the anplitude at the cusp is

| arge, thereby introducing discontinuities in the resultant inage that _
shoul d ndYO%"%%?E’. Wave-t heoretical considerations dictatféTysd¥18Rere cannot
be an abrupt term nation'of the operator at the cusp. The present invention
deals with the problemby artificially extending the operator to

approxi mate the nonspecul ar 15 conpqglpt. Those famliar. with-the art
woul d be aware that such an extension is predicted on wave-theoretical

principl es, ext i on,: ' e.af _0.05h 1Qh_ beyond, t he cusp'>
has been eﬁ?;%%ngg ?g&fgﬁﬂgyﬁrgog%s%&gg tlhg%a@-ts %?%/fa%@%ﬁﬁlg&fﬂ‘ é aqu eferred .
~enbodi ment altough thee sedle factbdis not Higorbeslsalrect el MZUanatysiscizioPthel S done usi ng
a second order ,Tagl or ssri ﬁs eé_P sign- of the pri maré- branch of the .

oper at or ( StuekiplisnBasksen WGP c%(?% to -'BP_&’r"et“I’ﬁ Riegichapd Coben retsanpl i t udes
are tapered by .%Q@ﬁe&i&ﬁb%@éaggwﬁ&e c.la_ggmgc&gs@gaéto@hélwotoge&f%0- As noted

above, the anplitudes derived by Dietrich an hen are I nconsistent wth
ot her pé6i orrezalio ingluded is . within the\seopledi the présant, invamtiom dEhat getemsiant reghizgnt het i ¢

sei snogra he M2 l:i tud iven, Di etri nd, ,Cohen gi.kxe erroneous
25 resul tgﬁiaéglgléedwgﬁd%g%safl g’roa‘fs? o’nnso.%%?o%hcém% Hf?ﬁgc??ep%g%ﬁﬁgg‘%é “zone over

whi ch t her ¢hel selecG@6f thelGilitpuElotatibm Bves etk genetation BEthEIsdine tathponentst he
second- erribodi neht bf -t hE' ~; resent invention multiplies the anplitude
fact ors . of igyeEfifted fo &ﬁ‘da‘biﬁﬁé’l‘f’%g-“?‘ cepteredrpp the dipppetisen s seusee ade  MZO
operator gelting; Lridd delbndi S doRiasiond (wit Wehhel & fact that

t he operat g%CES’g‘?é'png’ E)c%\@r lﬁvg gter} i1 n@;}’ e.géilong(“élgﬂu%é??oecel veém&gd}; 3213

PCT/ US96/ 1H#@liimbe80f begamatouwld incithsesbympl toitwbd belersaodmagsipaleds t o t he x=0
scale factor of_ Bl 's et. al nd ,although that. scale factor is not

ri gorously corrggf?@g‘?r%?ﬁ@rﬁ,_ﬁa\?%gg&reﬁﬂayo C?%”ofﬁ_fptsu?epﬁcfcﬁﬁd has been found
enpi ri cal | ¥mbedibd¥Rt 28 thd BrsCersBddirGdht. aSichi AN SR et bdrddembblithedk tiRNSi on. to the
‘case where crossline conponents of the MZO operator 5 are also included is

Wi t hi n t he 88respiongtf theeutpit dkaesitis idgtical o dhe propess uedinihsifisy embpdimens  t hat
there woul ¢ sy grore positions to be considered at step 242 in Figure
10 -

15 ~ Those knowledgeable in the art will also rc;:ognize tﬁat as the number of PEs
increaées, there will be a décfease in the amount of data processed by each PE. It has
- been our experience that best overall efficiency is obtained if the incoming data -
volume is subdivided and multiple jobs are fun, each using 16 or32 PEs, raiher_than é
single job for the entire data.volume with 64-128 PEs. The communication |
20 - requirerhents in the latter case outweigh the other efficiencies that jmralleli_sm
produces. . _
| It would be understood by that there are numerous methods for performing -
zero-offset calculations and that the séope of this invention includes and is applicable

to these various methods.




the selection of the output |ocation. Even if the generation of the
crossline conponents is restricted to a swath of width 0.4h centered' on
the |ine between the source and receiver, in typical marine seisnic
applications (W th over 240 channels of recording), 10 the nunber. of

| ocations could increase by. up to two orders of magnitude. The 1/0O
processors, 110 in figure 4, play the sane role in the second enbodi nent
as in thewbiwas2zienbodi ment. Simlarly, in the second enbaaiTEsdenssibe
generation of the output’traces is identical- to the process used in the
first enbodiment, Figures 7 and 8. 15 Those know,edgeable in the art'lvvi |1
al so. recogni ze that as the nunber of PES i ncreases, i od
decrease in the anmount of data proces3kd by each PE. It has been our.
experience that best overall efficiency is obtained if the inconi'ng data
vol ume is SWHANWIGLARM Iful tiple jobs are run, ea}ch using 1.6 or 32 PEs,
rather. than a single job for the entire data vollume with 64-128 PEs! The
communi catilon 20A rewstagegraeatiebization nfeehddafot procesaing seisthivRiaiort eormhliar

ef ficiencies that Ra al l el iu?m - produces. It woul d be understood by that
there are numer SUSCHAEKERD tmleﬂpé’f:?sd% entse FpFIsingche stgpeefi at i ons
and.that the scope of this inventiqgn. includes and is applicable to these
various methods W0 ®HcESNEFaESeIsIRY gt dEnganinpyt paralielization sBeCLAI M | S: 1. .
A two stage parall el iyaRtdion nmethod for processing seismc data on a
conputer system having nultiple processing elenents, conprising the steps

of . a) processing saif seLSgi¢ Balisd i rallelization stage 5
wherein i) at |east (l))ﬁe of sai0 proge srp%éag glrgf@n %%%émﬁgcs ’Bﬂ'gtd i nput
control tasks, ii) at |easentmlasks;al ity of said processing elenents are
assigned analysis tasks, and 10 iii) at |east one of said processing

el ements i s assi gnedii) npuat/least pplurality of said proces'sing‘clements are assigned

analysis tasks, and

10 iii)  atleast one of said processing elements is assigned input/output
tasks; and '
b)  converting said processed seismic data to output format using an

output parallelization stage wherein

i) at least one of said processing elements is assigned output
15 control tasks, and
i) at least a plurality of said processing elements are assignéd
read/transmit tasks.
2. The method of claim 1, further comprising the input control task of

downloading said seismic data from an input data storage device.

20 3. The method of claim 1, further comprising the input control task of

transmitting said seismic data to said analysis processing elements.

4. The method of claim 1, further comprising the input control task of aésigning

- output-positions to each said analysis processing elément.

57_ _ The method of claim 4, wherein said assigned positiohs correspond to

25 interleaved slices in a three dimensional data volume.
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tasks; and b) converting said processed seisnmic data to output format using
an output parallelization stage wherein i) at |east one of said processing
el enents is assigned output 15 control tasks, and ii) at least a plurality
of said processing elenents are assigned read/transmt tasks. 2. The

met hod of claim11, further conprising the input control task of

downl oadi ng said seismc data froman input data storage device. 20 3. The
met hod o@PHI31, further conprising the input control RCIEUS9§}s818 '
transmitting said seisnmit data to said analysis processing elenments. 4. The
met hod of claim11, further conprising the input control task of assigning
---output-- positions to each said apal ysis-processing elenent. 5. The

nmet hod of claim4, wherein said assi'g‘%ed positions correspond to. 25
interl eaved sliges i r.ee. ¢gi nensi onal. ta yvolunme. TH S SHEET HAS BFFN
Ploor 1T P niRebeh 5t Rt duEP kR Sl or ot Rt ol ai m 1,
further conpri ssaipseidndic dmal ysi s task of preprocessing said seismc data.
7. The nethod- of claim 1, wherein each said anal ysis processing el ement
transnits gaid PreOREnhoEof Qs Iiwheftii SachGaidkndlpasSprofRsingelRffensai d anal ysi's

5 processing elenment. 8. The nethod of claim1, further conprising the’
anal ysi s task oWansmissaidprrsessed spismigdatafiqatdesstonenther seid gnalysiset equi val ent

format..9. The @im8, wherein each said analysis processing
el emsntés generg;{aréggggig%m(zégr'o- of fset equival ent format data by 10 a)

receiving gaid I S . %;1“? i ] LOCess) el enent .. b)
determ ni ng' a zzséo@g%@ %gf&g‘g{n{’va eﬁgtc 9?1@?%8%5%1 Sg-a@o%?prr?‘ﬁ&;’?%??,jd and c)
produci ng sai d geisntie dath sird zequofised egnivaleor fombatdat a by summation of said

9. The method of claim 8, wherein each said analysis processing elements

generates said zero-offset equivalent format data by

10 - a) receiving said seismic data from said control processing element,
b) determining a zero-offset equivalent format partial contribution, and
¢) - producing said zero-offset equivalent format data by summétion of said

partial contribution with said partial contributions received from at

least one other said analysis processing element.
15 10.  The method of claim 1, further comprising the input/output tasks of receiving
processed seismic data from said analysis processing elements and writing said
processed seismic data to a data storage device.

11..  The method of claim 10, wherein each said input/output processing element

generates zero-offset equivalent format data by
20 .a) rcading said processed seismic data from said data storage device,

" b).  combining said read data with a zero-offset eqhivalent format partial
contribution received from at least one analysis processing element,

and

c) writing said combined data to said data storage device. T e —

T

. [
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"partial contribution with said partial contributions received from at

‘| east one other said analysis processing elenent. 15 10. The nethod of
claiml, further conprising the i ngut/out put tasks of receiving _processed
seismc data from said analysis processing el ements and witing said
processed seisnic data to a data storage device. -11. The nethod of cl ai m
10, wherein each said input/output processing el enent generates

zer o- of f sovoeyua2wal ent format data by 20 a) readi ng sai d prCDESREs Sei s C
data fromsaid data storage device, b). conbining said read data with a-
zero-of fset equivalent format partial contribution received fromat | east
one anal ysis processing elenent, and c) witing said conbined dat ato said
data storage device. Th~ChPPt Na. c_Re®En_Renl aced TH S SHEET tl: " WO

97/ 13213 PCTI US96/ 15819 -33 12. The nethod of claim1, further corrprl si ng
the read/tr&hsm {The methodof clagndi ﬂﬁ'&hefs:amﬂﬁwm‘lsswdrmsmsks dfeadifig om a dat a
st orage device a D ssed, seisni ¢-dat.a to .said output
control processi %gdgen%ﬁsg k@ da?%hgrr?eat a&cf? 078%¢ ‘jlev’icﬁ]aég“?‘lfm'“‘@g %anprl si ng

t he out put contrpbcéseeﬂlsexsmﬁcdﬂa@)safd&ﬁr@bwcomlﬁru&esﬁagelehﬁaﬁer records, b)
conbi ni ng sai d output data header records with said processed seismic data
t o gener at e1nut pTke thethodbdf dlgindl, f&ﬁiiredmyﬁdiﬂgltﬁgolﬁﬁd&o%'&l% bprmat data to
out put data storage.  -------------- _-u .Acedl THI' S SHEET HAS

S T-." s .. a) readmg output data header records,

b) combmmg said output data header records with said processed seismic

data to generate output format data, and

c) writing said output format data to output data storage.
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